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Enhanced silk protein material having inproved
nmechani cal performance and nethod of form ng the sane.
w@ews®3yief er ence This application clainms the beeesGroonhooso7
USPTO application nr 60/843,999. 5 Technical Field
This invention relates to protein material, such as
protein fiber, providing inhproved performnce, in
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as silk fibers produced by invertebrate species
C con%ri se secretions of fibrous proteins. Miltiple
TOREIbThave thus far been devised to inprove the
methis applathtigd Elpiistthetenefit 6 USPTO @pfidaﬁﬂiﬁﬁa%o'/@@%frh ese
attenpts suffer from5 the drawback of being
expensi ve, producing silk protein materials in a form
TecHni@l Figqa! nconveni ent to use, or in comercially
unattractive quantities. Customarily, the prior art
e nphia siveeton@iatasis a peddin nuteyiab tsoctodssprofieinplipdr, prgviding

. otherwise forcing. the silLk fib romthe animal .as it
impr By o R e RS binedd ik s e et e
meckini gl forihhde dat benctitud dfifsimbdion i thefsalder growt h during
reeling, after a certain limted length, making it O
i npossible to obtain a silk fiber of natural |ength by
Back&6lhdd- Attenpts to inprove the strength of silk
rotein materials through gene nodification have been
of Nhfural trgeteinumeissigls gluckh av et efdrers) poaducet by ihveatebrate species
r r th extre . oSt |y, i der dragline.
comPR S ol PARNE R S Rtokieid i its BBl i Bl B6visca o
imprpveotherthéchsnical padpendestdiailk gpdteiftbrnateriale. Take hitahsts stffer from

an be utjl.ized for making bullet-proof 5 vests, ]
the ‘%ﬁ\”ﬁ?ﬂiu‘?éjg‘?m% GFPTISIVEnPrOduriag sk Rietit Batesialy B AP g is
incotVRHBAN® Sie,Ir A Ustherci RN Sftractive quantities. Customarily, the prior art

emphasizes various reeling protocols of pulling or otherwise forcing the silk fiber from

the animal as it is being externally spun into fiber. For example the silkworm will bite
and disrupt the fiber growth during reeling, after a certain limited length, making it
impossible to obtain a silk fiber of natural lengfh by reeling. Attempts to improve the
strength of silk protein materials through gene modification have been of limited success
or have been unsuccessful and moreover they are extremely costly.

Spider dragline silk is a high-performance fiber with mechanical
properties rivaling the best man-made materials. It can be utilized for making bullet-proof
vests, parachutes, collision resistant devices and other high toughness products. However
the limited availability of spider silk has brought about an acute market need to produce
artificial spider silk. Although much effort, notably including gene modification, has been
expended in order to achieve this goal, not much progress has been booked in the current
extensive prior art. An alternative option worth pursuing which will be taught in this
invention is to convert ordinary or natural silkworm silk into an enhanced silk protein

material approaching the performance of spider silk. It is worth noting that from the point
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the limted availability of spider silk has brought
about an acute market need to produce artificial
wapiod®s3isd | k. Al t hough nmuch effort, notably i neCTISGTY7/000307
gene nodi fication, has been expended in order to
achieve this goal, not nuch progress has been booked
in the current extensive prior art. An alternative
option worth pursuing which will be taught in this 0
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. upaffected. Specifically it should provide for silk
mvertioBer s of natural |ength without conpromising its
enhanced nechani cal properties. Such a product and
nmet hod of fabrication does not exist in the prior art,
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Summary
In an embodiment of the present invention there is provided an enhanced protein

material having a dimension longer than 20 mm, the enhanced protein material having an
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The breaking strain of the protem fiber may be more than 16% or more than 17%. The
breaking energy of the protein fiber may be more than 40 kJ/kg or more than 50kJ/kg.
The elastic modulus of the protein fiber may be more than 9 GPa or more than 10 GPa.
The disclosed protein fiber may comprise substantially the same primary protein structure
as a natural protein fiber. The protein fiber may have a diameter substantially equal to a
natural diameter of a natural protein fiber. The protein fiber may respond to

environmental conditions comprising a temperature and a humidity in a way that does not

* differ substantially from a natural protein silk fiber.

The protein silk fiber may have a degree of crystallite alignment that is higher
relative to fiber produced from an animal that has not been subjected to the stimulus. The
comprehensive orientation function <f> of the protein fiber inay be at least larger than
0.84 or larger than 0.89.
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energy and el astic nodulus. In another aspect the
protein material may be a protein silk fiber. The
wQe@BM3HD4 ess of the protein fiber may be noreP€T862004/000307
MPa or nore than 150 MPa. The yield strain of the
protein fiber may be nore ahan 1.7% or nore than 1.8%
The breaking stress of the protein fiber may be nore
than 498 MPa or nore than 505 MPa. The breaking strain
of 1 HBHRF A4RENhERE provRkd REnERSEot fHARHRYM dNBiRed Bastein
17% The_ breaki ng energy of the protein fiber may be
matems eomhiginedbe ®9psQ: or nore than 50kJ/ kg. The el astic
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protein material bej.ng the protein paterial exiruded
that 5y able TmArorR e Sry<iplitelimaett kiR and pieramiral Py of a
nahﬁa@?hﬁ&h'ﬁ‘ﬁgr PrifucehBag afinl.Ot €i n material -extruded by

the animal.” 105 I n anot her aspect the stinulus as

di $e hupsheat appacttharenia prayidedrp metbed pbfragatien of 4 enhgneed protein

material comprising the steps of:

and

a) taking an animal of an invertebrate species that is able to extrude a protein material,

b) applying a stimulus to the animal, wherein the stimulus excludes reeling,

the stimulus enhancing a mechanical performance of a natural protein material,

the natural protein material being the protein material extruded by the animal in an
absence of the sﬁmulus, and

¢) collecting the enhanced protein material extruded by the animal.

The invertebrate species may be a silkworm species. The silkworm species may
be selected from a group comprising Bombyk mori, Philosamia Cynthia and Telea
Polyphemus.

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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such as an electric field or an optical stinmulus such
as light radiation. The electric field may be an
w@bkdos/sEdd ng el ectric field or a constant el ece€1/6G2007/000307
field. The peak-to-peak strength of the alternating
electric field may be from.about nore than 0 V/cmto
about 2000 V/cm or from about nore than O V/cmto
about 600 V/cm The frequency of the electric field
f to about 2 MHz or fromO MHz to
a)ta]&n.é%oﬂ@% lﬁlﬁzeﬁl I?%% Mz to about 5000 MHz. hi
b) ppaidgean ep;tmatumﬁmapptyhg an alierhatsngnelyctiie fizhiyto the one or more
stinmulating neans that is able to inprove the
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i nvertebrate species may be a sil kworm speci es.
a natyral m}bﬁhq:rsﬁ@ma@sal vk fiber bringeettaded by theang oo tgre sﬂk worms in
r Lig hi | osam a Cynthia and Tel ea
ma%%%p%@n%%eﬁ%gggéle@no dgr aspect there is provided a
the methhnidaloferfopmpamde mnmfsngnormdsxamomoﬁlmﬁelfdl dtess, o eld strain,

el 155 SRR 185 M5 RAES s St LR SR, o

€ mﬁhﬁaﬁﬁﬁgﬂﬂ]bﬁﬁeﬁh dlécrid ﬁ&ld‘ilmﬁpcéﬁlﬂet%%f‘ﬂ{e PRinghg process, and
) I 1 kwor s, 130&F%1e alternatlﬂielectrlcfleldgt%wng
§

1Y) COH?Ptléi\gtﬂ@r oihended sk Sberraxirudedhyiths ppe prmpre stkwarmss. r ange
O- OO0 MY Q5P %e?@ls?rbﬁﬁ%?%q%e E)E fife! pr&rafu's &L Qefined above. In

frequency I's ’'n ar
another aspect, there is provided a composruon comprising the protein fiber as disclosed

above. In another aspect, there is provided a mixture comprising the protein fiber as
disclosed above. In another aspect, there is provided a product comprising the

composition and/or the mixture as defined above.

Definitions

The following words and terms used herein shall have the mea}ning indicated.

In the best mode for carrying out the invention the enhanced protein material is a
protein silk fiber or silk fiber, for which reason these two terms are used interchangeably.

