" WD 03/035124 | 21 APR 2006 PCT/ US02/ 34252 BI OACTI VE MATERI ALS, METH@DSAPR 2006
OF MAKI NG BI QACTI VE MATERI ALS AND METHOD OF USE THEREOF W , This
di scl osur VP EEIE to the field of bone and tissue repair, and n
particular to materials for bone and ti ssue repair, nethods of making the
materials, and nmethods for use of the materials. Replacenment and repair
of bone and other tissues followng injury often 5 requires the use of
surgi cal procedures. Mre than 300,000 hip prostheses are inplanted each
year in the United States and Europe. Additionally, 10% of the
popul ation suffers from periodon i R WAk require a tooth
i npl ant  during hi SIWQA(ETE\@mﬁMﬁm?@gﬂ)ﬁp%%%%ﬁdﬁes i ncl ude
cartilage repair & TERYA B8 AN O OB SISBTHEREQF t hus
desirable to cri P@gﬁ@f%? mat er 1 al g\d?”gf? tissue repair 10 or
reconstruction, particularly injectable materials that can elimnate the
need for many invasive procedures. Such materials should be
bi oconpat i bBACKGROUNIdt cytotoxic or causing adverse reaction in the
body and prefer y Bi [ i hébmbtidsher ehrginnpattiabiasi gnal s
needed for nobilr td’llsgir)%%%“fgﬁteesgoe Bﬁglcdﬁ@;btk_ly r equi r?gkf or, tissu
bui | di ng. Thema@figlsferidae aad tissup rekiy mbibpds ofsnaiang the materaly BAEE ofg of
wi t hstandi ng the stresses i nposed by daily activity during repair.
Several di f femenof temasetdhes to scaffolds for tissue repair have been

suggested. Current n@ggﬁi  RE S Al e Histues thllondsgimjwgp&er such as
dem neral i zed bo gpiax'?]y r%@?ﬁ%@
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containing fibroin, a protein conponent of . tible. i.e.. not
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on in the body and preferably bioactive, 1.e.,

cytotoxic or causing adverse reacti

providing the developmental signals needed for mobilization of the cel] activity

required for tissue building. They are furthermore preferably resorbable, and capable
15  of withstanding the stresses imposed by daily activity during repair.
Several different approaches to scaffolds for tissue repair have been suggested.
Currently available materials for hard tissue repair such as demineralized bone,
hydroxyapatite, tricalcium phosphates, and other inorganic materials are not as
effective as biologically derived bioactive scaffolds. Hyaluronic acid has been used

20  as a scaffold material as disclosed in U.S. Patent No. 5,939,323. Another approach

has been to use collagen-based materials as disclosed in U.S. Patent No. 4,490,984

and U.S. Patent No. 5,480,644, These materials, however, appear to be limited in

their range of potential uses and applications because of poor mechanical properties,

unpredictable degradation rates and, for collagen, the risk of immunogenic reactions

25  and dangers related to potential contamination.
Membranes, films and fabrics containing fibroin, a protein component of

silkworm silk, have been suggested as substrate materials for the growth of animal
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There further remains a need for bioactive scaffold materials that are

resorbable. teriak ‘
readily applied to the site to be restored, preferably without use of invasive surgical

procedures.

20 SUMMARY OF THE INVENTION |
The above discussed and other drawbacks and deficiencies of the prior art are

overcome or alleviated by composition comprising 2 fibroin solution or SUSpensIon.

The fibroin solutions and suspensions are biocompatible, bioactive, and resorbable.

In a particularly advantageous feature,
25  applied to a desired site by injection, which minimizes use of invasive surgical

the fibroin solutions or suspensions can be

procedures. | |
Also disclosed is a method for the formation of a fibroin suspension,

comprising heating a fibroin solution from about -20°C to about 50°C to form a

fibroin suspension. Another method for the formation of a fibroin suspension

30  comprises treating a fibroin solution with an agent effective to form a fibrom

suspension. Effective agents comprise an acid, an alcohol, a proteolytic enzyme, 2
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FIGURE 2 is an environmental scanning electron micrograph of a fibroin
15  suspension made by adding a water solution of citric acid to a fibroin-water solution.

