SPECIFICATION Title of the Invention METHOD FOR PRODUCING POROUS SILK FIBROIN
MATERIAL Technical Field [0001] The present invention relates to a method for producing a
porous silk fibroin material. Background Art [0002] A porous material that can be produced with a
biological material, such as a protein and a saccharide, is utilized in various fields in industries, for
example, a medical field, such as a wound coverage, a hemostatic sponge and a pharmaceutical
sustained-release carrier, daily goods, such as a disposable diaper and a sanitary napkin, a field of
water purifig%g&l\gﬂ?reﬁ orous material may be used as a support as a habitat of microorganisms
and bacteria, aco é%l beauty treatment field aiming at moisture retention and the like by using
the porous material personally or in an esthetic salon, and cell culture substrate and a tissue
regeneration substrate in a tissue engineering and regeneration medical engineering. As the
biological mgigligt aanstifdiiRgihe porous material, saccharides, such as cellulose and chitin, and
proteins, such as collagen, keratin and silk fibroin, are known. [0003] Among these, collagen has
been most frequeng=y$ed BFOR FROUEINSIRORANGHIfigulEiB RESNPQATEER]IRgEN since the
generation of BSE disaster. Keratin, which may be obtained from wool or feather, has a problem in
availability of the raw materials thereof, and is difficult to use industrially. The raw materials of keratin
is difficult to procure since wool is increased in raw material price, and feather has no market. Silk
fibroin, on thedtherah&@neldmay be utilized industrially since it is expected to be available stably from
the standpoint of availability of raw materials, and is stable in price. Silk fibroin has been used as
surgical sutlféGhleads for a prolonged period of time in addition to the clothing purposes, and is also
used currently as an additive for foods and cosmetics, owing to the safety for human body, and thus
silk fibroin may be StgiRresgyiinNesdn nERatPampeshastaigiadterial. [0004] ucing

a porous silk fibroin material.

Background Art

[0002]

Aporousmaterialthatcanbeproducedwithabiol ogical
material, such as a protein and a saccharide, is ut ilizedin
various fields in industries, for example, a medica [ field,

such as a wound coverage, a hemostatic sponge and a
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as a habitat of microorganisms and bacteria, a cosm etic and
beauty treatment field aiming at moisture retention and the
likebyusingthe porousmaterialpersonallyorin anesthetic
salon, and cell culture substrate and a tissue rege neration
substrate in a tissue engineering and regeneration medical
engineering.



There has been several reports on a method for producing a porous silk fibroin material. In one
method, for example, a silk fibroin aqueous solution is quickly frozen and then immersed in a
crystallization solvent, thereby performing melting and crystallization simultaneously (Patent Document
1). In this method, however, an organic solvent as the crystallization solvent is necessarily used in a
large amount, and the possible contamination with residual solvent may not be negated, which result
in problems on the use in the application fields including the aforementioned medical field and the like.
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thereby promg' i 2 POLOUL @l@é!aggﬁzﬁt%{%g%]ﬁ%@ta@d I—éﬂmﬁver, the method may aproduce a

porous material having sufficient strength ermore, a method has been reported that a silk fibroin
agueous soﬁggggmg,f%p gg@&hgg@g@%ﬁddﬁd@@qﬁgistate for a long periog, pgl;'@e, thereby
providing a porous material (Patent Document 3). However, the investigations made by the present
inventors reyqshfhat the method is poor in reproducibility, and a porous material may frequently not be
obtained. A method that is reliable and convenient as compared to the aforementioned methods
for producingaogprous silk fibroin material has been reported (Patent Document 4 and Non-patent
Document 1). In this method, a small amount of an organic solvent is added to a silk fibroin aqueous
solution, which is thendnogibie $er eofi eepatibasl lpegiooh of tinee) et ihesemelted, therebygasviding a
porous silk fibroin material. In this method, the organic solvent used in a small amount is removed by a
rinsing stepaEpigioltbaitiseeosn pasiifficidttaubsehaially no residual solvent @edliagessulting porous
material in a moistened state has higher strength and is excellent in shape stability as compared to the
ordinary pofdicerhsens riis B ReRigasiRi BetatieMBiPatent Documents $0308Y Patent
Document 1: JP-A-8-41097 Patent Document 2: JP-B-6-94518 Patent Document 3.
JP-A-2006-28R1AeBRERVBRIQIIRHNE! S5 BEOIEIHRENS. 3,412,014 Non-gBBbocument [0006]

Non-patent Document 1: Biomacromolecyles, vol, 6, ,3@00-3106 (2005) Disclosure of the Invention
i E et se
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industrially. The raw materials of keratin is diff icult to
procure since wool is increased in raw material pri ce, and
feather has no market. Silk fibroin, on the other hand, may
be utilizedindustrially sinceitisexpectedtobe available
stably from the standpoint of availability of raw m aterials,
and is stable in price.

Silk fibroin has been used as surgical suture thre ads
for a prolonged period of time in addition to the ¢ lothing
purposes, andisalsoused currently as an additive forfoods
and cosmetics, owing to the safety for human body, and thus
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porous material.
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Therehasbeenseveralreportsonamethodforpro ducing

a porous silk fibroin material. In one method, for example,



and the method of using the porous material, the porous material produced by the method disclosed in
Patent Document 4 may have insufficient strength in some cases, and there is a demand of increase
of the strength. An object of the present invention is to provide a method f or producing a porous
silk fibroin material that has excellent mechanical characteristics. [0008] As a result of earnest
investigations made by the present inventors, it has been found that a porous material having high
strength is obtained by freezing a solution containing a silk fibroin agueous solution having an aliphatic
carboxylic acidlgoq%?d. thereto, and tpin meltinl$ t‘%"e rErozen solution. The preseat invention
provides a Aetiod gﬂ’b,%%%?ﬁ‘é §%8 SU5RilB50] r%aﬁgr?al, containing steps of %g a silk
fibroin soluti jni ik fibrol O]t ing an aliphatic carbox %% jd added
thereto; ané%%q%%ﬁﬁ&%ﬂ%%&%ﬂoﬁ%iﬁﬁe H)% %ér%%?gg}g a porous material. [% @P

According t%@]ﬁr@ﬁﬁﬂ@r%ﬁﬂ‘%ﬁoﬂ pRrous sUkdQiBdpaterial having high streggih isggnveniently
provided. Brief Description of the Drawings [0010] [Fig. 1] The figure is a scanning electron
micrograph shoyyngan Rehs §eHIMYER RaiodRysifidiR@IeAtatgyial produced in Exagpgle 1. [Fig. 2]
The figure is a scanning electron micrograph showing an cross section of a porous silk fibroin material

produced ircExaaliplatibrisigvelitisnecERedigiyiségimakanning electron microggrpiirgfigwing an cross
section of a porous silk fibroin material produced in Example 3.

and the possible contamination with residual solven tmay not
be negated, which result in problems on the use in the
applicationfieldsincludingtheaforementionedmed icalfield
andthelike. Inanothermethod, anaqueous soluti onofsilk
fibroin is gelled by maintaining the pH thereof at 6 or less

or gelled by adding a poor solvent to the aqueous s olution,
and the resulting gel is freeze-dried, thereby prov iding a
porous material (PatentDocument2). However,the methodmay
not produce a porous material having sufficient str ength.
Furthermore, a method has been reported that a silk fibroin
agueous solutionis frozen and then maintainedin t he frozen
state for a long period of time, thereby providing a porous
material (Patent Document 3). However, the investi gations
made by the presentinventors reveal that the metho dis poor

in reproducibility, and a porous material may frequ ently not
be obtained.

Amethodthatisreliable and convenientascompar edto
theaforementionedmethodsforproducingaporouss ilkfibroin
material has been reported (Patent Document4 and N on-patent
Document 1). In this method, a small amount of an organic



[Fig. 4] The figure is a scanning electron micrograph showing an cross section of a porous silk
fibroin material produced in Example 4. [Fig. 5] The figure is a scanning electron micrograph
showing an cross section of a porous silk fibroin material produced in Example 5. [Fig. 6] The
figure is a scanning electron micrograph showing an cross section of a porous silk fibroin material
produced in Example 6. [Fig. 7] The figure is a scanning electron micrograph showing an cross
section of a porous silk fibroin material produced in Example 7. [Fig. 8] The figure is a scanning

[ [ h ' . [ f ilk fibroi ial dyced in E le 8.
e AR A5 ISR BRI i v mates gt Bxample
fibroin mate[Hng8cAjgﬁ§grlg gm%g@gﬁ’@.gbd %)%me arjl'(}j'l&ggure is a scanning ﬁlﬁ%g)g(hmlcrograph

showing an cross section of a porous roin material produced in Comparative Example 1. [Fig.
11] thereby providing a porous silk fibroin material. In this
method, the organic solventusedinasmallamount isremoved

by a rinsing step wusing ultrapure water providing

substantially no residual solvent, and the resultin g porous
material in a moistened state has higher strength a nd is
excellentinshapestabilityascomparedtotheord inaryporous

materials reported.
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The figure is a scanning electron micrograph showing an cross section of a porous silk fibroin material
produced in Comparative Example 2. [Fig. 12] The figure is a scanning electron micrograph
showing an cross section of a porous silk fibroin material produced in Comparative Example 3. [Fig.
13] The figure is a scanning electron micrograph showing an cross section of a porous silk fibroin
material produced in Comparative Example 4. [Fig. 14] The figure is a scanning electron
micrograph showing an cross section of a porous silk fibroin material produced in Comparative
Example 5. The. fiﬁtglre IS a scan e:ﬂ%b%ectron micrograph sh(r)(\)/\(jgﬁ?%p Cross section of a

porous silk %Ebgﬁ}%rﬂ%%?ﬁ?fﬂ%ﬁ & %%’SFH% R e ﬂa re is a scanning

ample 6. [Fig. 16]
Comparative B B e ectron micrci i hewing an cross
section of &RQiRRSeHHISHBIHYhMAGHR Ry St &ramaparative Example 8. [lgigmtdld of
increase of the strength.
Anobjectofthepresentinventionistoprovidea method
forproducingaporoussilkfibroinmaterialthath asexcellent

mechanical characteristics.

[0008]

Asaresultofearnestinvestigationsmadebythe present
inventors,ithasbeenfoundthataporousmaterial havinghigh
strengthisobtained by freezing a solution contain ingasilk
fibroin aqueous solution having an aliphatic carbox ylicacid

added thereto, and then melting the frozen solution

The present invention provides a method for produc ing
aporoussilkfibroinmaterial, containing steps of :freezing
a silk fibroin solution containing a silk fibroin a queous
solution having an aliphatic carboxylic acid added thereto;
and then melting the frozen solution, thereby provi ding a

porous material.
[0009]
Accordingtothepresentinvention,aporoussilk fibroin

material having high strength is conveniently provi ded.