The term ‘natural protein material’ and more specifically the term ‘natural protein
fiber’ that in the disclosed embodiment is a silk fiber, is to be interpreted to include any
fiber material that is spun from an animal capable of producing protein fiber in the

customary production environment, meaning not in a specific laboratory environment. In
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t he apparatus conprising a container, the container
bei ng suitably partitioned for placing the one or nore
Wwa dok/oswnss such that the alternating el ectri cP€T/8G2007/000307
remai ns unaffected by the container, 135 c) placing
the one or nore silkworns in the partitioned _
container, d) activating the alternati ng electric
field when the one or nore silkworns begin a spinning
the PEMER S, the RV REIHBEIRA: BROMa@T BRAGAGEIER o déhoted as
«. mechani cal performance of a natural “silk Tiber, the
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defi ned above. In 1 ano _ _
propgitiy rediatiyedo semmbaiatariehormotnunl Shengort doatrpl mbterial dricosttol dbers
s 590%%d above, manother aspect, there is provided a
as m x?ure conprising the protein fiber as discl osed
abbvene disclasedt dneiodds@e aif, thé hﬁzgf?tid}rﬁ tﬂﬁé Q&hﬂ]?g iﬂ alggggtyﬁtﬁeld’
| Si t he conposjtion and/or e m xtur ]
that gy b PSR Yreallereis.clarthit Gops e PHemeRs) Protaim Gosioetses to sil

fiberafddiicell Whe#S StkwtRh| B STGELed Y thd BRARAAUA%nd also a certain
node for g out the

indicated, In the best no carryin _
amoyi\of iee18 ighk el hertpatrob proein tibenrafers do isilk fibsr arodneddeivhen the

Aol e 1 [ eOF 11S] f ... for which reaso ese t
ﬁeldfl grér%rvsl{cg?(g Olfjfé)ea(ljl Hrl#r er Jc): cg{rl%ngart?w.ml% Eh? é?lﬂ?‘pﬁlg‘iqdpga}ns that the
silkworms pratuniag ehé adritrod pebteinrftbes pRCéxposal foythé B&né 8MBInt of room

. I Ln.155 fiber' that in the disclosed
light 8%8 %frlﬁ%ﬁ%ﬁoégg&é‘m @e Fﬁl’lt?g‘fr"?d sikk ‘{b&r-be interpreted to
| nial audepdiyclbded @mboBIRIt 8f tht Riendich, FRME I %gtiéﬂ] {dition

capapl e of producing protein fiber in the custonmary
gene‘ﬁfeédag%f?% light;i Inothaepase, theasnhancedoprotein fibspedferbito silk fiber
' f .t di scl.ose
prodi B AEh Sk HERTRCtpa KPR ARCRAL oEpvalinge Fog HERE T
contrgkprotein fiber refers to silk fiber produced when the room light is switched off,

meaning that the silkworms are kept in almost total darkness.

The mechanical performance of protein fibers is expressed in terms of rheological
quantities as defined in this section as well as in the section on the detailed description
below. In the state of the art the employed theological quantities have specific meanings
which, to avoid confusion, should not be used loosely or interchangeably. The “strength”
of the fiber is measured by the “breaking stress”, that is the amount of stress which
causes the fiber to break; this is expressed in units of 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 expressed as a percentage of the original length of the fiber prior to elongation.
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"cocoon silk", or "cocoon". The term"control protein
material" and nore specifically the 160 term "control
w@e@sos¥04f i ber" produced by a the aforenenti onedI/SG2007/000307
animal, or "control silk fiber", denotes a silk fiber
produced by a sirkmorn1in,ﬁ specific | aboratory
environnent in which the ani mal has not been subjected
to a stinmulus to enhance the mechani cal performnce of
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meadyednasnts ofithe ydtage anchthgelectris figld strmethelpplotfsptandard well
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voltsi (W) end terfpettl field Thelts stividaddsyhdistance (V/em). :

In the case of an alternating field, the frequency is expressed following the

standard conventions in units of hertz (H). The disclosed frequency ranges are
approximate. However, when a disclosed frequency range starts from 0, it should be
understood that the zero frequency value is meant to be exact, since the associated

electric field is not alternating but constant.

Brief Description of the Drawings
One embodiment of the present invention is illustrated by the following drawings:
FIG. 1 is a graphical illustration of the superior mechanical properties of an enhanced

protein material as compared with protein materials of the prior art;
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of the fiber is neasured by the "breaking stress”,
that is the anbunt of stress which 185 causes the

wo 281033104 break; this is expressed in units of POT/EEHNT/@00307
or Pascal, equivalent to one newton per square neter
(Pa = NNnR). The "el ongatiozg" of the fiber is neasured
by the "breaking strain”, that is the anount of strain
exhibited by the fiber at the breaking poi nt and it
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Detdile@@eScrfftfonchar act eri zed by a conprehensive
orientation function <f > As explained in the
detail ed description, in one enbodi ment, alternating

Intro?irﬂglo%onSt ant electric fields are enpl oyed In the case

alternating electric field, the neasurenent of

t h#he disclosylaneinpliry ptocagdor Iy)bd&‘ding &n alnéﬁéddaéﬂk%rotem material

anti IS referredto as peak-to-peak voltage",
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as a protein material obtained under identical laboratory conditions as the enhanced

protein material, with the only exception that the animal is not subjected to any stimuli.

Silkworms used in the embodiment, in connection with the control silk and the

. enhanced protein material, are fed a substitute of mulberry leaves. Because the

mechanical properties of the cocoon silk and the control silk are very similar, the cocoon
silk and the control silk are denoted as “natural silks”. Hardly any difference is observed
between the cocoon silk obtained from silkworms fed mulberry leaves and the control

silk obtained from silkworms fed mulberry leaf substitute.
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In the case of an alternating field, the frequency is

expressed foll ow ng the standard conventions in units
wotookesiia4 (H). The di scl osed frequency ranges BCESG2007/000307

approxi mate. However, when a disclosed frequency range

starts fromO, it should bg understood that the zero

frequency value is neant to be exact, since the

associ ated electric field is not alternating but

constant. Brief Description of the Drawi ngs One

enbodi ment. of the present invention is illustrated by

One embodigentofithednygniighngs: FIG 1 is a graphical

|| PYI AL 0RO BB BldoRls RS0 ARhoR! BRRGA kERerfl thar
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To pﬁa‘dﬁ@a:ﬁle @hhaabede bﬁﬁélﬁ infatdria@ i 2 sARWLIRIDA fre Sutsedtéd RGhe stiniulus
silkworm FIG 4 is a schematic illustration of an

24. The pesulimg snbansed PQFOQH%?%%QW%%%F}W protgipmaterial 12, are
handield! With 8% %&ng%%ﬁﬂﬂl‘dcﬁ}od%tﬂﬁe% a8 thd o f(ﬁﬁaxz coc ons 16
strain curve; shows contour lines o rea
compnsrrgébe ntutahgilkeln dheretrpthoteghancad tpeotiial materkg Izllsspbtéined 26
upon co W?Gﬁ% %81% sar!n'e rs]f%nil Of chrcﬁgt?(%k}lé])gﬁs tlé %X ngtlcrhetég natural silk 18

Rnced “protei
mxouﬁmdypmmﬂme&ESOf t he enhanced protein materi al and a

RO B s oot s 55 kg e h
prese‘ﬁp éﬁkﬁédﬁeﬁﬂ( On@r@lk%bﬁil 3&% GORBRNES &ﬂ@aﬁﬁ@ﬁnﬁgel%zggﬁoé?t&an

terial with ot silk and artificial ol

alTaYrﬁa& ef panparipients. Ffb¢ ém@nble 2¢pirathigresatioidingend hemgyfhe electric field
assoc%éc?l\x{lﬁd %81?5 '?4 F ?rblpiapécf gcqggst {h%nm'gagsﬁ-rh g&é%ﬁgn%j that is

produci ng an ance
sandwrchtdé batweatt ewo ahetidyplaqap |52 spacatest bynal ssparhtiorndiseanceraB. The

S R R U RORT R S0 A L TSRS o
be eq@ibg @bﬂ@ﬁiwﬁleﬁ €458 thee1édhee ﬁélh 3% E6hskaht i‘lecﬁﬁ@ﬁ@l’dnThe separation

material produced from silkworns, and serves the
distapqer %Sogl@ubf bg pngll epepighda ensure uniform distribution of the electric field

applied on the array 38 of compartments, resulting in equal responsiveness of each
silkworm 32 to the electric field. On the other hand the separation distance 53 should be

large enough to ensure proper ventilation of the silkworm 32. An exemplary suitable
separation distance 53 is at least 1.5 cm (i.e. the approximate diameter of the silk worm
body) and more preferably about 5 cm to about 6 cm.