FIGURE 3 is an environmental scanning electron micrograph of a fibroin
suspension made by adding glycerol to fibroin-water solution.

FIGURE 4 is an optical micrograph of a fibroin composite suspension
comprising hydroxyapatite/(poly)lactide core/shell particles embedded in a fibroin

20  matrix after the composite was dried at room temperature.

FIGURE 5 is an optical micrograph of a fibroin composite suspension
comprising hydroxyapatite/(poly)lactide core/shell particles embedded in a fibroin
matrix after the composite was dried at room temperature, at higher magnification.

FIGURE 6 is an optical micrograph of a fibroin composite suspension

25  comprising hydroxyapatite/(poly)lactide core/shell particles embedded in a fibroin
matrix after the composite was freeze-dried.

FIGURE 7 is an optical micrograph of a fibroin composite suspension
comprising bydroxyapatite/(poly)lactide core/shell particles embedded in a fibroin
matrix after the composite was freeze-dried, at higher magnification.
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15  from fibroin are highly dependent on the processing conditions used to form them. It

has been advantageously discovered herein that novel fibroin suspensions can be
produced from fibroin solutions using a variety of techniques, and that the fibroin
suspensions so produced have utility in tissue construction, including the formation of
tissue at normal sites in the body (i.e., sites without injury) and sites in need of repair
20 and/or reconstruction due, for example, to injury or aging. As used herein, a “fibroin
solution” refers to composition having substantially one phase, that is, a composition
comprising a solvent in which fibroin is substantially dissolved. Fibroin is
substantially dissolved when greater than 95%, preferably greater than 98%, and most
preferably greater than 99% of the fibroin, by weight, is in solution. Further as used
25  herein, a “fibroin suspension” refers to a composition having two or more phases (.e.,
a multi—pﬁasc material), with at Jeast one phase comprising a solvent and at least one
phase comprising fibroin, Without being held to theory, fibroin suspensions may

exist in a variety of forms, for example, in the form of 2 colloid, an emulsion, as

micelles, a sol or a gel.
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A “fibroin cream” as used herein refers to a fibroin suspension that is more
viscous than a fibroin occlusion. It is often white, and it is substantially non-flowable
20  on alevel surface. By substantially non-flowable on a Jevel surface, it is meant that a
one cubic centimeter sample of the fibroin cream will not appreciably deform within
one minute of being deposited on a level, horizontal surface. Like fibroin gels, fibroin
creams can deform when heat or mechanical stress are applied to the material.
A “fibroin paste” as used herein refers to a fibroin suspension that is highly
25  viscous, and non-flowable when placed on a horizontal surface. By non-flowable on
a level surface, it is meant that a one cubic centimeter sample of the fibroin paste will
not appreciably deform within one hour of being deposited on 2 level, horizontal
surface. The paste is deformable, however, under mechanical pressure.
Alternatively, the various types of fibroin suspensions may be described based
30  on the injectability of the suspension through an aperture (i.¢., of a needle) of a
particular size. A fibroin occlusion or gel is readily injectable by band through a
small aperture needle such as a 20-gauge syringe needle baving a diameter of about
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A convenient source of fibroin is cocoons from the Bombyx mori silkworm

which contain both fibroin and sericin proteins. Silks are fibrous proteins produced
20  from spiders and different insects, the best known of which are silkworms (in
particular the Bombyx-mori silkworm). Silk fibers have been used as sutures, but it
has been found that braided silk sutures often produce a non-immunologic foreign-
body reaction, causing granulomas even years after surgery (Kurosaki et al., Nippon
Ika Daigaku Zasshi 66: 41-44, 1999). It has been confirmed, however, that the
25  observed non-immunologic foreign-body reaction is caused by the presence of sericin
in the native siik, and that pure fibroin does not provoke an immunological response.
Preferably, the fibroin is purified to remove toxins or other substances such as
sericin that can cause adverse reactions in the body. Much of the sericin can be
removed, for example, by degumming, i.e. washing in sodium carbonate with or
30 without sodium dodecyl sulfate at 98°C.
The purified fibroin can then be dissolved in a solvent such as an aqueous