Brief Description of the Drawings

[0010]



The figure is a scanning electron micrograph showing an cross section of a porous silk fibroin material
produced in Comparative Example 9. [Fig. 19] The figure is a scanning electron micrograph
showing an cross section of a porous silk fibroin material produced in Comparative Example 10. [Fig.
20] The figure is a scanning electron micrograph showing an cross section of a porous silk fibroin
material produced in Comparative Example 11. [Fig. 21] The figure is a scanning electron
micrograph showing an cross section of a porous silk fibroin material produced in Comparative
Example 13}:55 .22] The figure is a graph showing 25% compression hardness of porous silk

S

fibroin mat oduced in Examples 10 to 13. [Fig. 23] The figure is a scanning electron
oo o AT AR DN ocuced i Sgggle 10 o
material prodyegdinforBtRl drodE i&lkzﬁﬂ)rom material pro duced in
Example 1.
[Fig. 2]
Thefigureisascanningelectronmicrographshowi ngan
cross section of a porous silk fibroin material pro duced in
Example 2.
[Fig. 3]
Thefigureisascanningelectron micrographshowi ngan
cross section of a porous silk fibroin material pro duced in
Example 3.
[Fig. 4]
Thefigureisascanningelectron micrographshowi ngan
cross section of a porous silk fibroin material pro duced in
Example 4.
[Fig. 5]
Thefigureisascanningelectronmicrographshowi ngan
cross section of a porous silk fibroin material pro duced in
Example 5.
[Fig. 6]
Thefigureisascanningelectron micrographshowi ngan
cross section of a porous silk fibroin material pro duced in
Example 6.
[Fig. 7]



The figure is a graph showing 25% compression hardness of porous silk fibroin materials produced in
Examples 14 to 16. [Fig. 26] The figure is a scanning electron micrograph showing an cross
section of a porous silk fibroin material produced in Example 14. [Fig. 27] The figure is a scanning
electron micrograph showing an cross section of a porous silk fibroin material produced in Example
15. [Fig. 28] The figure is a scanning electron micrograph showing an cross section of a porous
silk fibroin material produced in Example 16. [Fig. 29] The figure is a graph showing 25%
compression hard %éforous silk fibroi niraterlals roduced in Examples 17 to 19 Q[ . 30]
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The figure is a sca S.%B ec't?&??ﬁf&%%gg g S WOSEWion of a porous s roin material
produced I%%@ggl‘ﬁléa JFég gﬂ(’]us s |ﬂ_|ﬂ8rf(5%‘[§ egl ing electron mlcrograa escp%wmg an cross

section of a porous Si |br0| material al produced | ple 18. [Fig. 32] The figure is a scanning
electron mnggmg showing an cross section of a porous Sl|k fibroin material produced in Example

[Fig. 8]

Thefigureisascanningelectron micrographshowi ngan
cross section of a porous silk fibroin material pro duced in
Example 8.

[Fig. 9]

Thefigureisascanningelectron micrographshowi ngan
cross section of a porous silk fibroin material pro duced in
Example 9.

[Fig. 10]

Thefigureisascanningelectronmicrographshowi ngan

cross section of a porous silk fibroin material pro duced in

Comparative Example 1.

[Fig. 11]
Thefigureisascanningelectronmicrographshowi ngan
cross section of a porous silk fibroin material pro duced in

Comparative Example 2.

[Fig. 12]
Thefigureisascanningelectronmicrographshowi ngan
cross section of a porous silk fibroin material pro duced in

Comparative Example 3.
[Fig. 13]

Thefigureisascanningelectronmicrographshowi ngan



[Fig. 33] The figure is a graph showing the mechanical characteristics of porous silk fibroin
materials produced in Examples 20 to 22. [Fig. 34] The figure is a scanning electron micrograph
showing an cross section of a porous silk fibroin material produced in Example 20. [Fig. 35] The
figure is a scanning electron micrograph showing an cross section of a porous silk fibroin material
produced in Example 21. [Fig. 36] The figure is a scanning electron micrograph showing an cross
section of a porous silk fibroin material produced in Example 22. Best Mode for carrying out the

ion [00 h hod f ir ilk fibroi ial of [ '
conaine B OYSREUSING & HR RGN RLH TBIAARRGa itk fbroim aqueou< SERON having an

aliphatic ca@g@%&@%%&;ﬁ&,%eﬁeto; and then melting the frozen solution, thereby providing a

porous materia e production method of the present invention preferably contains a step of
removing tr[gial_iqq?tic carboxylic acid by immersing the porous material obtained after melting in pure
water or by freeze-drying the porous material. [0012] The silk fibroin used in the present invention
may be any materiqh@ﬁéiﬁéﬁgg\%,ﬁr@ﬂ(’?@@Hﬁ@g@ﬁ%rwg@%ﬁ@{gmesticated silkworg.ga wild
silkworm and a Yamamay silkworm, and the production method thereof is not limited. In the present
invention, sikolieredti®Hsstic 3 foaikstikihnoke nesasigiohigon, but silk fibroin is pleeethigolubility and
thus is difficult to dissolve directly in water. As a method for providing the silk fibroin aqueous solution,
any known Getinoal atiae Exasgde &1d such a method may be conveniently employed that silk fibroin is
dissolved in a lithium bromide aqueous solution having a high concentration, and is then desalinated
through dial¥é¢s abH concentrated through air drying.

Thefigureisascanningelectronmicrographshowi ngan
cross section of a porous silk fibroin material pro ducedin

Comparative Example 6.

[Fig. 16]
Thefigureisascanningelectronmicrographshowi ngan
cross section of a porous silk fibroin material pro duced in

Comparative Example 7.

[Fig. 17]
Thefigureisascanningelectronmicrographshowi ngan
cross section of a porous silk fibroin material pro duced in

Comparative Example 8.

[Fig. 18]
Thefigureisascanningelectronmicrographshowi ngan
cross section of a porous silk fibroin material pro duced in

Comparative Example 9.

[Fig. 19]
Thefigureisascanningelectronmicrographshowi ngan
cross section of a porous silk fibroin material pro duced in



In the method for producing a porous silk fibroin material of the present invention, the concentration of
the silk fibroin is preferably from 0.1 to 40% by mass, more preferablyfrom0.5to 20% by mass,
andfurtherpreferablyfrom 1.0 to 12% by mass, in the silk fibroin solution having the aliphatic carboxylic
acid added thereto. When the concentration is in the range, a porous material having sufficient
strength may be produced efficiently. [0013] In the present invention the aliphatic carboxylic acid
added to the silk fibroin aqueous solution is not particularly limited and is preferably a water-soluble
one, and mgrenQrefe[[ablyFé)?ne h?vi 8 a high solubility in water. The aliphatic carboxylic acid used in
the present rRERAGH 'E‘Fe %B]{/)R pKa of 5.0 or less, more preferably from 3.0 to 5.0, and further
preferably pr[g f%%co 5.0. Preferred examples of the aliphatic carboxylic acid used

ed in the preséntinvention include saturated or unsaturated, monocarboxylic, dicarboxylic or

tricarboxylic acids %\QHQJFQYQ %&ﬁrﬁﬁﬁ’&@&ﬁ%ﬁi%@r%?ﬁ%ﬂ%ﬁamples thereof ir}q&gi@ formic acid,

acetic acid, propionic acid, butyric acid, Succinic acid, lactic acid, acrylic acid, 2-butendic acid and
3-butenoic gfids e bR RCTREBYIIR mgigmmﬁﬂé}%pﬁﬁg solely or as a combpatisynigf two or more
kinds thereof. The amount of the aliphatic carboxylic acid added to the silk fibroin aqueous
solution Is wefasktiversEbipte 18.0% by mass, and more preferably from 0.1 to 5.0% by mass, in
the silk fibroin solution. When the amount is in the range, a porous material having sufficient strength
may be proffige@1]0014] In the production method of the present invention, the solution
containing the silk fibroin aqueous solution having the aliphatic carboxylic acid added thereto is poured
into a mold or a ved$&fignteisasahimmgrierinpenierogransiaddtic chamber to berfg@en, and then
melted, thereby producing a porous silk fibroin material. The freezing temperature is not
particularly GfRfe $e&liRnR a5asneroiksssikdipraindnatetiiu silk fibroin aqueous®#t&EJA having the
aliphatic carboxylic acid added thereto is frozen, and is preferably approximately from -1 to -40C, more
preferably dpPRORAANE FEMRARd 240C, and further preferably from -10 to -30C. The freezing
time is prefj ably 2 hours or more, and more preferably 4 hours or more, for freezing sufficiently the
silk fibroin agtfe solution having the aliphatic carboxylic acid added thereto, and maintaining the
frozen state for a p.ll’.%SeCﬁibed Period oLtime\.l_vg(r)]O]Z%]% o The freezi%%rr&ethod may be a method of

decreasing the tempera feof the & ﬁgﬁ)m t2ous SN |(S)Snl%%vmg the aliphatic carr]§8>s(ylic acid

added ther I gquﬁr r ferably such a met t the silk fibroin
agueous sﬁfﬁﬁ%&%ﬁ?g ,ﬁ?ﬂﬁﬁ%ﬁ(é@% oXxy |céé%i§‘aé§(gerﬂ&iereto is once maingtgi%e ata

temperaturg 9f approximately from 4to -9C, and preferably approximately from 0 to -5C, for 30 minutes
or more before freezing for making the interior of the reaction vessel homogeneous, and then frozen
by decreasigghgaemperature thereof to the freezing temperature, for providing a porous silk fibroin
material having a homogeneous structure. Furthermore, in the case where the temperature to be
retained is approxiTia¢diyfreis atdantiGg alet prefarabbyenptickiovitely from-1 to -5Cnthensilk fibroin
agueous solution is at a temperature where the solution is in a supercooled state before freezing (i.e.,
the supercauliisg tEopenaitieepottoars bikdrbrading atgroabprosilk fibroin material haviogdaimore
homogeneous structure. Moreover, the period of time of maintaining at the supercooling temperature
may be contsiewed®e temperature gradient upon decreasing the temperature from the

supercooling temperature to the freezing temperature may be controlled, whereby a porous silk fibroin
material havitg Zfirther homogeneous structure may be obtained, and the structure and the strength
of the porous material may be controlled to a certain extent. Thereatter, the silk fibroin solution

thus frozen is meltd MEABHEB P BREAGNG LS TH0S DIRAHGATREW Al The method of M&Ring is not

articularly limited, and examples thereof.include spontaneous melting and storage in,a
P ycr ¥| lp 5 9 o%ced in

0SS Section of a porous si roin material pro
Example 12.
[Fig. 25]
The figure is a graph showing 25% compression hard ness
of porous silk fibroin materials produced in Exampl esl4to
16.