FIG. 4 illustrates an apparatus 40 used for subjecting the silkworms 22 to the
electric field produced by the voltage 34. The apparatus 40 comprises a container 42 with
a spatial partitioned arrangement 44 comprising the array 38 of compartments,
accommodating one silkworm 32 in each compartment 36. The container 42 is made of
non-conductive material 46, so as not to interfere with the applied electric field, and it is
inserted 50 between surfaces that are the conducting metal plates 52 connected to the

supply of the voltage 34.
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enbodi nent the stinulus is an el ectromagnetic field

and nore specifically an QkFCtrIC field. The contro
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conpl etion of the same standard production process 14
by which the natural silk 18 260 is routinely produced
Procggsingmfithe gnhiangedqwotsingmatesipd ef f ect of the stinulus 24
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Mechanical performance of the enhanced silk protein material
FIG. 5 is a stress 54 vs strain 56 curve 58 illustrating the mechanical properties of
305 asilk fiber. A first part 60 of the curve 58 is linear. The curve starts to deviate from the
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 linear part 60 is Young’s elastic modulus (elastic modulus or
Young’s modulus) defined as the yield stress 66 divided by the yield strain 68. The
elastic modulus measures elasticity or stiffness. The silk fiber breaks at a breaking point
310 70, thus showing a breaking stress 72 that measures strength, and a breaking strain 74

that measﬁres elongation. A breaking energy 76 is an amount of work needed to break the
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valuas Foobraiged by avraging gverthemendyereents CaRsa gut é?ﬁeeeltdsntéy o the
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stimulus 24, being the electric field, is. turned

lengiyRf 201 Ryis vied betwesh o hoql qftheusiriagpt, With a measored error of

0.1 mm. The specimen is stretched until it breaks and the strain rate is 50% per minute.

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
voltage 34 and the separation distance 53 between the plates 52. In the case of an
alternating electric field, the term “voltage” 34 refers to a peak-to-peak voltage, and
hence the term “electric field strength” refers to a peak-to-peak strength, as indicated
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processed by an additional step of post-stretching.
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400; E263 A0SR0, B PEREHER 1 5550858 Y Mgemoreian &0, In FIG. 7 the
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less tﬁﬂ‘ iﬁrg‘l@né }&5 1963780 9004 & $0311 0%t D 1941 2L5%eR4 0%k 105

24.0% 265907 PociBoRtB4d 8y 4p cocoons 16, anounting to an
ordinary fiber collection of a total of 100-230

ndtlGr A 1S & eraparisen Pkthe 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. 8 the sample 1 121 is characterized by a sample 1
breaking point 181, that is determined by a sample 1 breaking stress 140 and a sample 1
breaking strain 142. The sample 2 122 is characterized by a sample 2 breaking point 182,
that is determined by a sample 2 breaking stress 150 and a sample 2 breaking strain 152.
The control silk 123 is characterized by a control breaking point 183, that is determined
by a control breaking stress 160 and a control breaking strain 162. In FIG. 6 the ranges D
94, E 95 and F 96 are associated with the breaking stress 72 that is higher than the control
breaking stress 160 of FIG. 8, that is equal to 468 MPa.
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properties of the enhanced silk fibers of the embodiment are compared with the

corresponding properties of the spider silk, a spider dragline silk (Araneus), a -
recombinant spider silk comprising protein ADF-3, and Kevlar, that is a synthetic

polymer fiber.

Table 1 -
’ Breaking | Breaking | Breaking | Yield | Yield Young’s

Material stress strain energy stress | strain | modulus

(MPa) (%) (k/kg) | (MPa) | (%) | (GPa)
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dragli%@ﬂlké‘nl stress 150 and g sanple 2 breaking strain
152. 370 The control silk 123 is gharacterized by a

conf rol breaking point 183, that 1s determ ned by a
apa:CQRt Lol . br eaki st,ress 160 and a control breaking
PhiEAT 0 8 3 Vel propecien M ampulai sland ol s
e>.<trac ed from Nephila C:laVIPCS spiders. In silk polymers: materials science and
bzptechnology (eds. David Kaplan, W. Wade Adams, Barry Farmer, and Christopher
Viney). ACS symposium Series 544. (1993) pp.235-251

b .
Fritz Vollrath & David P. Knight, Liquid crystalline spinning of spi i
541-548, (2001), quid cry pinning of spider silk. Nature, 410,

CA. Laza_ris, et al. Spider Silk Fibers Spun from Soluble Recombinant Silk Produced in
Mammalian 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 increased 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 silk fibers. The enhanced silk fiber sample 2 has a breaking energy equal
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94, E 95 and F 96 are associated with the breaking
stress 72 that is higher than the control breaking

wG@ 20088331060 of FIG 8, that is equal to 468 MPRCTFEG009000307
is a conparison of the stress 54 vs strain 56 curves
130 of the sanmple 1 375 12 50f t he enhanced silk
fiber, the control silk 1237and a spider silk 131. The
spider silk 131 is characterized by a spider silk

to MrddKign thap & Hifack? 2.7 hidBér than BEIBHIS '@%o@?((wa%ﬁcp k{%@far is about

| k breaking stress 170 and a spider si rea

foug, ilfnﬁ? firongsr thpp dhe Qﬂﬁp%edlsﬂkrsé@meﬁ@ d| Zh(briﬂing $ti'Ees larger by a
factoR BRIue 41 ARA Qltﬁjééé Bglgﬁ %trrr(gl%%{)ﬂ'ég the M :1%) (Tg%q ess Tagger by a

strain 142, reaking poi
factep &).r Bpweires diotn of she estmndddOsiknshntipgles ﬁlﬁthkplﬂér sinakieng 4 tlmes
[

380 _al so, sho In FIG 7 a
t
Ou% o ?ine Iéreglﬁaé sreﬂq%g i’t?ﬁgya%eﬁgmag?cé%?go% ) besaussrbeskarag-14
timestmers sxEdddblebordafingisghiallarbbiay d fA6iof At 9'14gf eaki ng
strain 162 of FIG 9, -that is equal to 14.8% FIG 10
conpares the breaking energy 76, as defined in FIG 5,

Str@furéblﬁh@&hﬁﬁ@&pbr&e d‘m&tlg}?ﬁr with various silk and

synthetlc fibers. a spider silk breaking energy
hssaah@@sélpr@t@nmstenau mmhsmhnhg leatbotiineemt as S@RNElanded silk

1 J npl e 2
o ?*Eiﬁ'* RanB0G) A SR prbRiniciite bt hedugSims arcacy
forneid@nsidethe alllerhﬁbef&e Jappmaa&m BOth€ Birh8Ms, K th QAL Blecthil fidRl. An
anal %@k nl arti I al spider sil k br eaki ng ener gy
Bt Qe By BON95 i Glamer Db hensmbavsyd St Bt imgswbsiantially
equalwﬂll’e@lanﬁdtér%fﬂ{e%ﬁtré‘l%ﬂﬁ%élgy 183 equal to 33 kJ/kg,
ﬁhnarkedIY inferior to the breaking energies of the
en b 8easipls il cqmpyises ameghoThandreddkmdi prateinpregioas. tTIfes ordered
' ?ﬁ'?s‘é t he br akl A train,
pmtémere b edth er yﬂ} e eBe’S/? éllhe(?{ %Sr‘é’ t@l‘t&‘f 80%1?‘?%{?% protein

br ea Ing e
beta gheptsydibn gmtalﬂudmmwanvesngatemley Enhg ldﬁﬁdctiv‘dn' Khé bh&s anglel X-ray

PPk 0y d B Uy gl et SO s
crystalimitg ol aific Gers ThK s AMRARS Xlrag @Qatt%nﬁ% g%gf(s | ﬁﬁ? ?%egftg' Hieasure