thermostatic chamber. [0016] The resulting porous material contains the aliphatic carboxylic acid,
and the aliphatic carboxylic acid is necessarily removed, or the concentration thereof is necessarily
controlled, depending on the purpose thereof. In this case, the aliphatic carboxylic acid contained in
the porous silk fibroin material may be removed by a suitable method after producing the porous
material, thereby controlling the concentration thereof. Specific examples of the most convenient
method therefor include a method of immersing the porous material in pure water for performing
dialysis. Examples of the method of controlling the water concentration of the porous silk fibroin
material aftla'?'ﬁie§ oduction thereof include a method of evaporating water by drying the porous silk

fibroin material. Ex:flﬁbofli ﬁ%@gﬁg@ﬁ&g@%%%&?gﬁggﬁ%@ drying, freeze q{ ing and heat

drying, and freeze drying Is preferre contraction up g may be suppressed. The aliphatic
carboxylic %@s@%&%ﬁb@ﬁ&%&%ﬂk%QWe{%ﬁgV by drying the porous gnatejig| by freeze
drying or the like. [0017] The porous silk fibroin material obtained by the production method of the
present inv%ﬁg@yzpe formed into a shape corresponding to the purpose thereof, such as a film
shape, a block shape and a tubular shape, by selecting appropriately the mold or the vessel upon
used on prqgiginrgthe porous material. [0018] The porous silk fibroin material obtained by the
production method of the present invention has a sponge-like porous structure, and the porous
material contains Wiatefiguheis astan ramype lssmoneoi dry greqresdoying or the like, and giarthe form of
hard structure in a moistened state. The size of the fine pores (i.e., the fine pore diameter) in the
porous materasobeaiiel dfyatherprstisittithraisthadasfalherpresent invention is geh@ediynfrom 10 to 300
dm. The porous material may be freeze-dried to provide a dried material of the porous silk fibroin
material. EXamelgc¥Bus silk fibroin material obtained by the production method of the present
invention has excellent mechanical characteristics. Specifically, the porous material has a larger
tensile strelﬁ’g:]i%-z%% a relatively larger elongation than porous materials that use methanol, ethanol,
isopropanol, butan *1 ycerol, dimethylsulfoxide (DMSOEQQ, djmethylformamide (DMF), pyridine,
acetone or acetoniﬁ Ié%Hf@r\sﬁgcﬂ’{é'%/H?Eg}%EBW&% 88"k BAtent Document 4. [6@1%] The
porous fibroCipO[SnSat%réﬂl %bé?inegrgﬁ éhst?"gr%drgf:r}ipnn {nﬁ},ﬂog of the present inventi% hac?.nigh water
absorbing properﬁ/ and Invoives no problem’in sa?eef‘y, ahdthus may be applied wi eqy {0 a cosmetic
and beautyérﬁﬂﬁwé]& '(_-:-Id aiming at moisture retention and the like. Specifically, the porous material
may be favorably used as a peeling pack and a cosmetic puff. The porous material in a desired shape
may be easipjpbigined by changing the shape of the vessel used on freezing, and thus the porous
material may be favorably used as a face mask that follows the shape of the face.

The figure is a graph showing 25% compression hard ness
of porous silk fibroin materials produced in Exampl es17to
19.

[Fig. 30]

Thefigureisascanningelectronmicrographshowi ngan
cross section of a porous silk fibroin material pro duced in
Example 17.

[Fig. 31]

Thefigureisascanningelectron micrographshowi ngan
cross section of a porous silk fibroin material pro duced in
Example 18.

[Fig. 32]
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The weight of the porous fibroin material obtained by the production method of the present invention
may be controlled by changing the water absorption amount thereof, and the porous material involves
no problem in safety. Accordingly, the porous material may be favorably used as a weight for pulling a
biological tissue excised under observation with an endoscope. Furthermore, the porous fibroin
material obtained by the production method of the present invention has high strength and high water
absorbing property and involves no problem in safety, and thus may be favorably applied to a medical
field, such as a wo ceutical sustaiag%(‘jt%ipelease carrier and a hemostatic
[

iﬂd f:overa e a harm:il
sponge, daily goods, SUBR'&S 8%%% N8e %%rrt))é}rg%ogrs )cl)W'apkin, a cell culturB%dbstrate and a

tissue rege%?égg%éﬁ'ﬁﬁ%%%i%?%&|E'?%ﬁﬁrﬁﬁ‘9t8{i‘9| ﬁgeneration medical engm:ee ing, and a

support as a itat or microorganisms and bacteria in a tield of water purification and environmental
protection. Example [1920] The present invention is described more specifically with reference to
examples below, but the present invention is not limited to the examples. [0021] Example 1
Preparatiorxqb_S@lgfibroin Solution A silk fibroin solution was obtained by dissolving fibroin
powder ("Silkpowder IM", a trade name, produced by KB Seiren, Ltd.) in a 9M lithium bromide
agueous solution, refeoviiguirRsoligbleamajiteps thshighiegntefiegatimscaidoaerforming repeatedly
dialysis against pure water. The resulting silk fibroin solution was concentrated by air-drying in the
dialysis tubehar&mteniis s fopreass s fiiromwas edalegrto the concentrated sabdimectimereby
preparing a silk fibroin solution having a silk fibroin concentration of 5% by mass and a formic acid
concentratiGixaf®leiriasz? Production of Porous Silk Fibroin Material The silk fibroin solution
was poured into a mold (inner dimension: 80 mmx 40 mmx 4mm) produced with aluminum plates, and
stored in a ffd8eR4kate in a low temperature thermostat chamber (NCB-3300, produced by Tokyo
Rikakikai Co., Ltd.1(rl1EYELA)). Freezing Condition

efigureisascanningelectronmicrographshowi ngan
cross section of a porous silk fibroin material pro duced in
Example 20.
[Fig. 35]

Thefigureisascanningelectronmicrographshowi ngan
cross section of a porous silk fibroin material pro duced in
Example 21.

[Fig. 36]

Thefigureisascanningelectronmicrographshowi ngan
cross section of a porous silk fibroin material pro duced in
Example 22.

Best Mode for carrying out the Invention

[0011]

Themethodforproducingaporoussilkfibroinmat erial
of the present invention contains steps of: freezin g asilk
fibroin solution containing a silk fibroin aqueous solution
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Freezing was performed in the following manner. The silk fibroin solution in the mold was placed in the
low temperature thermostat chamber, which had been cooled to -5C in advance, and maintained for 2
hours. Thereafter, the solution was cooled until the interior of the chamber reached -20C at a cooling
rate of 3C per hour over 5 hours, and then maintained at -20C for 5 hours. The frozen specimen
was returned to room temperature through spontaneous melting, taken out from the mold, and
immersed in ultrapure water, and the ultrapure water was exchanged twice per one day over 3 days,
thereby removing the farmic.acid used..[0022] The resulting porous silk fibroin,material was
evaluated fgﬁmg%%?gﬁrﬂceﬁgrgg{ &S (it W&%Qetgt r|reel‘(5I)0deI 5548, producedatﬂgl Hon Japan Co.,
Ltd. A test pjege 4 m : orous silk fibroin material thus
produced, g{r%q ﬁ@é@%&%@?@m@é’?ﬂrgﬁﬁgﬁ g ltlér@?s\?lﬁé @lg;r%ﬁf}(maximum breaking?é rééngth) and a
maximum (kgaddag) distortion (elongation) upon pulling under condition of 2 ram/min. The elastic
modulus of the test piece was obtained from the gradient of the graph of the strength and the

distortion. The resuftscarey&iiifidi Takdenbd heMmeapsurgmaRhreswWienasHn average value of
measurement results of 10 test pieces, which were obtained by cutting out 5 test pieces from the

porous matprigfepapiicedranmhseparately cottingrpul/anpthee 5 &iphaigces from the poroug material
produced on another day. [0023] The structure of the resulting porous silk fibroin material was
observed witarbosgdicnauideBcirnmersirastbpepdroescaatarigleddctron microscope taseedwas
XL30-FEG, produced by Philips Electronics, and the measurement was performed with the low
vacuum andfiter deplisigon mudenateror Ayckrazaiatiyiogdbe of 10 kV. The structiperofishe porous silk
fibroin material was observed for the interior thereof exposed by cutting the porous material, but not
the surfacefﬁﬁfﬁé'%iorous material. The scanning electron micrograph of the cross section of the
resulting porous material is shown in Fig. 1. [0024] The resulting porous silk fibroin material was
impregnate water to the equilibrium state by immersing the porous material in ultrapure water,
and then measuredghor wet eight éW ). The porous material was then sufficiently drieg?by freeze
drying, and the poroll§ ﬁ’#gt@ﬁﬁﬂ Y ?ﬁéﬁén?eﬁf?&re&vw&@m\ww The water content of the porous
material wasncalr%%llfsltrelglfmn} tge e”x</al eTeraccordjpg\éo rthe folloawing equation. The rgguzlits are
described I&tef. "Water contant ( o? = sﬁla - U\]/t% R lfo 9Wa?86 5] Example 2 Aporous silk fibroin
material w i 8 ' cept that acetic.aci s used instead
of formic a?:t?é}.?ﬁ' %ewg%a %&Wﬁ@ﬁ@%@ rﬁ@%ggamﬁﬁ(stics thereof é}rgeI S om? in Table 1. The

scanning e'ﬁﬁHQﬂé‘Yﬁ@ﬂfél%hoﬁ‘F@ﬁﬁboﬁ‘?é@Sﬁ%‘ Rbtheniesylting porous material i spawn in Fig. 2.
[0026]

present invention, silk fibroin is used as a silk f ibroin
agueous solution, but silk fibroin is poor in solub ility and
thusisdifficulttodissolve directlyinwater. A samethod
for providing the silk fibroin aqueous solution, an y known
method may be used, and such a method may be conven iently
employed that silk fibroin is dissolved in a lithiu m bromide
agueous solution having a high concentration, and i s then
desalinated through dialysis and concentrated throu gh air
drying.

In the method for producing a porous silk fibroin
material of the present invention, the concentratio n of the

silk fibroin is preferably from 0.1 to 40% by mass, more

12



Example 3 A porous silk fibroin material was produced in the same manner as in Example 1
except that propionic acid was used instead of formic acid. The evaluation results for mechanical
characteristics thereof are shown in Table 1. The scanning electron micrograph of the cross section of
the resulting porous material is shown in Fig. 3. [0027] Example 4 A porous silk fibroin material
was produced in the same manner as in Example 1 except that butyric acid was used instead of formic
acid. The evaluation results for mechanical characteristics thereof are shown in Table 1. The scanning
electron micrograph of the cros tion of the resylting porous material is shown in Fig. 4. [0028]
Example 5 prﬁeAgB@‘&%@gié?ﬂgpyﬁm?gﬁa?wﬁr gg?fcged in the same mjﬁha(\éﬁ[ggquxample 1
except that [ cbq( sed.insiead: 4 i id, The evaluation result chanical
characterist%gct%grﬁe%% a y;%og\/’vlr?] %H%a%ﬁﬁaqll&t ﬁegg&%%ﬁnggelectron micrographs\égﬁ g@%ross section of
the resultingdgmgﬂé n}%%@%éh%min Eigicy (0P exampjefan  th@ Porous silk fibroin material

was produced in the same manner as in Example 1 except that lactic acid was used instead of formic

acid. The evalyadionaieswlis iy mrRChankal ehyaeasstrndharephare shown in Tablejyghe scanning
electron micrograph of the cross section of the resulting porous material is shown in Fig. 6. [0030]

Example 7 sufficient strength may be produced efficiently.
[0013]

Inthe presentinvention the aliphatic carboxylic acid
addedtothesilkfibroinaqueoussolutionisnotp articularly
limited and is preferably a water-soluble one, and more
preferably one having a high solubility in water. The
aliphatic carboxylic acid used in the present inven tion
preferably has pKa of 5.0 or less, more preferably from 3.0
to 5.0, and further preferably from 3.5 to 5.0.

Preferredexamplesofthealiphaticcarboxylicaci dused
in the present invention include saturated or unsat urated,
monocarboxylic, dicarboxylic or tricarboxylic acids having
froml1to6carbonatoms,andspecificexamplesthe reofinclude
formic acid, acetic acid, propionic acid, butyric a cid,
succinicacid, lacticacid, acrylicacid, 2-butenoi cacidand
3-butenoic acid. The aliphatic carboxylic acids ma y be used
solely or as a combination of two or more kinds the reof.

Theamountofthealiphaticcarboxylicacidadded tothe

silkfibroinaqueoussolutionispreferablyfromO.
by mass, and more preferably from0.1t05.0% by ma

silk fibroin solution. When the amount is in the r
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A porous silk fibroin material was produced in the same manner as in Example 1 except that acrylic
acid was used instead of formic acid. The evaluation results for mechanical characteristics thereof are
shown in Table 1. The scanning electron micrograph of the cross section of the resulting porous
material is shown in Fig. 7. [0031] Example 8 A porous silk fibroin material was produced in the
same manner as in Example 1 except that 2-butenoic acid was used instead of formic acid. The
evaluation results for mechanical characteristics thereof are shown in Table 1. The scanning electron
micrograph of the cross section of the resulti orpus material is shown in Fig. 8. [0032] Example 9
A porous TRHRHG R A SO 1 FRO RERRERE: as in Example 10584 that

3-butenoic @5‘12{1% used instead of formic acid. The evaluation results for mechanical characteristics
ow

thereof are

porous material is shaywhid fuigi8n MR GONRARELEfEIRBRIRA,

in Table 1. The scanning electron micrograph of the cross section of the resulting

A porous silk fiRgoin material

was produced in the same manner as in Example 1 except that methanol was used instead of formic

acid. The evglugtaropsaisngfHaerkabieHh ehastierdslics thereof are shown inghaflgidg The scanning
electron micrograph of the cross section of the resulting porous material is shown in Fig. 10. [0034]

Comparativih Exphiziict arboxylRacidsasitetiarrirefoasgstuwas produced in theeghnte manner as in
Example 1 except that ethanol was used instead of formic acid. The evaluation results for mechanical
characteristmos|thwreeod sel sinuptaice dabddoly tEhgpscatunety electron micrograpmodstegicross section of

the resulting porous material is shown in Fig. 11. [0035]

chamber to be frozen, and then melted, thereby prod ucing a
porous silk fibroin material.

Thefreezingtemperatureisnotparticularlylimit edas
farassuchitis atemperature thatthe silk fibro inaqueous
solution having the aliphatic carboxylic acid added thereto
is frozen, and is preferably approximately from -1 to-40 °C,
more preferably approximately from -5 to -40 °C, and further
preferably from -10 to -30 °C.

Thefreezingtimeispreferably2hoursormore,a ndmore
preferably4hoursormore,forfreezingsufficient lythesilk
fibroinaqueoussolutionhavingthealiphaticcarbo xylicacid
added thereto, and maintaining the frozen state for a
prescribed period of time.

[0015]

The freezing method may be a method of decreasing the
temperature of the silk fibroin aqueous solution ha ving the
aliphatic carboxylic acid added thereto constantly to the
freezing temperature, and preferably such a method that the
silkfibroinaqueoussolutionhavingthealiphatic carboxylic

14



Comparative Example 3 A porous silk fibroin material was produced in the same manner as in
Example 1 except that isopropanol was used instead of formic acid. The evaluation results for
mechanical characteristics thereof are shown in Table 1. The scanning electron micrograph of the
cross section of the resulting porous material is shown in Fig. 12. [0036] Comparative Example 4

A porous silk fibroin material was produced in the same manner as in Example 1 except that butanol
was used instead of formic acid. The evaluation results for mechanical characteristics thereof are
shown in Table, 1. Epe % anning electron micragraph of the cross section of the resulting porous
material is §% ﬁq ﬁg.ﬁﬁ.e%%ﬁ%grﬁ%f&tﬁﬁe x%ﬁw?p & @peratA porous silk fibr8l¥ Material was

produced in therg)z(a.lrrrrlletn] ner,as in Example aenxfs:er%[ ggatlt-guta}nollrwa sér%s[ed instead of formic acid.
The evaluafibh r&SUIG T rﬁec‘hgnlcal charactef SRS T rEoY AR SAOWA Y Table 1. The scanning

electron mig [gph oétl?gr%reﬁﬁgfégo&?éwg 6%?645'?%.8%%?0% iﬂl is shown in Fig. 14. [0038]

Comparative Example 6 porous silk fibroin material was produced in the same mariner as in

Example 1 gxcenidiiet ovarialaesdireddasiasshabdemaisiacidnThe evaluation reguligdier mechanical
characteristics thereof are shown in Table 1. The scanning electron micrograph of the cross section of

the resultingposaus dedesiadiisgehewanipérgiuto tHepas]te araparative Example ffeezing porous silk

fibroin material was produced in the same manner as in Example 1 except that DNS was used instead
of formic adiempeeatwsdydtiopredditsf@ porcosnsiil theoact@astics thereof are shaenmin Table 1. The
scanning electron micrograph of the cross section of the resulting porous material is shown in Fig. 16.

[0040] having a homogeneous structure. Furthermore, in th e case
wherethetemperaturetoberetainedisapproximate lyfrom-1
to-9 °C,andpreferablyapproximatelyfrom-1to-5 °C,thesilk
fibroinaqueoussolutionisatatemperaturewhere thesolution
is in a supercooled state before freezing (i.e., th e
supercooling temperature), thereby providing a poro us silk
fibroin material having a more homogeneous structur e.
Moreover,theperiodoftimeofmaintainingatthe supercooling
temperature may be controlled, or the temperature g radient
upon decreasing the temperature from the supercooli ng
temperature to the freezing temperature may be cont rolled,
whereby a porous silk fibroin material having a fur ther
homogeneous structure may be obtained, and the stru ctureand
the strength of the porous material may be controll edtoa

certain extent.

Thereatfter, the silk fibroin solution thus frozen IS
melted,therebyprovidingaporoussilkfibroinmat erial. The
method of melting is not particularly limited, and examples
thereof include spontaneous melting and storage in a

15



Comparative Example 8 A porous silk fibroin material was produced in the same manner as in
Example 1 except that DMF was used instead of formic acid. The evaluation results for mechanical
characteristics thereof are shown in Table 1. The scanning electron micrograph of the cross section of
the resulting porous material is shown in Fig. 17. [0041] Comparative Example 9 A porous silk
fibroin material was produced in the same manner as in Example 1 except that pyridine was used
instead of formic acid. The evaluation results for mechanical characteristics thereof are shown in Table
1. The scanning electron micrograph of the cross section of the resulting porous material is shown in
Fig. 18. [00 %8%%§Fa36]8@§%¥‘hple 10 A porous silk fibroin material was produced in the same
manner asrL mple 1 except that acetonitrile was used instead of formic acid. The evaluation
results for mechanical characteristics thereof are shown in Table 1. The scanning electron micrograph

of the cross sectior-pEthss iBBrB%@H?a’E@ﬁ@W?Aﬁ%a’?HQ%i'&IFdHa?‘g- [0043] Comparafive Example

11 A porous silk fibroin material was produced in the same manner as in Example 1 except that
acetone wagipgdynsteadf inmiameichipiatyakiationyrsubisitpr mechanical charactggstics thereof
are shown in Table 1. The scanning electron micrograph of the cross section of the resulting porous
material is sh@assarfyg. &ine4r] GemparatbsnExatrlenl2theredi Example 8 of PatenisDocument
2, an acetic acid solution is added to a silk fibroin aqueous solution to deposit a gelled product, and the
resulting gehex éresmalydriedrtdl edodete adginguue eatampalséib gel was formed irtbeftrace experiment
according to the disclosure, and a gelled product and a porous material were obtained under the

following cdhifitiemse, the aliphatic carboxylic acid contained in the
poroussilkfibroinmaterialmayberemovedbyasu itablemethod
after producing the porous material, thereby contro llingthe
concentration thereof. Specific examples of the mo st
convenient method thereforinclude a method ofimme rsing the
porous material in pure water for performing dialys Is.

Examples of the method of controlling the water

concentration of the porous silk fibroin material a fter the
production thereof include a method of evaporating water by
drying the porous silk fibroin material. Examples of the
drying method include spontaneous drying, freeze dr ying and
heatdrying,andfreezedryingispreferredsincec ontraction
upondryingmaybesuppressed. Thealiphaticcarbo xylicacid
and water may be simultaneously removed by drying t he porous

material by freeze drying or the like.
[0017]

The porous silk fibroin material obtained by the
productionmethodofthe presentinventionmay bef ormedinto

a shape corresponding to the purpose thereof, such asafilm

16



130 mL of an acetic acid solution with pH 2.65 was added to 50 mL of a 5% silk fibroin aqueous
solution (pH was 3.0 in this stage). The resulting solution was allowed to stand at 5C for 40 hours, and
thus gel was formed. The resulting gel was centrifugally separated, and after removing the supernatant
liquid, the gel was frozen at -30C for 3 hours and then freeze-dried for 50 hours, thereby providing a
porous material. The evaluation results for mechanical characteristics of the porous material are
shown in Table 1. The scanning electron micrograph of the cross section of the resulting porous

material is shown in Fig. 2 rr%%%lé% Table 1 Organic,compqund added Tensile strength (kPa)
Maximum ﬁ&%Pt?OnaEEQt?g sPKa? tu%Lﬁ’ar shape, Qby sefect mé
appropriately the mold or the vessel upon used on p roducing
the porous material.

[0018]

The porous silk fibroin material obtained by the

production method of the presentinventionhas asp onge-like
porousstructure,andtheporousmaterialcontains water,when
water is not removed by freeze drying or the like, andisin

the form of hard structure in a moistened state.

Thesizeofthefinepores(i.e.,thefineporedi ameter)
in the porous material obtained by the production m ethod of
the present invention is generally from 10 to 300 um. The
porousmaterialmaybefreeze-driedtoprovideadr iedmaterial

of the porous silk fibroin material.