Fractio enhancenents of .the enha ers
ﬂmlﬂ?ﬁﬁﬂ?éﬁﬁ%@ﬁaW8 the control silk 395 appear initalics

e b o SEE VA SR ERRBR R iR o Wb sufdorm

The nmechani cal
silk fbers psreeailsaiedmsing s Brukm‘rﬁams Wity diﬁm%ct@ﬁfefe@ SHENBaRg size
dragllne silk

0.5 nBﬁoﬂ?erlrahl?ﬁoﬁaa‘tigl‘engﬁpuse was 1?318 9\ f%? a. The sample-to-detector

d1stance 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 scattering 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 spatial resolution of 10 mm. The detector-to-sample
distance is 107 c¢m. The sample chamber was placed under vacuum to eliminate
scattering 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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reconbi nant spider silk conprising protein ADF-3, and

Kevl ar, that is a synthetic polyner fiber. 400 Table
waaoRksiinp M Cunniff. et al, Mechanical properP€T/862001/000307

Maj or anpul ate gland silk fibers extracted from

Nephi | a clavipes spiders. hjg silk polymers: materials

sci ence and 405 bi ot echnol ogy (eds. David Kaplan, W

Wade Adans, Barry Farmer, and Christopher Viney). ACS

syrffimscrrystal%ttloeqoaﬁaﬁﬂeteré ﬂgﬂﬁ)lg ﬂpcr?ﬁglh'?esﬂmp cdtl tdrZbe determined

fronf She g RE pviefites G ulemaed st e swplestsmid the oontol ik

eﬁ; kidgadd 15y X
WerSoIVS bﬁa Rel?o an?}r; girftﬁa%ﬁlgﬁ%rsggtylgte h&q{a?( %ﬁ%ﬁg&ﬁﬁﬁfwc poit cell.

Theepystalliteimensiens /2 dmnd hyas c(emmed bb’tX—W}d difflaetion, are tabulated in
o t wh
R DL TN —

el ectric
reSPﬁ@cl@aﬂuecﬁlberweﬁ oThﬁamstanm‘s doengetbadtoalliel |ds wélL 8 aBe dngles
1

apive to the control The results of Table
ber 2 ey ort s o SRS ok Hh Mo cttet foos e teumingd. boaKoray
diffiactivre aki Nerici@iofy el 1 @eakatbs Ka/ t f
E 3 higher than the con{?ol gémc%églwe &?Bhéﬁn th%ﬁ%P the
crysfillite { ougher than all of the tabul ated materials
pt for the extruded spider silk fibers. The
gﬁﬁéﬁ@eﬁ'lek fiber sanple 2 has a breaking energy
alto 101 kJ/ kg, that is a factor 2.7 higher than

ot h@VlfdﬁrHlI 0k 164z GREAYMsSI, b the%ﬁislteﬁﬁteé ?reegalf%ﬂéd %ar%ﬁel th e silk

stronger than the enhanced si
fiber lopgituding] azisy £ 11 whepeall bre @gﬂ@i}pérﬂ@tchﬂulaahmﬂﬁat 4xis, gne-1/2.

Whehhhé fon'g' (ﬂﬁ‘l%ns% ;‘/[n&% B}Pﬁetelt he E&\l],g ‘BJOF h—(&EAe ?ql;flggrehenswe

stress | arger afa
oneréaim&gdtl(m Kﬁ> fsamﬁvemgalaﬂ 11&1@%6&1 obiehttidd Eundtidnd f 8%? several
energy | arger by’ a

Ki
(bR RN, 5 Y{Jf‘ﬁs 2 rccommgynsive SHentation faetioms> for the
cont®X Elﬂt‘lﬂbéiﬂs & (. B4 enikd ddehpPdHendiPe l)ﬁélﬂzﬁfongﬂn@loﬁ gfg%r @Q oéfﬁmlanced

lkt(%h 425 Structure of the enhanced pr ot
silk Hpers 45,080 Cortalintyes 4 yeiroe frattionwi th crystatlties irthedilkrpritein

matekigl. tihe c?}%mﬁﬁgs SthEc {)ﬂtﬂﬁ ran%ecsangeu %&%%@ah 5‘? San':'lac{re not .-

prlmar proteln structure ause
diffep pt @g}g&ectable level. The distances among the crystallites of the enhanced silk

sample 2 and control silk are also tabulated in Table 2. The breaking stress and breaking
strain for the enhanced silk sample 2 and the control silk (see Table 1) are also included
in Table 2 for completeness.

We observe that the value 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 <f> from 0.84 to 0.90, we conclude that the
increase in the breaking stress and breaking strain can be attributed to the increase of the
degree of crystallite alignment in the enhanced silk fiber.

Table 2
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formed inside the sil kworm before application of the

stinmulus, being the electric field. An anal ogous
wae@ansdiv4 hol ds for the di anmeter of the enhancedr/SGrua7/000307

fi ber being substantially 430 equal to the dianeter of

the control silk fiber. In;general, silk conprises

anor phous and ordered protein regions. The ordered

protein regions conprise protein beta sheets as well

Sikkas qOystabihityi | Sonwanpive S| Ogsyiliet 6iz8 | Beka SNE el BreakihP® Broaking

mateBiblY ${@) | 1 t es| giLaddavest | gated by X{ra i ffriaction) .
The |wi de angle X.ray sc 1?‘t ring (waf{é‘%‘a”\%%s used®t o Stram .
measure the BM2EORNG al { gnmeht df ¢ ARramm) t|dMPand | ¢85
crystallinity of silk fiber. The spall anglg X-ray
scatitering (SAXS) was used to neasure the

Controht @27 cryst a| 9.84 e di st aht6. 4Bheowi fie3angl e X468y | 14.8

reH-e—ef—840-—si--daorm

Enhaadedl L €TTTIg (PWXS)—pat ter-ns—of—a—bundte—of
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"R RAct omet p9-9wi t h beand.6i 58 003 (P The rgdisati o298

WKa The

wavelengtit used was 1. 5418 A for—Cu—Ka—The

sanpl e-t o-det ector 440 di stance was 6 cm and the
Optiegdfdisudie ti me was 30 min. The small angle X-ray

scattering (SAXS) experinments were perforned with a

Br iikaotliadisSbAGR anbddimef@if eheinvevion Gt 5ahilng is%b?%ﬁ%diation

T%e E}znerahgl{ex/as Qperated at 40 kV and 35 mA

genefated TP t §§§Rlélﬁ‘? patherda thersestionagn defimitionist the definitions

of “eilAnEddeproRid FBEY Oshd! RSk ?éikﬁ a -
ati aleﬁrfesol ution of :Illgbllnﬁo T gﬁag@t&e’iﬁeﬁ?{o ofhrs‘l'a%pr%gpondmg

deﬁ‘ﬂﬁ@sﬁnﬁﬂ%éﬂi@mmommbmen@le e chanber was pl aced
of air, The silk

un 0..el.im e,scat.terin .
fi ggéeg%%gwﬁfea%e é‘i;é’{r}gf deieifning fhe B8 Ol gty ofp the
mechdnioal gtqpsﬂieﬁloeﬁtsﬂkwafm ik CRiReGthafbed pioleinMib&NeRBd & silk fiber
er on the

ed toget edges, t revent water
prodf et Sty i Shieclor 46 fhob oI Arapuhes v ¥hle reomdisht. The
contdohtpkdteia BRI LS b VA it e ki el
“on C b bel, dﬁex?dér m ned Z%igfﬂfbreﬂo?nﬂ){l Eceéao%lt %ghnéﬂ.k %ﬁvg%hﬁle& (hereaﬂer
confrpljaspic

1 1ib@3), Greatedbyamttineibe stkwirnfs iber baxainphleci? ligtcbannot

f; 0, i i nyvesti by X-ray. .
pass R0 HcOproh ok SR Gl MERDERH LD Yo, 057 ight s beine the
silkwigrps ne|to thettos corths tahld whare ttierreommiligh cdidd bé didéstlyGadid®d on

] -ray diffraction, are tabulated In .
thesc RS SR VeSS sopliRbsc el o Siresig B Apishebmaling
cocodms, (3hdays). The ndi¢haridl QRéRIRNT tMé bilk obtained in these two different

conditions are shown in Table 3 below:

Table 3
Material Breaking stress Breaking strain Breaking energy
(MPa) (%) (kJ/kg)
Enhanced protein 489 16.7 38
fiber with radiation
of light
Control protein 409 154 30
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respect to the fiber axes. The di stances anong the
crystallites as well as the angles 455 between the

wo a808H0Lrystal lites and the fiber axes can beCT/SG2007/000307
determined by X-ray diffraction. An orientation
function / neasures a degrq of alignnent anong the
crystallites: / |(3(cos>)- ?V\hen all the | ong
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Ut | ent UU, Il — G. I"\ bUII}jI ChCIIOI V-e—oFH+-ehRtat
<f> is an average of individual orientation functions

1t is/showa frone wertable (BdRUthatdRO Yook hghtfshﬁl%[a‘ies thé sﬂjé%rﬁlsztﬁ groduce

nmpr ehensi ve orientation function <f

t he [
strongs il AS tdjoatop figgy e frcrensgat brepeng gingss efitha §111a &om 409 MPa to
489]ENIP§ heh Mlﬁc%ﬁhé &3 sﬁf)j!ec?tefi oy rJog?h NARGE &r St cal ﬁis&cbe seen

bers 1s O. Crystal lfinit olune

- from Hhe tebly sibavel tihatél;ene Appdaes ©| Heka ﬂrght mhproveahent imthe bTbﬁcmg strain

the ntro enhanged s
of i SRR AR bY B3 snbent G iR 15tocah ot aediabire
| evel . The dlstances anong the crystallites of the

A nhanced silk sanple 2 and control silk are al so
PRUSRUIDS ed in Table 2. The breaking stress and breaking

t I
ST K (el pRASATEI e Broy BT PRk ana
specifggally sl proteim ber thashasg bd@nv@ mMBmt:ﬁ@enfaimmlceielam to
f t kK to th
R 5 58 AT B Aot ol
to tha(stlmuha fhe disblpsegiprodess hasford brdvites @Qﬂ@ﬁﬁpﬁﬁﬁp‘l'@and
i ent at function <f> from0.84 to we
inex s il ridise P Ruteriaheuch s SEERGrgilotsassns thad
natubil 8AKIHNEE tBY &R fibef BRaRLtea! HehbU HRti{Postd ﬁrdc@&: %%&dﬁ{f be

the 475 degree of crystaliite alignnent
dé?ﬁﬁ‘a‘ﬂ’c%%f“%m?ll@lafﬁ%h Tabl e 20ptical Sti mJI i I n anot her

6 1 el AL U YL B0 A B S
or othsptise ﬁoeculng&c bllleﬁberrfrdnh thesaimhal @ﬁht@:ﬂbdﬁé sptintihtoFer. tHce, in
the d‘i’&ids% %rocess, it is possible to produce a fiber of enhanced mechanical
performance and increased length relative to other prior art fibers.

The disclosed process does not require the use of gene modification to improve
the strength of the fiber and hence is less costly. The disclosed process provides an
enhanced silk from silkworms that, due to its enhanced mechanical performance, may be
used as a substitute for other naturally produced fibers such as spider dragline silk.

It will be apparent that various other modifications and adaptations of the
invention will be apparent to the person skilled in the art after reading the foregoing
disclosure without departing from the spirit and scope of the invention and it is intended
that all such modifications and adaptations come within the scope of the appended

claims.



525

530

535

540

545

550

of "enhanced protein fiber"” and "control protein

fiber" differ fromthe correspondi ng definitions
we@ppBo33aM i n the previous enbodi nent. Experi nePCESGENZ000307

carried out to determ ne the influence of roomlight

on the mechanical propertigg of silkwormsilk. The

enhanced protein fiber refers to silk fiber 485

produced when sil kwornms are subjected to the ful

andilipAINg$ avai |l able room | ight. The control protein

‘fiber refers to silk fiber produced in a "dark

environnent" (hereafter "control protein fiber"),

1. 26T @}aBsbdProRi falial Hﬁmgﬁjﬁ hﬂﬁéﬂgﬁn lg%g% ?1-? | V\hi h ¢ gphanced

| i ght cannot pass th rou
protgipgpaterdal haying an enhanoed mc@iamcuweproanmg tlidly Gs mghmmrenaunal

90X th | e where the roomlight
mecg%i&%aéﬁagrfb%?aﬁa ?fanat%rgfsd{k “6n 490 these sil kwor ms.
whe&m lthe adiuad i il ﬁw i6 Qbdudb® Katupiliyl b %% alith MWOF &% iRAhebrate

Sec nrshe nakl %hcocoons (3 days). e mechani cal
P b‘?’sololea\nﬁ Sey PI gLy ioBht aj ned i n these two different

whegi eHet drbiigeed! §ro$$iﬂ\fﬁhtéﬂll ahke I%%Ql%}a(? s1mln%|- Ipacﬁem material,

is shown fromthe table above that the room
MAstinulates the silkwornms to produce stronger silk as

L0 ease of breaking stress of the
Whege:ﬂ?ﬂl%?é o%c%%’%ﬂ% ﬁg@Spﬂfgés%eﬁ the sil kwornms are
subjected to roomlight radiation . It can also be
e r.omt he tabIe above that there appears to be a
2. TRFEBCRSPTR 66 aifiecd Arcivio mareakoighon 1 & Mnsaohar 0o
silk produced by the sil kwornms that are subjected to
3T £n1lrght radi ation. Applications The disclosed
ft?r RERsionolie gelangedriroteel miatsriabefudeini his longdrdham 1 m.
material and specifically silk protein fiber that has
enhanced nechani cal performance relative to 505
4. Theatimergiorcefgboenlsintdd piotun material efallkino] is1oH€%k $han 10 m.
produced by aninmals that are not subjected to the
stimuli. The disclosed process therefore provides a

5. Theebattanvel yproietphateaial of BOXBENST IR OBkAPY 4 %ﬁ&&ﬂ%ﬁ? natural

lﬁg afln material such as silk fiber while’leaving
meehianical pyrfqraapiecomprispeatsieask ong pép nawaaﬂf}edd ettessHe matral yield

strairl, A atirf Grékafh WHeQS §HRubA BrdafR str¥inPEnatural breaking energy and a
natural elastic modulus, and wherein the higher mechanical performance comprises at
least one of: a higher yield stress than the natural yield stress, a higher yield strain than
the natural yield strain, a higher breaking stress than the natural breaking stress, a higher
breaking strain than the natural breaking strain, a higher breaking energy than the natural

breaking energy and a higher elastic modulus than the natural elastic modulus.

6. The enhanced protein material of Claim 5 is an enhanced silk fiber extruded by the

animal of the invertebrate species.
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produced on a commrercial scale. 510 The di scl osed
process does not require the use of any reeling
w@e@Bosabs of pulling or otherw se forcing thePGI/5&2007/000307
fiber fromthe animal as it is being spun into fiber.
Hence, in the disclosed preggess, it is possible to
produce a fiber of enhanced nechani cal perfornmance and
increased length relative to other prior art fibers.
7. Thhenlttinsal sitkefibepodClaiits 60k eiNThe Pebie ERRINSE QlviRne
SegndiLiﬁgtlon.to |n&%ove 515 the strength of the fiber
PEARRTCIFEITE fromsa BouR colpRrshE Bembyrmes Bh;gwalpradémhla and Telea
Polyphemipgles an enhanced silk fromsilkworns that, due to
its enhanced nechani cal performance, nmay be used as a
substitute for other naturally produced fibers such as
[ ' idike, bt _will be. appar.ent that various
S TR el S L8 i w467 BRBBSHER s pamor ofn 140
MPai | | be apparent to the person skilled in the art
after reading the foregoing 520 di sclosure w thout
departing fromthe spirit and scope of the invention
9. Tha@nlhdncédbsiikniigR de¢ 14 i | fib1Gak QN
adaptati ons cone w tﬁiia%’ %ééelgﬁ@plégggj ilhlgasyg%gl%d%%g than 150
MP2 | ai ms. CLAIMS 525 1. An enhanced protein materi al
havi ng a di nension |onger than 20 mm the enhanced
rotein material having an enhanced nechani ca