The porous silk fibroin material obtained by the

production method of the present invention has exce llent
mechanical characteristics. Specifically, the poro us
materialhasalargertensilestrengthandarelati velylarger
elongation than porous materials that use methanol, ethanol,
isopropanol, butanol, glycerol, dimethylsulfoxide ( DMSO),
dimethylformamide (DMF), pyridine, acetone or aceto nitrile,
which are the organic solvents used in Patent Docum ent 4.
[0019]

The porous fibroin material obtained by the produc tion
method of the present invention has high water abso rbing

17



property and involves no problem in safety, and thu
appliedwidelytoacosmeticandbeautytreatmentf
atmoistureretentionandthelike. Specifically,
materialmaybefavorablyusedasapeelingpackan
puff. The porous material in a desired shape may b
obtainedbychangingtheshapeofthevesselusedo
and thus the porous material may be favorably used
mask that follows the shape of the face.

The weight of the porous fibroin material obtained
the production method of the present invention may
controlled by changing the water absorption amount
and the porous material involves no problem in safe
Accordingly, the porous material may be favorably u
weight for pulling a biological tissue excised unde
observation with an endoscope.

Furthermore,theporousfibroinmaterialobtained
production method of the presentinvention has high
and high water absorbing property and involves no p
safety, andthus may be favorably appliedto amedi
suchasawound coverage, apharmaceutical sustaine
carrier and a hemostatic sponge, daily goods, such
disposable diaper and a sanitary napkin, a cell cul
substrate and a tissue regeneration substrate in ti
engineering and regeneration medical engineering, a

supportasahabitatofmicroorganismsandbacteria
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0.70 229.3 4.67 Example 4 butyric acid 145.7 0.53 287.3 4.63 Example 5 succinic acid 101.6 0.54

158.8 4.00

of water purification and environmental protection.

Example
[0020]

The present invention is described more specifical
with reference to examples below, but the present i
is not limited to the examples.
[0021]
Example 1
Preparation of Silk Fibroin Solution

A silk fibroin solution was obtained by dissolving
fibroin powder (“SilkpowderIM”, atrade name, prod
Seiren, Ltd.) in a 9M lithium bromide aqueous solut
removing insoluble matters through centrifugation,
performing repeatedly dialysis against pure water.
resultingsilkfibroinsolutionwasconcentratedby
inthedialysistube. Aformicacidaqueoussoluti
totheconcentratedsolution,therebypreparingas
solutionhavingasilkfibroinconcentrationof5%
a formic acid concentration of 2% by mass.
Production of Porous Silk Fibroin Material

Thesilkfibroin solutionwas pouredintoamold (

ly

nvention

ucedby KB
ion,
and
The
air-drying
onwasadded
ilkfibroin

bymassand

inner

dimension:80mm x40mm x4mm)producedwithaluminumplates,

and stored in afrozen state in alow temperature t

chamber (NCB-3300, produced by Tokyo Rikakikai Co.,

19
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Example 6 lactic acid 116.8 0.59 189.6 3.66 Example 7 acrylic acid 154.9 0.70 322.2 4.25 Example 8

2-butenoic acid 96.3

(EYELA)).

Freezing Condition

Freezing was performed in the following manner. T he
silk fibroin solution in the mold was placed in the low
temperature thermostatchamber, whichhadbeen cool edto-5 °C
in advance, and maintained for 2 hours. Thereafter , the
solution was cooled until the interior of the chamb er
reached-20 °Catacoolingrate of 3 °C per hour over 5 hours,
and then maintained at -20 °C for 5 hours.

The frozen specimen was returned to room temperatu re
through spontaneous melting, taken out from the mol d, and
immersed in ultrapure water, and the ultrapure wate r was
exchangedtwice perone day over 3days, therebyre movingthe
formic acid used.

[0022]

Theresultingporoussilkfibroinmaterialwaseva luated
for mechanical characteristics with Microtester Mod el 5548,
produced by Instron Japan Co., Ltd. A test piece o f40mm x
4mm x4 mmwas cut out from the porous silk fibroin mate rial
thus produced, and the test piece was measured for atensile
strength(maximumbreakingstrength)andamaximum (breaking)
distortion (elongation) upon pulling under conditio n of 2
mm/min. The elastic modulus of the test piece was obtained
from the gradient of the graph of the strength and the
distortion. TheresultsareshowninTablel. The measurement

20



0.45 261.7 4.69 Example 9 3-butenoic acid 107.0 0.49 272.9 4.42 Comparative Example 1 methanol
28.00.54 42.7

resultwas anaverage value of measurementresults of 10test
pieces, whichwere obtained by cuttingout5testp ilecesfrom
the porous material produced and separately cutting out
another 5 test pieces from the porous material prod uced on

another day.
[0023]

The structure of the resulting porous silk fibroin

material was observed with a scanning electron micr oscope.
The scanning electron microscope used was XL30-FEG, produced
byPhilipsElectronics,andthemeasurementwasper formedwith
the low vacuum and no deposition mode and an accele ration
voltage of 10 kV. The structure of the porous silk fibroin
material was observed for the interior thereof expo sed by
cuttingthe porousmaterial, butnotthe surface of theporous
material. The scanning electron micrograph of the Cross
section of the resulting porous material is shown i nFig. 1.
[0024]

The resulting porous silk fibroin material was

impregnated with water to the equilibrium state by immersing
the porous materialinultrapure water,andthenme asuredfor
wet weight (Wa). The porous material was then suff iciently
dried by freeze drying, and the porous material was measured
fordryweight(Wb). Thewatercontentoftheporo usmaterial
was calculated from these values according to the f ollowing

equation. The results are described later.
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15.54 Comparative Example 2 ethanol 29.1 0.21 175.6 16.0 Comparative Example 3 isopropanol 14.3
0.36 26.8 16.5

water content (%) = (Wa - Wh) x 100/ Wa

[0025]
Example 2
Aporoussilkfibroin materialwas producedinthe

mannerasinExamplelexceptthataceticacidwas

same

usedinstead

of formic acid. The evaluation results for mechani cal
characteristics thereof are shown in Table 1. The scanning
electron micrograph of the cross section of the res ulting
porous material is shown in Fig. 2.
[0026]
Example 3

Aporoussilkfibroin materialwas producedinthe same
manner as in Example 1 except that propionic acid w as used
insteadofformicacid. Theevaluationresultsfor mechanical
characteristics thereof are shown in Table 1. The scanning
electron micrograph of the cross section of the res ulting
porous material is shown in Fig. 3.
[0027]
Example 4

Aporoussilkfibroin materialwas producedinthe same

mannerasinExamplelexceptthatbutyricacidwas
of formic acid. The evaluation results for mechani

characteristics thereof are shown in Table 1. The

22
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electron micrograph of the cross section of the res
porous material is shown in Fig. 4.
[0028]
Example 5

Aporoussilkfibroin materialwas producedinthe
manner as in Example 1 except that succinic acid wa
insteadofformicacid. Theevaluationresultsfor
characteristics thereof are shown in Table 1. The
electron micrograph of the cross section of the res
porous material is shown in Fig. 5.
[0029]
Example 6

Aporoussilkfibroin materialwas producedinthe
mannerasinExamplelexceptthatlacticacidwas
of formic acid. The evaluation results for mechani
characteristics thereof are shown in Table 1. The
electron micrograph of the cross section of the res
porous material is shown in Fig. 6.
[0030]
Example 7

Aporoussilkfibroin materialwas producedinthe
mannerasinExamplelexceptthatacrylicacidwas
of formic acid. The evaluation results for mechani
characteristics thereof are shown in Table 1. The

electron micrograph of the cross section of the res
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porous material is shown in Fig. 7.
[0031]
Example 8

Aporoussilkfibroin materialwas producedinthe
manner as in Example 1 except that 2-butenoic acid
insteadofformicacid. Theevaluationresultsfor
characteristics thereof are shown in Table 1. The
electron micrograph of the cross section of the res
porous material is shown in Fig. 8.
[0032]
Example 9

Aporoussilkfibroin materialwas producedinthe
manner as in Example 1 except that 3-butenoic acid
insteadofformicacid. Theevaluationresultsfor
characteristics thereof are shown in Table 1. The
electron micrograph of the cross section of the res
porous material is shown in Fig. 9.
[0033]
Comparative Example 1

Aporoussilkfibroin materialwas producedinthe
manner as in Example 1 except that methanol was use
of formic acid. The evaluation results for mechani
characteristics thereof are shown in Table 1. The
electron micrograph of the cross section of the res

porous material is shown in Fig. 10.
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[0034]
Comparative Example 2

Aporoussilkfibroin materialwas producedinthe
manner as in Example 1 except that ethanol was used
of formic acid. The evaluation results for mechani
characteristics thereof are shown in Table 1. The
electron micrograph of the cross section of the res
porous material is shown in Fig. 11.
[0035]
Comparative Example 3

Aporoussilkfibroin materialwas producedinthe
mannerasinExamplelexceptthatisopropanolwas
of formic acid. The evaluation results for mechani
characteristics thereof are shown in Table 1. The
electron micrograph of the cross section of the res
porous material is shown in Fig. 12.
[0036]
Comparative Example 4

Aporoussilkfibroin materialwas producedinthe
manner as in Example 1 except that butanol was used
of formic acid. The evaluation results for mechani
characteristics thereof are shown in Table 1. The
electron micrograph of the cross section of the res
porous material is shown in Fig. 13.

[0037]
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Comparative Example 5

Aporoussilkfibroin materialwas producedinthe
manner as in Example 1 exceptthatt-butanolwas us
of formic acid. The evaluation results for mechani
characteristics thereof are shown in Table 1. The
electron micrograph of the cross section of the res
porous material is shown in Fig. 14.
[0038]
Comparative Example 6

Aporoussilkfibroin materialwas producedinthe
manner as in Example 1 except that glycerol was use
of formic acid. The evaluation results for mechani
characteristics thereof are shown in Table 1. The
electron micrograph of the cross section of the res
porous material is shown in Fig. 15.
[0039]
Comparative Example 7

Aporoussilkfibroin materialwas producedinthe

manner as in Example 1 except that DMSO was used in

formic acid. The evaluation results for mechanical

characteristics thereof are shown in Table 1. The
electron micrograph of the cross section of the res
porous material is shown in Fig. 16.

[0040]

Comparative Example 8
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0.07 0.06 4.56 [0046] It is understood from the results shown in Table 1 that the porous silk
fibroin materials of Examples 1 to 9 using an aliphatic carboxylic acid each have a higher tensile
strength than the porous silk fibroin materials of Comparative Examples 1 to 11 using methanol,
ethanol, isopropanol, butanol, t-butanol, glycerol, DMSO, DMF, pyridine, acetonitrile and acetone,
which are organic solvents used in Patent Document 4. The porous silk fibroin materials of Examples 1
to 9 each also have a larger maximum distortion (elongation). The porous silk fibroin materials of

Examples 1t0 9 ez%(\:h exhibit E %%r)].er tensile stren tr(lgjas cgm ared to Comparative Example 12.
According to Fig. 1, ﬁ%r%%?gfj 5 H%%%%l%@gﬁgﬁ%? ai&ed" xample 1 has a porgggnsetructure

containing relati i i v icrometers. T ctions of the
porous silk fi %ﬁgﬁéﬁ%ﬂ [ﬁlgg%ggmmg@ %c? (glﬁigs. 2109) _ealt?c_ a%‘?ﬁé@c? t_he similar
scanning elgchioR RUGHOQRRIbN resulkBfoFRESRATEANS G dae porous silk fibroigmgfggials of

Comparative Examples included (Figs. 10 to 20) ones having the similar porous structure and ones

having a |a¥ﬁé|%84§Fé$ﬁp@\ﬂﬂﬁﬁ§b‘PeWa$H&éﬁﬁﬁﬁé}é’l@&%erVE;‘d .between tharffevsltegshand the
mechanical characteristics. In Comparative Example 12, no distinct porous structure was observed.