10. Wrerdnbenvad sidk fibrartof Caitni 7 ndhereirnihs higheadididakraias Ran Sh 1.7%.

performance of a natural silk fiber, wherein the .
natural silk fiber is produced naturally by an ani nal
11. "Bie ehahcudesitkefibertof Cldich $0,26h&8in th hdheAYRRD 66aiRis Adre than
180/Jnterventlon, wherein the enhanced protéin material Ts
“°“fiot a regenerated silkworm protein material, and
" wherein the invertebrate species is not a spider
speci es. 535 2. The di nension of the enhanced protein
12. Hhstewhpnged silk Gbexi off Qlains 7) wheren thbaiphtObeaking strdREs more than
498 gipgeNnsi on of the enhanced protein material of daiml1l
i's 1onger than 1m

13. The enhanced silk fiber of Claim 12, wherein the higher breaking stress is more than
505 MPa.

14. The enhanced silk fiber of Claim 7, wherein the higher breaking strain is more than
16%.

15. The enhanced silk fiber of Claim 14, wherein the higher breaking strain is more than
17%.

16. The enhanced silk fiber of Claim 7, wherein the higher breaking energy is more than
40 kJ/kg. ‘
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4. The di mension of the enhanced protein material of
Caimlis longer than 10 m 540 5. The enhanced
wee@Besnosmat eri al of any one of the d ains 1-4PCTbE€2087/M00307
the natural mechani cal performance conprises at | east
one of a natural yield strggs, a natural yield strain,
a natural breaking stress, a natural breaking strain,
a natural breaking energy and a natural elastic
17. The shiumiceddiltk fidee6LCHIN N6, Wihe@dif thd MEKR BEGRIngREELD BB han
50 prises at 545 | east one of: a higher yield stress
the natural yield stress, a higher yield strain
than the natural yield strain, a higher breaking
stress than the natural breaking stress, a higher
18. gihe #rhanged sitlafibert dfainh @, whereinathe highak bregkiag rehistic nvdulus is
moﬂgimegv(}pgeaki ng energy than the natural breaking
energy and a hi gher el astic nodul us than the natural
el astic nmodul us. 550 6. The enhanced protein materi al
f Claimb5. is._an enhanced silk fiber extruded by the
19 Thq cRbAngs Sélké'lhemfg?’p’@’a 15, wherscthe higher fysakiag iglastetodulus is
morsithdh fodgey of Caim6, wherein the invertebrate
species is a silkwrmspecies selected froma group
conpri sing Bonmbyx nori, Philosam a Cynthia and Tel ea
T hanced sil k.fibher of C.aim?7,. .
20. ?ﬁg ?Igﬁﬁgt e hi gh gt; C%/aﬁ}gl?g&g%; & g%sssuigtaﬁbqllg qﬁ%%ﬁﬁnﬁ%nﬂﬁd’.mtem
struéie® @8 .thehmurenditkifiber] sil k fiber of Caim8, wherein the
hi gher yield stress is nore than 150 MPa. 10. The
enhanced silk fiber of Cdaim?7, wherein the higher
21.-Yheleghacédkilk Fber @y -af i
FsiTk fiber of aanm iﬂéﬂ Tchaf thunofen S%%ﬁ%’g?ﬁ’{/?%%%amal
dianygtergf the natralsilkifiban 1. 8% 12. The enhanced silk fiber
of aim?7, wherein the higher breaking stress is nore
than 498 MPa. 570 13. The enhanced silk fiber of Caim
22. Tz enbianeedi sillt fileer bf Ghatm Thegoking evireaterits coRdifiodd\@mprising

a temperature and a humidity in a way that does not differ substantially from the natural
silk fiber.

23. A composition comprising the enhanced protein material of any one of the Claims
1—22.

24, A product comprising the composition of Claim 23.

25. A mixture comprising the enhanced protein material of any one of the Claims 1—22.
26. A product comprising the mixture of Claim 25.

27. An enhanced protein materjal having a dimension longer than 20 mm,

the enhanced protein material having a higher mechanical performance than a natural

mechanical performance of a natural silk fiber,
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505 MPa. 14. The enhanced silk fiber of daiml1l,

wherein the higher breaking strain is nore than 575
wass/03x04 The enhanced silk fiber of C ai m 14, PEIIBGHION000307

the higher breaking strain is nore than 17% 580 16.

The enhanced silk fiber of aim7, wherein the higher

breaki ng energy is nore than 40U kg. 17. The enhanced

silk fiber of Caim16, wherein the higher breaking

the @AIRMGA ipPot&iBeatbitd havilg EM%H&r cré&g allild 8 2RRANESSthhKa natural

fiber of Caim?7, wherein her breaki ng el asti
crystallite alignment fegeectof the mtupsilk fiberrhe enhanced SI I k fi ber

Pt k .
Whén}%lé\ ﬂhgs i sﬁn%lpgﬁt[) ﬁﬂa% élgﬁlégd % ﬂr%g sainl fpvertebrate
spefiehisran@bsa@cabfiavintyventios,e s substantlally the sanme
. nar. tein structuyre as the natural silk fiber.
Wh%??’%@%ﬁ%ﬁﬁ%wcgﬂ%l? PIRECGPCEESi m 7 has a di aneter
substantially equal to a natural dianeter of the

ral silk fiber. 22. The enhanced silk fiber of
28. %ﬁ%ﬁ%e?swee thecahansed fyptempatenial of EliaiYiiplenger than 10 cm.

conprising a tenperature and a humdity in a way that
does not differ substantially fromthe natural silk
29. Thipdimengign oftheembausied iwoteiongeria iofi §l4ime 7antvapeadtan 1 m.
protein material of any one of the Claims i 99 24. A
product conprising the conposition of Caim23. 25. A

30. thdittfesion 6P thehnhghced @reviandthl BE Olah 2 7i8IoRE 3ha?f0 m.
any one of the Clains 1-22. 26. A product conprising
the m xture of Caim25. 27. An enhanced protein

31. Thé efiflaBbed PYtBE MBatdhiMESTHYdnb BP BRI Clafdd 7280, Wherein the natural
mechanical performance comprises at least one of a natural yield stress, a natural yield
strain, a natural breaking stress, a natural breaking strain, a natural breaking energy and a
natural elastic modulus, and wherein the higher mechanical performance comprises at
least one of: a higher yield stress than the natural yield stress, a higher yield strain than
the natural yield strain, a higher breaking stress than the natural breaking stress, a higher
breaking strain than the natural breaking strain, a higher breaking energy than the natural
breaking energy and a higher elastic modulus than the natural elastic modulus.

32. The enhanced protein material of Claim 31 is an enhanced silk fiber extruded by the

animal of the invertebrate species.

33. The enhanced silk fiber of Claim 32, wherein the invertebrate species is a silkworm
species selected from a group comprising Bombyx mori, Philosamia Cynthia and Telea

Polyphemus.

34. The enhanced silk fiber of Claim 33, wherein the higher yield stress is more than 140
MPa.
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t he enhanced protein material having a higher
nmechani cal performance than a natural nechani cal
w@erBositance of a natural silk fiber,the enhane@dSG2007/000307
protein material having a higher crystallite alignnment
degree than a natural 615 grystallite alignment degree
of the natural silk fiber,  Wherein the natural silk
fiber is produced naturally by an aninmal of an
35. THY &hbRQUIR fHBESH Clainh B4 APhEEA SRCRRLr Cﬁad sRERYAIBE B 150
wherein the invertebrate species |§ not a spléer
MPxpeci es. 620 28. The di mension of the enhanced protein
material of Claim27 is longer than 10 cm 29. The
di mensi on of the enhanced protein material of Caim 27
36. The kolrgeed sitkafibdrmef GRim B¢ wieran Hiediighdr ikld seamaRaRete than
17(J)rotein material of Claim27 is longer than 10 m 625
"’81. The enhanced protein material of any one of the
G ains 27-30, wherein the natural nechanica
erformance conprises at |east one of a natural yield
37. Eb‘? gahenced sl fibey) ofyflejm 36t whevein therkighar afield rstrakni )gnore than
1808t ress, a natural breaking strain, a natural breaking
energy and a natural elastic nodulus, and wherein the
hi gher nechani cal performance conprises at 630 | east

ne_ of : i gher yield_,stress. than the natural yield
38. Bffafiancd] ok SR of oot 38 pAfRn R febridiidits Sres) ignere than
498 MMaai n, a hi gher breaking stress than the natura
breaki ng stress, a higher breaking strain than the
natural breaking strain, a higher breaking energy than
3 . . r N J .
0, R Qe 25 r B nai 8RR E R Sis morg than
505 pHisanced protein material of daim3 1 is an enhanced
silk fiber extruded by the animal of the invertebrate
speci es. 33. The enhanced silk fiber of C aim 32,
40. Tieesnhiurcet] Btk fibwresft @lRIMABS, WiRGEihabe highd tik $tFRiS 3918 $han
16cyselected froma group conprising Bonbyx nod,
°Phi | osam a Cynthia and Tel ea 640 Pol yphenus. 34. The
enhanced silk fiber of Caim33, wherein the higher
leld stress is nore than 140 MPa. 645 35. The enhanced
41. ﬁ?ei qabpndsd sillp fibey ofi Glrizn 40, wizarein the highdribyéekingystelimis more than
17ystress is nmore than 150

42. The enhanced silk fiber of Claim 33, wherein the higher breaking energy is more than
40 kl/ke. '

43. The enhanced silk fiber of Claim 42, wherein the higher breaking energy is more than

. 50 kJ/kg.

44. The enhanced silk fiber of Claim 33, wherein the higher breaking elastic modulus is
more than 9 GPa.
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MPa. 36. The enhanced silk fiber of Caim33, wherein
the higher yield strainis nore than 1. 7% 650 37. The
wenivansam si |l k fiber of Caim36, wherein the PtDk&2007/000307
yield strain is nore than 1.8% 38. The enhanced silk
fiber of Caim 33, wherein,the higher breaking stress
is nore than 655 498 Mra. § . The enhanced silk fiber
of Claim 38, wherein the higher breaking stress is
45 T‘H’é Shlfaﬂé"c'& sIRFFar CERR A0 whiheh AR lﬁ%lfe? @recakin% ldshE Iinlefulus is
Carm 33, wherein the hi gher breaki ng stra S re
moreban 10898a.41. The enhanced silk fiber of C aim 40 '
wherein the higher breaking strain is nore than 17%
665 42. The enhanced silk fiber of Caim33, wherein
46. tThe ehhapbed sillt 6Bk sTClaine Bg,ywhﬁrellima[ EomhptaliendfYe lodick@tiot Bunction
The enhanced sil k. fiber m 42, wherein the
JhPyREpie gtk |ﬂPF‘g ht&%‘%“r &;VS‘iaﬁ lém%lﬂ’én isglagees dhﬁ!@Jﬁl@mebenswe
one-ﬁﬂlﬁoﬁ AbRN6Ed £ dskockdidEewite EeQaﬁirﬂ]c%%tall‘P@ %ﬁ%hﬂ
hi gher breaking elastic nodulus is nore t GPa 675
45 The enhanced silk fiber of Caim44, wherein the
S, LS. I
47. 1hOUlan LR A 81 8Pl i B SRt AR anction
<foenihppatikansd.84 orientation function </e> associ at ed
with the higher crystallite alignnent, is |arger than
a conprehensive 680 orientation function <f >

48. TBE BftianbRkil Atk bhelaAUY! Fhereihié 8bhbreRerlve GRiRRtion function
<f&> 1s larger than 0.89.

49. The enhanced silk fiber of Claim 33 comprises substantially the same primary protein
structure as the natural silk fiber.

{
50. The enhanced silk fiber of Claim 33 has a diameter substantially equal to a natural
diameter of the natural silk fiber.

51. The enhanced protein material of Claim 33 responds to environmental conditions
comprising temperature and humidity in a way that does not differ substantially from the
natural silk fiber.

52. A composition comprising the enhanced protein material of any one of the Claims
27—51.

53. A product comprising the composition of Claim 52.

54. A mixture comprising the enhanced protein material of any one of the Claims 27—
51.
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47. The enhanced silk fiber of Caim46, wherein the
conprehensive orientation function </e>is larger than
w0284/03886 48. The enhanced silk fiber of Cd ai PEHIG2007/000307
wherein the conprehensive orientation function </e> is
| arger than 0.89. 49. The f{hanced silk fiber of daim
.33 conprises substantially*the sane primary protein
structure as the natural silk fiber. 690 50. The

ed sj fi be I 3 has a dianeter
55'%%@%%%"5 Sﬁlg%él}g‘ﬂx‘tﬁ%oa na usfa'él di aneter of the
natural silk fiber. 51. The enhanced protein nateri al

f aim 33 responds tq environnmental .condition .

56. &b FEbESPh 31k GRBEPREHEE v SHOTHIR (P Che e o et s
not MRberbrdté LGP AMARY, e dhakbet RRk ABéHaRIngSi | K i ber.

52. A conposition conprising the enhanced protein
a length ef igmase thapyOame of the Clainms 27-51. 700 53. A
ayidlh QUC P RTREL A0 spigpgOPOS Lion of Clalm 52, 54, A
“"m xture conprising the énhanced protein material of
a yidd ytraom ¢haofs hdre ti@nali. 8% 27- 51. 70555. A product

c risi t.he m xtu Cl aim54. 56. An enhanced
abr%a?q% SFFT?QE”;’J?B‘S{FC%&“ g@s gfpgi | kwor m wherein the
a br&RINEaEh tBatlikmbld@En 1 PsN0t a regenerated sil kworm silk
fiber, the enhanced silk fiber having 710 a | ength

a breaking energprdhat iy mars than 3 klkg/i el d stress that is nore

2k MR tatiBn Yiukhifn £ Sinfht {d1AbreltRar/ PEe than 1.8%a
aco@?@ﬁ% Stress that I|1sflgrmre than 505 MP3,
a diameter that is substantially equal to a diameter of a natural silkworm-silk fiber,

s

the enhanced silk fiber comprising a primary protein structure that is substantially equal
to a protein structure of the natural silkworm-silk fiber,

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,

* the natural silkworm-silk fiber being extruded by the silkworm naturally in an absence of

an intervention.

57. A composition comprising the enhanced silkworm-silk fiber of Claim 56.

58. A product comprising the-composition of Claim 57.

59. A mixture comprising the enhanced silkworm-silk fiber of Claim 56.

60. A product comprising the mixture of Claim 59.

61. A méthod of formation of an enhanced protein material comprising the steps of:

a) taking an animal of an invertebrate species that is able to extride a protein material,

b) applying a stimulus to the animal, wherein the stimulus excludes reeling,
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a breaking strain that is nore than 17% 715 a
breaki ng energy that is nore than 50 kJ/ kg, a
weempoatiensi ve orientation function <f > that PGI/862087/000307
than 0.89, a dianeter that is substantially equal to a
diameter of a natural silkwarmsilk fiber, the
enhanced silk fiber conprising a primary protein
structure that is substantially equal to a protein
' ' t he
e e g o A e SR L Bl BlcRGh e
ﬂleomhmlt iportsincpatprialshangg thet eneinanatemal saaxtiudedbiyritisd tyimiah in an
b ﬁthﬁtu%%gs not differ substantially fromthe
a Sﬁ%“ce $°0M¥%or m si | k fiber, the natural silkwormsilk
and | ber being extruded by the silkwormnaturally in an
ahsence of _an intervention. 725 57. A conposition
o) collgrting dherpbenced pmisitwatesal sximdsd by the aimgbr of C ai m
56. 58. A product conprising the conposition of Caim
57. 730 59. A mixture conprising the enhanced
62.dihe IanIQd‘roﬁ iCﬂfN'IIf 61ba\rhemﬁn mleatem(@ﬁurtﬁﬁ.comppisﬁchppbdng the stimulus

e AR b b bt i R B i Eorpr s 1 ng

the steps of: 735 a) taking an aninmal of an
that IS to extrude a protein

[ vertebr
63. e aheitipd o &ﬁ @ ’genaﬂﬁgts?em djgr% cop@riggH apglying the stimulus
u dﬁhaeﬁe%nﬁnﬂé“@f &t éx'ﬂt':!siéﬁ i é}gﬁﬁceﬂeﬁlo'téﬁg rdabtiaf tahﬁ%a&'ﬁalmng the
enhanci ng a mechani cal performance of a natural
stingiply with a gempletion of hhexiegion-al protein material bei ng
the protein material extruded by the animal in an
absence of the stinulus, 740 and c) collecting the
64. bl avetied qfrCitied 61, fadttiericapasihg adiep (cb))t:oiﬂpelsmgipﬂiﬂi-streﬁ'ﬁmg the

cul @R TO GO WISTIF, A5 CAECDS ISR B0 e DBl FEBed by the

ani@BPt €ei n naterlal i s being extruded by the ani nmal

65. The method of any one of the Claims 61-64, wherein the stimulus is one of: an

electromagnetic field, a radiation field, an optical stimulus and an acoustic stimulus.
66. The method of Claim 65, wherein the electromagnetic field is an electric field.