It was foundthrasdhespocetissikifibresumaipiatsupraduned in Examples 1 to gigativhad a water
content in a range of from 94 to 96%, which was substantially equivalent to the water contents of the
porous matariglg.gt@duced in Comparative Examples 1 to 11. The porous material produced in
Comparative Example 12 was considerably brittle and was not able to be calculated for water content.
PhotosynthH¥4 bhacteria were cultured with the porous silk fibroin materials obtained in Examples as a

culture base, and growth of the bacteria was confirmed. [0047] Example 10
Comparative Example 9

Aporoussilkfibroin materialwas producedinthe same
manner as in Example 1 except that pyridine was use dinstead
of formic acid. The evaluation results for mechani cal
characteristics thereof are shown in Table 1. The scanning
electron micrograph of the cross section of the res ulting
porous material is shown in Fig. 18.

[0042]
Comparative Example 10
Aporoussilkfibroin materialwas producedinthe same

mannerasinExamplelexceptthatacetonitrilewas

usedinstead

of formic acid. The evaluation results for mechani cal
characteristics thereof are shown in Table 1. The scanning
electron micrograph of the cross section of the res ulting
porous material is shown in Fig. 19.
[0043]
Comparative Example 11

Aporoussilkfibroin materialwas producedinthe same
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Aporous fibroin material was produced in the same manner as in Example 1 except that acetic acid
was used instead of formic acid, a mold having an inner dimension of 80 mm X 40 mm X 10 mm
produced with aluminum plate was used, and the freezing condition was changed as follows. Acetic
acid was removed from the resulting porous material in the same manner as described in Example 1.
Freezing Condition Freezing was performed in the following manner. The silk fibroin solution in the
mold was placed in the low temperature thermostat chamber, which had been cooled to -1C in
advance, and maintainedgfor O.i({:gur. Thirggter tpe solution was cooled until the Lnterior of the

|

chamber reStHet -2 hr 3388 PAE" E)%?%SUF&VV%? B3Surs and 20 minl& e,%%d then
maintained i T%?l%i&ora%i ur?h@%&%ﬂﬁﬁﬂ&?%%ﬁ%“@? rﬁ%‘éﬂ%ﬂito room temperaturgatprough

spontaneous melting, and taken out from the mo ereby providing a porous fibroin material. The

porous fibrQip AP TRSINAIBEHARE SRS A FaBIuepSehused as amold. — Jthgpagpus fibroin

material was measured for 25% compression hardness in the following manner. Measurement of 25%
CompreSSi%’I'e'dﬁfﬁﬂﬁﬁ%H@)gl(aﬁﬁ‘l@iﬁﬁféo&a_%tsectiom@‘ i@@UiéRg porous fibroin maiggiigy was
completely impregnated with water by immersing in pure water for one day, and the hardness thereof
was measugeiiovmeacanapiessiowteisiatigl ke .compression tester used was EZ Test, produced by
Shimadzu Corporation, with load cells of 10 N and 50 N and a load plate with a diameter of 8 mm. The
porous matf4yas compressed to 25% of the initial thickness at a rate of 1 ram/min, and the load
applied thereto was read and designated as the 25% compression hardness. The 25% compression
hardness isGhiowarativigExampte Table 2. The measurement result was an average value (
standard deviation) of measurement results of 10 positions, which included arbitrary 5 positions of the
porous material prodfexamaleSARAMRNPL PosiapHsasERliEHs material produSitéRAnother day.
The scanning electron micrograph of the cross section of the porous silk fibroin material is shown in

Fig. 23. [ookgdeestqaaiiibroinagguepyss AliaBIBRERRterial was produceFiFER/IS9me manner as in

Example 10 except that the perigd of time where the temperature was maintained at -1C was changed

from 0.5 hoBFotﬁL@n@uWi.tH%Ee% ongogﬁﬂ)l%\gﬁgﬁ%aﬂﬁﬁe@%f the resulting porouo¥gfefal is shown in

Fig. 22 and Tabhle 2. i[1(2049“ Lﬁ(am le 12 us silk fibroin material was produceo{ in the same
A e Tra erimen

0
manner as %o't:oxuasmrB 96 éxcgpq \évtat%zaoggrelocfnoﬁlme \Whéte the temperature Ra8 Maintained at -1C

was changﬁ&%ﬁQq?%l?ﬁ%lzaitgﬁﬁgrn@%d'l:%ﬁeﬁg%%m?ssion hardness of ﬁqgga%%g porous

material is shown in able 2. The scanning electron micrograph cross section of the

porous fibroifuagtanebie SHAda Gt tnORwing conditio

130mLofanaceticacidsolutionwithpH2.65was added
to 50 mL of a 5% silk fibroin aqueous solution (pH was 3.0in
this stage). The resulting solution was allowed to stand at
5°Cfor 40 hours, and thus gelwas formed. The resul ting gel

was centrifugally separated, and after removing the

supernatant liquid, the gel was frozen at -30 °C for 3 hours
andthenfreeze-driedfor50hours,therebyprovidi ngaporous
material. The evaluation results for mechanical
characteristics of the porous material are shownin Table 1.
The scanning electron micrograph of the cross secti onofthe

resulting porous material is shown in Fig. 21.

[0045]
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Example 13 A porous silk fibroin material was produced in the same manner as in Example 10
except that the period of time where the temperature was maintained at -1C was changed from 0.5
hour to 50 hours. The 25% compression hardness of the resulting porous material is shown in Fig. 22
and Table 2. [0051] Table 2 Example 10 11 12 13 Pre-cooling time  (h)

Table 1
Organic compound Tensile Maximum Elastic
strength . X pKa
added distortion modulus
(kPa)
Example 1 formic acid 80.9 0.64 203.6 3.77
Example 2 acetic acid 1189 0.76 290.4 4.56
Example 3 propionic acid 98.p 0.70 229.3 4.67
Example 4 butyric acid 1457 0.53 287.3 4.63
Example 5 succinic acid 1016 0.54 158.8 4.00
Example 6 lactic acid 116.8 0.59 189.6 3.66
Example 7 acrylic acid 154.9 0.70 322.2 4.25
Example 8 2-butenoic acid 96.8 0.45 261.7 4.69
Example 9 3-butenoic acid 107.0 0.49 272.9 4.42
Comparative methanol 28.0 0.54 427 1554
Example 1
Comparative ethanol 29.1 0.21 175.6  16.0
Example 2
Comparative .
Example 3 isopropanol 14.3 D.36 26(8 16.5
Comparative butanol 57.3 0.39 1419 16.1
Example 4
Comparative t-butanol 39.1 0.30 933 18
Example 5
Comparative
Example 6 glycerol 5.5 0.13 441 14.15
Comparative DMSO 42.6 0.53 86.4 35
Example 7
Comparative DMF 66.2 0.64 1926 -
Example 8
Comparative -
Example 9 pyridine 71.6 0.53 25114 5.14
Comparative acetonitrile .4 0.53 180.2| 25
Example 10
Comparative acetone 72.6 0.52 2341 20
Example 11
Comparative acetic acid 55 0.07 0.06 4.56
Example 12
[0046]
Itisunderstood fromthe results shownin Table 1 that
the porousssilk fibroin materials of Examples 1 to 9usingan
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aliphaticcarboxylicacideachhaveahighertensil
thantheporoussilkfibroinmaterialsofComparati

1 to 11 using methanol, ethanol, isopropanol, butan
t-butanol, glycerol, DMSO, DMF, pyridine, acetonitr
acetone, which are organic solvents used in Patent

4. The porous silk fibroin materials of Examples 1

also have a larger maximum distortion (elongation).
poroussilk fibroin materials of Examples 1to9ea

a highertensile strength as compared to Comparativ

12.

According to Fig. 1, the porous silk fibroin mater
produced in Example 1 has a porous structure contai
relativelythinwallsand poreswithseveraltenmi
The cross sections of the porous silk fibroin mater
produced in Examples 2 to 9 (Figs. 2 to 9) each pro
similar scanning electron micrograph.

Thecrosssectionsofthe poroussilkfibroinmate
of Comparative Examplesincluded (Figs.10to20)0
thesimilarporousstructureandoneshavingalaye
and there was no correlation observed betweenthe s
and the mechanical characteristics. In Comparative
12, no distinct porous structure was observed.

It was found that the porous silk fibroin material
producedinExampleslto9eachhadawaterconten

of from 94 to 96%, which was substantially equivale
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[0052] Example 14 A porous silk fibroin material was produced in the same manner as in Example
10 except that the freezing condition was changed as follows. The 25% compression hardness of the
resulting porous material is shown in Fig. 25 and Table 3. The scanning electron micrograph of the
cross section of the porous silk fibroin material is shown in Fig. 26. Freezing Condition Freezing
was performed in the following manner. The silk fibroin solution in the mold was placed in the low
temperature thermostat chamber, which had been cooled to -5C in advance, and maintained for 2

h her h led | th f the chamb hed-20C I
e of 0.3C AP BB SO SR HA RGN a -20C for 5 hourk STIBHBILR specimen

was return e eItlng and taken mold, thereby
providing a pornﬁ}3 Pé%&mrﬁcl)lrﬁ:é ena&@%e por%?Jés]&g Broin material main amé%ﬂhe shape of the
vessel used&gm&plﬁz P93 RXaierie)| nttle’%ﬁ&ﬁ?;‘a\% Sid¢ tigjoin material was praduced in the
same manner as in Example 14 except that the cooling rate from -5C to -20C was changed to 3C per
hour, and the ceMilg isrshriesysieras changed to 5 hours. The 25% compression hardness of the
resulting porous material is shown in Fig. 25 and Table 3. The scanning electron micrograph of the
cross section of theopetovyprik dibnoitmatanialésceovatlinitiigchd b dP054] Example 16 ous A porous
silk fibroin material was produced in the same manner as in Example 14 except that the cooling rate
from -5C tosildibnamdciangésbhididedaerbam@adabaatooling time thereovditunetsasieanged to 2.5
hours. The 25% compression hardness of the resulting porous material is shown in Fig. 25 and Table

3. The scarfiaggetyetnodfl thielogetgiaol dsccomisnssttion of the porous silk fibroin material is shown in
Fig. 28. [0055] Table 3 Example

[0047]
Example 10

Aporousfibroinmaterialwasproducedinthesame manner
as in Example 1 except that acetic acid was used in stead of
formic acid, a mold having an inner dimension of 80 mm x 40
mm x 10 mm produced with aluminum plate was used, and t he
freezing condition was changed as follows. Acetic acid was
removedfromtheresultingporous materialinthe s amemanner

as described in Example 1.

Freezing Condition

Freezing was performed in the following manner. T he
silk fibroin solution in the mold was placed in the low
temperature thermostatchamber, whichhadbeen cool edto-1 °C
in advance, and maintained for 0.5 hour. Thereafte r, the
solution was cooled until the interior of the chamb er
reached -20 °C at a cooling rate of 3 °C per hour over 6 hours
and 20 minutes, andthen maintained at-20 °Cfor5hours. The
frozen specimen was returned to room temperature th rough
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spontaneous melting, and taken out from the mold, t
providing a porous fibroin material. The porous fi

material maintained the shape of the vessel used as

14 15 16 Cooling rate (C per hour) 0.3C per hour 3C per hour 6C per hour 25% compression
hardness(N) 3.95(0.804) 1.91(0.170) 1.79(0.347) [0056]

hereby
broin

a mold.

The porous fibroin material was measured for 25%

compression hardness in the following manner.

Measurement of 25% Compression Hardness by Compress

The resulting porous fibroin material was complete
impregnatedwithwaterbyimmersinginpurewaterf
andthehardnessthereofwasmeasuredwithacompre
ThecompressiontesterusedwasEZ Test, producedb
Corporation, withload cellsof 10Nand50Nanda
with a diameter of 8 mm. The porous material was c
to 25% ofthe initial thickness atarate of 1 mm/m
load applied thereto was read and designated as the
compression hardness. The 25% compression hardness
in Fig. 22 and Table 2.

Themeasurementresultwasanaveragevalue (
deviation) of measurement results of 10 positions,
includedarbitrary5positionsoftheporousmateri
and arbitrary 5 positions of the porous material pr
another day.

The scanning electron micrograph of the cross sect
of the porous silk fibroin material is shown in Fig
[0048]

Example 11
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As shown by Examples 10 to 16, the strength of the resulting porous silk fibroin material may be
controlled by controlling the freezing condition in the production method of the present invention.
[0057] Example 17 A porous silk fibroin material was produced in the same manner as in Example
10 except that the freezing condition was changed as follows. The 25% compression hardness of the
resulting porous material is shown in Fig. 29 and Table 4. The scanning electron micrograph of the
cross section of the porous silk fibroin material is shown in Fig. 30. Freezing Condition Freezing
was performed in t!&e following manner. The silk fibroin solytion in the mold was placed in the low
temperature thermosqgf%%%ﬂ\%ﬁ%w&%a eg@i\ggﬁpgggfg%eélo Ia,ein advance, and maftitalied for 2
hours. Therl%gﬁﬁreitgg ﬁﬂg&mM@f&%%%m@t%%ﬁéﬁ%%ro%the chamber reaqngéjv\-,ag% at a cooling
rate of 3C per hour over 6 hours and inutes, and iImmediately melted by increasing the
temperature, at I%%E%anﬁ% %ﬁ?{gmgbeaff porous silk ngldﬂ&t\?éﬂ W@% %rgduced in the
same manner as ih Example 17 except that the silk fibroin solution was cooled until the interior of the
chamber regglipgsHz NG RBIBIRESH He2R6h Flrdriaigoft €., the period ofimawhige the
temperature was maintained at -20c was changed from 0 hour to 1 hour). The 25% compression
hardness opiireuiesukirgiRowssonatétifids shawa Mabe 29 and Table 4. The scanning electron
micrograph of the cross section of the porous silk fibroin material is shown in Fig. 31. [0059] Example
19 A pl@@4@]silk fibroin material was produced in the same manner as in Example 17 except that
the silk fibroin solution was cooled until the interior of the chamber reached-20C and maintained at
-20C for 5 Hoxas(le. Lthe period of time where the temperature was maintained at -20c was changed
from O hour to 5 hours). The 25% compression hardness of the resulting porous material is shown in

Fig. 29 and Table £ APIOYEaHkiRGRIBRER iRl WRPEQALEEE §18ss section of the reS@Ry porous silk

fibroin mEjlterrrilifylllr\irslesrhaosv\i/rr11 IiEr>]<aFri%bI?é21' %g%%]pt that the period of t ime where
the temperature was maintained at -1 °C was changed from 0.5
hour to 10 hours. The 25% compression hardness of the
resultingporousmaterialisshowninFig.22andT able2. The
scanningelectronmicrographofthecrosssectiono ftheporous

fibroin material is shown in Fig. 24.

[0050]
Example 13

Aporoussilkfibroin materialwas producedinthe same
manner as in Example 10 except that the period of t ime where
the temperature was maintained at -1 °C was changed from 0.5
hour to 50 hours. The 25% compression hardness of the
resulting porous material is shown in Fig. 22 and T able 2.
[0051]
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Table 4 Example 17 18 19 Retaining time at -2000 O hour 1 hour 5

Table 2
Example 10 11 12 13
(Phr)e- coolingtime 05 5 10 50
25% compression 2.22 2.19 4.05 15.4
hardness (N) (+0.103) (+0.492) (£0.482) (+1.311)
[0052]
Example 14

Aporoussilkfibroin materialwas producedinthe same
mannerasinExample 10exceptthatthefreezingco nditionwas
changed as follows. The 25% compression hardness o f the
resultingporousmaterialisshowninFig.25and T able3. The
scanningelectronmicrographofthecrosssectiono ftheporous
silk fibroin material is shown in Fig. 26.
Freezing Condition

Freezing was performed in the following manner. T he
silk fibroin solution in the mold was placed in the low
temperature thermostatchamber, whichhadbeencool edto-5 °C
in advance, and maintained for 2 hours. Thereafter , the
solution was cooled until the interior of the chamb er
reached-20 °Catacoolingrateof0.3 °Cperhourover50hours,
andthenmaintainedat-20 °Cfor5hours. Thefrozenspecimen
wasreturnedtoroomtemperaturethroughspontaneou smelting,
and taken out from the mold, thereby providing a po rous silk
fibroinmaterial. Theporoussilkfibroinmaterial maintained

the shape of the vessel used as a mold.
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hours 25% compression hardness(N) 1.78 (0.154) 1.71 (0.181) 1.62 (0.117) [0061] As shown by
Examples 17 to 19, when the cooling time from -1C to -20C is 6 hours and 20 minutes, i.e., the frozen
state is maintained for a prescribed period of time in the production method of the present invention,
porous materials having equivalent strength are obtained irrespective of the retaining time at -20C.
[0062] Example 20 A porous silk fibroin material was produced in the same manner as in
Example 1 except that acetic acid was used instead of formic acid, a mold having an inner dimension
of 80 mm ﬁé?ﬁ X 10 mm produced with aluminum plate was used, and the freezing condition was
changed a OWs. Acetic acid was removed from the resulting porous material in the same manner
as describegiﬁﬁfﬁgﬂ%ée 1, and the porous material was evaluated for mechanical characteristics. The
tensile strengt the maximum breaking strength) and the maximum breaking distortion (i.e., the

elongation) of the rﬂ%F%%ﬂR@iﬁdﬂﬂ%@r%‘i@vé%Y‘ﬁbﬁbgﬁﬂn%:fe(the left ordinate indicgies the

maximum breaking strength, and the right ordinate indicates the maximum breaking distortion (i.e., the

elongation) aad F32I€iR Example 14 exceptthatthe coolingrat efrom-5 °C

to -20 °C was changed to 3 °C per hour, and the cooling time
thereoverwaschangedto5hours. The25%compress ionhardness
oftheresultingporous materialisshowninFig. 2 5andTable
3. The scanning electron micrograph of the cross s ection of
the porous silk fibroin material is shown in Fig. 2 7.
[0054]
Example 16

Aporoussilkfibroin materialwas producedinthe same
mannerasin Example 14 exceptthatthe coolingrat efrom-5 °C

to -20 °C was changed to 6 °C per hour, and the cooling time
thereover was changed to 2.5 hours. The 25% compre ssion
hardness ofthe resulting porous materialis shown inFig. 25
and Table 3. The scanning electron micrograph of t he cross
section of the porous silk fibroin material is show nin Fig.
28.
[0055]
Table 3
Example 14 15 16

CE)ooIing rate 0.3 °C per hour 3 °C per hour 6  °C per hour

( °C per hour)
zsggrg%rgspsre(iﬁo” 3.95( +0.804) |1.91(  +0.170) 179(  +0.347)
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The measurement result was an average value ( standard deviation) of measurement results of 10
positions, which included arbitrary 5 positions of the porous material produced and arbitrary 5 positions
of the porous material produced on another day. The scanning electron micrograph of the cross
section of the porous silk fibroin material is shown in Fig. 34. Freezing Condition Freezing was
performed in the following manner. The silk fibroin solution in the mold was placed in the low
temperature thermostat chamber, which had been cooled to -1C in advance, and maintained for 2
hours. Ther, ?)féegr the solution was cooled until the interior of the chamber reached -20C at a cooling
rate of 3C p@ Lr over 6 hours and 20 minutes, and then maintained at -20C for 5 hours. [0063]

Example 21 A Rgr%mnwﬁﬁg%m@r{@?m%s féquge%ernt sgmﬁénanner as in Example 20

except that the temperature, to ow temperature therntostat chamber had been cooled in

advance, WassGiIs6 R8s ikSiPoiR m@BAANM AF et BhifMe of cooling to -20G ashghanged to 5

hours and 40 minutes). The mechanical characteristics of the resulting porous material’are shown in
Fig. 33 andc%@l%éhfb%@&]ﬁ@c@ﬁ@ﬁ% nigragrRiuefighe cross section of the pakaeg silk fibroin
material is shown in Fig. 35. [0064] Example 22 A porous silk fibroin material was produced in the
same mannsfrthe iprés@mmecttiexcept that the temperature, to which the low temperature thermostat
chamber had been cooled in advance, was changed from -1C to -5C (and the period of time of cooling
to -20C wag$0tf]ged to 5 hours). The mechanical characteristics of the resulting porous material are
shown in Fig. 33 and Table 5. The scanning electron micrograph of the cross section of the porous silk
fibroin matdrisdisiacWn in Fig. 36. [0065] Table 5 Example

Aporoussilkfibroin materialwas producedinthe same
mannerasinExample 10exceptthatthefreezingco nditionwas
changed as follows. The 25% compression hardness o f the
resultingporousmaterialisshowninFig.29and T able4. The
scanningelectronmicrographofthecrosssectiono ftheporous

silk fibroin material is shown in Fig. 30.

Freezing Condition

Freezing was performed in the following manner. T he
silk fibroin solution in the mold was placed in the low
temperature thermostatchamber, whichhadbeen cool edto-1 °C
in advance, and maintained for 2 hours. Thereafter , the
solution was cooled until the interior of the chamb er
reached -20 °C at a cooling rate of 3 °C per hour over 6 hours
and 20 minutes, and immediately melted by increasin g the
temperature at 8 °C per hour.