67. The method of Claim 66, 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.
68. The method of Claim 67, wherein the silk protein material is a silk fiber, the natural
silk protein material is a natural silk fiber, and the enhanced silk protein material is an

enhanced silk fiber.

69. The method of Claim 68 wherein the step (a) further comprises
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745 63. The nethod of O aim 61, wherein the step (b)

further conprises applying the stinulus upon a
whe@snsiing of an extrusion of the enhanced pr oPE&I/8G2007/000307

material, and maintaining the stinulus until a

conpl etion of the extrusion. 750 64. The nethod of

Claim®6l, further conprisi r?a a step (d) conprising

post-stretchi ng the enhanced protein material after

coll ecti enh e ruded by
prefifined piftoton for SPRGRGT R Blehitiod (SRR oSO o
the Gppddins mﬁpﬁsnﬁg 4 hmtsﬁléﬂ,'rﬂielmntameﬁ being buitably pdrfitioned for placing

el ectronmagn el d, radiati o f|eId an optica )
theéxlk\mnnﬁswah@ '?fe 51?6@1& }eild repjajAs upaticcst byrthe ConigiRereanst placing
ﬂw@h@&&h@@nﬂﬂﬁﬁhﬁkﬂm&@&ﬂﬁh&Ctronagnet'C field is an

electric field. 67. The nethod of Claim 66, wherein

the invertebrate species is a sil kworm species and 760

7054 AR P IR 5l LMo,

'a an
activatigpothe elsstric @81d thm tire killobrofk betiaitersh, thewkleyr ei n t he

si.l k protein materi is.a silk fiber he nat
brigin B e of 2 Pectan R Farar ot e BT s tbtre
the §RRARGEA é)%ﬁbﬁnﬁfc@Q:@ianEEﬁg 8hé 8F miofe M aASd ARBANE SAk1& ishkin, a
fiber. The method of C aim68 wherein the step (a)

breglgng sfegss, @dﬁ?ﬁhm&%mquah@g&nerabwﬂaﬂ glpstiomodyps.yi ng
the alternating electric field to sil kworns, the
apparatus conprising a container, the cont ai ner bei ng

71. dietnadthad gfeCluint 70 médreimthe pleatricripld kOmtalternatind wloctns field with
such that the .electric l.d remai ns unaffected by the
oediparerzogidtrsseHD Yebkuor m in the

partitioned container. 70. The nmethod of C aim 69
wherein the step (b) further conprises the steps of:

72. dbemethadey Glaie 8 whereinghe pligrepting eleciriedield Pealidepealbisneth is

Jﬁn 606 ¥eLebY 775 bringi ng about an enhancenent of
in n%eg(?ﬁn?ca performance of the natural silk fiber,

the nmechani cal performance conprising one or nore of

73 Fk e TR 76 PR SRRy X bR} HERRg oa wia

a fr8febutyH. a range 0—2 MHz.

74. The method of Claim 73 wherein the alternating electric field frequency is in a range
0—1 MHz.

75. The method of Claim 74 wherein the alternating electric field frequency is in a range
0—5000 Hz.

76. The method of Claim 70 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—5000 Hz.

77. The enhanced silk protein material produced according to any one of the Claims 61—

76.
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71. The nmethod of Claim 70 wherein the electric field
is an alternating electric field wwth 780 a
w@eakosopeak strength in a range 0-2000 V/ cm PGRSGXi0@000307
method of aim7 1 wherein the alternating electric
field peak-to-peak strength is in a range 0-600 V/cm
785 73. The method of O ai AP70 wherein the electric
field is an alternating electric field with a
frequency in a range 0-2 MHz. 74. The nmethod of C aim
73 wherein the alternating electric field frequency is
78. Altothposifige céinpridifii the £8Bané&d silhygroteit adrigifof Qlatnm 774
wherein the alternating electric field frequency is in
a range 0-5000 Hz. 76. The nethod of Claim 70 wherein
79. Miffofle bihibrtsild @l dobfodfopbi@ERRsENG el ectric field
wth 795 a peak-to-peak strength in a range 0-600 V/cm
and a frequency in a range 0-5000 Hz. 77. The enhanced

50. i putkl BBl g B SSRGS TRARAH LR 20V 7

the enhanced silk protein material of CAaim77. 79. A
rodyct conprising .the c osition of Claim?78. 80. A
81. 'Bw@wécw%ﬁhﬁgm%ﬁ%%ﬁ%é@ silk protein material
of Caim77. 805 81. A product conprising the m xture
of Caim80. 82. A nethod of formation of an enhanced

82. 4ithethed plformatinn ofianicobipnsedipitk Bhanthe method epmpesing He steps of:

o) il O QU ELiRL ST | kvor s, B10 b) preparing an
apparatus tor applying an alternating electric field

b) firepating annepparatuztioe agpliylngomnatertdtiag aldcainfitlidrig th¢ end br more

..field having an alternating electric field strength is

silkRIS, - ange 0- 600 V/cm and an al ternating el ectric

the hit@h#tide! @SbUENENdIKavinE a8 alte@nele@HO fibll strength is in a range 0—
600 V/cm and an alternating electric field frequency is in a range 0—5000 Hz,

the apparatus comprising a container,

the container being.suitably partitioned for placing the one or more silk worms such that
the alternating electric field remains unaffected by the container,

c) placing the one or more silkworms in the partitioned container,

d) activating the alternating electric field when the one or more silkworms begin a
spinning process, thereby bringing about an enhancement of a mechanical performance of
a natural silk fiber, the natural silk fiber being extruded by the one or more silk worms in
an absence of the alternating electric field,

the mechanical performance comprising one or more of: a yield stress, a yield strain,
breaking stress, a breaking strain, a breaking energy and an elastic modulus,

€) maintaining the alternating electric field until completion of the spinning process, and

f) collecting the enhanced silk fiber extruded by the one or more silkworms.
83. The enhanced silk fiber produced according to Claim 82.

84. A composition comprising the enhanced silk protein material of Claim 83.
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t he apparatus conprising a container, 815 the
container being suitably partitioned for placing the

woer@sos3lnore silk worns such that the alternatP@mSG2007/000307

electric field remains unaffected by the container, c)
pl acing the one or nore silkwornms in the partitioned
container, d) activating t alternating electric
field when the one or nore sil kworns begin a spinning
process, thereby bringing about an enhancenent of a
mechani cal performance of 820 a natural silk fiber,

85. Alpeodvat emadrisgig the Eorbpasithval af ¢ lant 34ided by t he one or

nore silk worns in an absence of the alternating
electric field, the nmechanical performance conprising

86. AGixfie faRisifs théedtiagtell Slkiesisin ratyialof Cidimag3n,

breaki ng stress, a breaking strain, a breaking energy
and an elastic nodulus, e) naintaining the alternating

87. %:P?&&urc{ &ﬁ;ﬁkﬁ%ztg@ﬁim&%ﬁﬁlﬁm gg) of the spinning

ocess, coll'ecting the enhanced silk fiber
extruded by the one or nore sil kworns. 83. The

nh ed silk fiher 0 ed,according to Claim82.
Sg'gﬂ?&xﬁ%@%ﬁa&ﬁ%ﬁa%ﬁ%ﬂqg%ﬁﬁg 'he enhanced silk protein

material of C aim83.830 85. A product conprising the
conposition of Claim84. 86. A mxture conprising the
enhanced silk protein material of Claim@83. 835 87. A
product conprising the mxture of Claim86. 88. Use of
the apparatus of Claim69 or C aim82.