[0058]
Example 18
Aporoussilkfibroin materialwas producedinthe same
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20 21 22 Pre-cooling temperature(0C) -1

manner asin Example 17 exceptthatthe silkfibroi nsolution
wascooleduntiltheinteriorofthechamberreache d-20 °Cand
maintainedat-20 °Cforlhour(i.e.,theperiodoftimewhere
thetemperaturewasmaintainedat-20 °CwaschangedfromOhour

to 1 hour). The 25% compression hardness of the re sulting
porousmaterialisshowninFig.29andTable4. T he scanning
electron micrograph of the cross section of the por ous silk

fibroin material is shown in Fig. 31.

[0059]
Example 19

Aporoussilkfibroin materialwas producedinthe same
mannerasin Example 17 exceptthatthe silkfibroi nsolution
wascooleduntiltheinteriorofthechamberreache d-20 °Cand
maintainedat-20 °Cfor5hours(i.e.,theperiodoftimewhere
thetemperaturewasmaintainedat-20 °CwaschangedfromOhour
to 5 hours). The 25% compression hardness of the r esulting
porous materialisshowninFig.29andTable4. T hescanning
electron micrograph of the cross section of the res ulting

porous silk fibroin material is shown in Fig. 32.

[0060]
Table 4
Example 17 18 19
Reta;r:i_nz%tinl?: 0 hour 1 hour 5 hours
25&@%‘?}2&“"(5,\]3)‘0"‘ 178 ( +0.154) |171( +0.181) |162( +0.117)
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-3

-5

Breaking strength(kPa) 113.2 ( 9.62) 83.9 ( 16.56) 118.9 (

[0061]

As shown by Examples 17 to 19, when the cooling ti me

from-1 °Cto-20 °Cis6hoursand20minutes,i.e.,thefrozen

state is maintained for a prescribed period of time in the
production method of the presentinvention, porous materials
having equivalent strength are obtained irrespectiv e of the
retaining time at -20 °C.
[0062]
Example 20

Aporoussilkfibroin materialwas producedinthe same
mannerasinExamplelexceptthataceticacidwas usedinstead
of formic acid, a mold having an inner dimension of 80 mm x
40 mm x 10 mm produced with aluminum plate was used, and t he
freezing condition was changed as follows. Acetic acid was
removedfromtheresultingporous materialinthe s ame manner
asdescribedinExamplel,andtheporousmaterial wasevaluated
formechanical characteristics. Thetensile streng th(i.e.,
the maximum breaking strength) and the maximum brea king
distortion (i.e., the elongation) of the resulting porous
materialareshowninFig.33(theleftordinatein dicatesthe
maximum breaking strength, and the right ordinate i ndicates
the maximum breaking distortion (i.e., the elongati on) and
Table 5.

Themeasurementresultwasanaveragevalue ( t+standard
deviation) of measurement results of 10 positions, which
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21.68) Breaking distortion 0.648 ( 0.138) 0.561 ( 0.129) 0.765 ( 0.166) [0066]

As shown by

Examples 20 to 22, when the cooling temperature before freezing is a temperature achieving a

supercooling state (i.e., the supercooling temperature), of about -1C to -5C, in the production method
of the present invention, porous materials having equivalent strength are obtained.

includedarbitrary5positionsoftheporousmateri alproduced
and arbitrary 5 positions of the porous material pr oducedon
another day.

The scanning electron micrograph of the cross sect ion
of the porous silk fibroin material is shown in Fig . 34.
Freezing Condition

Freezing was performed in the following manner. T he
silk fibroin solution in the mold was placed in the low
temperature thermostatchamber, whichhadbeen cool edto-1 °C
in advance, and maintained for 2 hours. Thereafter , the
solution was cooled until the interior of the chamb er
reached -20 °C at a cooling rate of 3 °C per hour over 6 hours
and 20 minutes, and then maintained at -20 °C for 5 hours.
[0063]
Example 21

Aporoussilkfibroin materialwas producedinthe same
mannerasin Example 20 exceptthatthe temperature ,towhich
the low temperature thermostat chamber had been coo led in
advance,waschangedfrom-1 °Cto-3 °C(andtheperiodoftime
of cooling to -20 °C was changed to 5 hours and 40 minutes).
The mechanical characteristics of the resulting por ous
material are shown in Fig. 33 and Table 5. The sca nning
electron micrograph of the cross section of the por ous silk

fibroin material is shown in Fig. 35.

[0064]
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Industrial Applicability [0067] The porous silk fibroin material produced by the production method
of the present invention has high safety and has excellent mechanical characteristics. Accordingly the
porous material may be applied to a medical field and a field where the porous material is applied to
human body. Specifically, the porous material may be applied widely to a cosmetic and beauty
treatment field and the like, and is considerably useful as a face mask that follows the shape of the
face. Furthermore, the porous material may be applied to various fields in industries, for example,
a medical figld, such as a wound coverage, a pharmaceutical sustained-release carrier and a
hemostatic Eﬁéﬂboje(gly goods, such as a disposable diaper and a sanitary napkin, a cell culture

substrate and a tisi‘ﬁg?%ﬁ@@ﬁﬁﬁ%?%ﬁ%&%ﬁﬁ %@ﬁﬁ&%@ﬁg{@g and regenerationsrgﬁ]%ical

engineering, and a support as a itat of microorganisms and bacteria in a field of water purification

and e”Viror}Wé‘rm@lrB@ﬁﬁﬁ%p@%'&%&ﬁ'ﬁiﬁit&temﬁéﬁmed for producing aRerys silk fibroin

material, comprising steps of: freezing a silk fibroin solution containing a silk fibroin aqueous solution

having an aliphiis eansesdie it adesdieiripnsadribaneeiipgghe frozen solufignjhereby

providing a porous material. [Claim 2] The method for producing a porous silk fibroin material
according taglrintd, Wassrihiimehod furthercopprisegaaviamelpenverrantize aliphatic carboxylic
acid by immersing the porous material obtained after melting in pure water, or a step of removing the
aliphatic catiexyimgeisl-by freezedrying ttapgmin Baeua). [Chaimathaniddlie method for producing
a porous silk fibroin material according to claim 1 or 2, wherein the silk fibroin solution having an
aliphatic cafhexqlitesisticaddsn testativ gnaramsanaterialarsupercooled state foesl@esuribed period of
time before freezing. [Claim 4] The method for producing a porous silk fibroin material according

to any one 6i%IgAand Teldlephdieaaannasieel eeifPeitic carboxylic acidaRitedhs from 0.01 to

18.0% by _ e - .
cross section ofthe porous silk fibroin materiali sshownin
Fig. 36.

[0065]
Table 5
Example 20 21 22

teme))ree;t?J?gn(g °C) -1 -3 -
strer?éfha'(‘{;,%) 113.2( +9.62) 839( +1656) 1189(  +21.68)

dg{gf‘tmg 0.648 ( +0.138) Q561(  +0.129) 0.765(  +0.166)
[0066]

As shown by Examples 20 to 22, when the cooling

temperature before freezing is a temperature achiev ing a
supercooling state (i.e., the supercooling temperat ure), of

about-1 °Cto-5 °C, inthe production method of the present
invention, porous materials having equivalent stren gth are

obtained.
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mass in the silk fibroin solution. [Claim 5]

The method for producing a porous silk fibroin material

according to any one of claims 1 to 4, wherein a concentration of the silk fibroin is from 0 . 1 to 40% by
mass in the silk fibroin solution having an aliphatic carboxylic acid added thereto. [Claim 6]
method for producing a porous silk fibroin material according to any one of claims 1 to 5, wherein the

aliphatic carboxylic acid is at least one selected from the group consisting of saturated or unsaturated,

monocarboxylic, dicarboxylic or tricarboxylic acids having from 1 to 6 carbon atoms. [Claim 7]

method for ﬁ@%@%ﬁég‘)ﬁfﬂ%@&lk fibroin material according to claim 6, wherein the aliphatic

carboxylic a

Cl

The

The

ected from the group consisting of formic acid, acetic acid, propionic
acid, butyrif(ﬁ%e}] succinic acid, lactic acid, acrylic acid, 2-butenoic acid and 3-butenoic acid.

The porous silk fibroin material produced by the

productionmethodofthepresentinventionhashigh safetyand
has excellent mechanical characteristics. Accordin gly the
porous materialmay be applied to amedicalfield a nd afield

where the porous material is applied to human body.

Specifically, the porous material may be applied wi delytoa
cosmetic and beauty treatment field and the like, a nd is
considerably useful as a face mask that follows the shape of
the face.

Furthermore, the porous material may be applied to

various fields in industries, for example, a medica [ field,
suchasawound coverage, apharmaceutical sustaine d-release
carrier and a hemostatic sponge, daily goods, such as a
disposable diaper and a sanitary napkin, a cell cul ture
substrate and a tissue regeneration substrate in ti ssue
engineering and regeneration medical engineering, a nd a
supportasahabitatofmicroorganismsandbacteria inafield

of water purification and environmental protection.
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CLAIMS

[Claim 1]

A method for producing a porous silk fibroin mater ial,
comprising steps of: freezing a silk fibroin soluti on
containingasilkfibroinaqueoussolutionhavinga naliphatic
carboxylic acid added thereto; and then melting the frozen

solution, thereby providing a porous material.

[Claim 2]

Themethodforproducingaporoussilkfibroinmat erial
accordingto claim 1, wherein the method further co mprises a
step of removing the aliphatic carboxylic acid by i mmersing
the porous material obtained after melting in pure water, or

a step of removing the aliphatic carboxylic acid by

freeze-drying the porous material.

[Claim 3]

Themethodforproducingaporoussilkfibroinmat erial
according to claim 1 or 2, wherein the silk fibroin solution
having an aliphatic carboxylic acid added thereto i S
maintained in a supercooled state for a prescribed period of

time before freezing.

[Claim 4]

Themethodforproducingaporoussilkfibroinmat erial
according to any one of claims 1 to 3, wherein an a mount of
the aliphatic carboxylic acid added is from 0.01 to 18.0% by
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mass in the silk fibroin solution.

[Claim 5]
Themethodforproducingaporoussilkfibroinmat

accordingtoanyoneofclaims1to4,whereinaco

ofthesilkfibroinisfrom0.1to40%bymassint

solution having an aliphatic carboxylic acid added

[Claim 6]
Themethodforproducingaporoussilkfibroinmat

according to any one of claims 1 to 5, wherein the

carboxylic acid is at least one selected from the g

consisting of saturated or unsaturated, monocarboxy

dicarboxylicortricarboxylicacidshavingfrom 1t

atoms.

[Claim 7]
Themethodforproducingaporoussilkfibroinmat

according to claim 6, wherein the aliphatic carboxy

is at least one selected from the group consisting

acid,aceticacid,propionicacid,butyricacid,su

lactic acid, acrylic acid, 2-butenoic acid and 3-bu

acid.
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