solution of lithiurn bromide containing approximately 10% by weight of fibroin per
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Wthout fibroin solution with proteolytic enzymes that are specific for cleavage between
particular amino acids. Such proteolytic enzymes include but are not limited to the
protease from Streptomyces griseus, papain, chymotrypsin, and the like. Without
20  being bound by theory, it is hypothesized that proteolytic enzyme treatment can
produce a suspension by reducing the average molecular weight of the fibroin
polymer. Specific amino acid sequences can be selected to produce fragments having
desired molecular weights and amino acid sequences. The fragment sizes can be
tailored to meet specific demands of particular applications, such as bioactivity and
25  degradation rate of the fibroin material. Selection of a particular average molecular
weight will depend on a number of factors, inchuding end use, desired viscosity,
addition of other components, molecular weight distribution, type of carrier, and the
like. The average molecular weights of the fibroin after proteolytic treatment are
about 200 to about 0.1 Kilodalton (Kd), preferably about 50 to about 0.2 Kd, more
30 preferably about 20 to about 0.5 Kd.
In znother embodiment, the fibroin suspension can be formed by treating 2
fibroin solution with an acid, Without being bound by theory, it is believed that by
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examnple, polyethyleneglycol, polyethyleneoxide, polyvinylpyrrolidone, and the like.
The biocompatible polymers should be miscible with the fibroin solution in an
20 amount of about 2 to about 20 % by weight .

Various additives can be used to improve the efficacy of the fibroin solutions
and suspensions, for example, physiologically active agents that have a physiological
activity such as a diagnostic or therapeutic activity. Accordingly, an active agent can
include a detectable label (e.g., a radioactive label) that is useful for identifying the

75  locations of the released agent in vivo. Active agents also include therapeutic agents
that are useful for treating a disease or condition. Physiolo gically active agents
mclude for example, antibiotics or other compounds that inhibit infection; therapeutic
agents for treating osteoporosis, other factors that act on bone and skeleton, bone
morphogenetic proteins (BMPs), and other cytokines and the like that stimulate tissue

30  growth, bone regeneration or wound healing. The physiologically active agent can
also be a cell, for example a cell taken from a site of the patient and cultured on the

fibroin suspension.
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eptides (CTAPs), osteogenic factors, and
Pep ( super)gene family?ncludc the beta transforming growth factors (for example TGF-beta

1, TGF-beta 2, TGF-beta 3); bone morphogenetic proteins (for example, BMP-1,
BMP-2, BMP-3, BMP-4, BMP-5, BMP-6, BMP-7, BMP-8, BMP-9); heparin-binding
20  growth factors (for example, fibroblast growth factor (FGF), epidermal growth factor
(EGF), platelet-derived growth factor (PDGF), insulin-like growth factor (IGF));
Inhibins (for example, Inhibin A, Inhibin B); growth differentiating factors (for
example, GDF-1); and Activins (for example, Activin A, Activin B, Activin AB).
Growth factors can be isolated from native or natural sources, such as from
25 mammalian cells, or can be prepared synthetically, such as by recombinant DNA
techniques or by various chemical processes. In addition, analogs, fragments, or
derivatives of these factors can be used, provided that they exhibit at least some of the
biological activity of the native molecule. For example, analogs can be prepared by
expression of genes altered by site-specific mutagenesis or other genetic engineering
30 techniques.
The physiologically active agent can also be a differentiated or non-

differentiated cell. Mesenchymal stem cells, for example, can be delivered to produce
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sol utions  Controlled Release Drug Delivery Systems , J. R. Robinson ed., Marcel Dekker, Inc.,
New York, 1978, and R. W. Baker, Controlled Release of Biologically Active Agents,
20 John Wiley &Sons, New York, 1987.

In another embodiment, the fibroin solutions and suspensions can comprise
organic, inorganic and/or protein inclusions of engineered size and chemical
composition that affect factors such as porosity and biodegradation. In a preferred
embodiment, the fibroin solution and/or suspension can further comprise particles

25  such as core/shell particles that create additional porosity in the gel, thereby forming a
scaffold after injection.

Exemplary organic or inorganic particles that can aid in bone growth and
formation, include, for example, hydroxyapatite, tricalcium phosphate, marine animal
derived particles such as corals and chitosans, and the like.

30 A preferred pore-forming particle is a core/shell particle in which an inorganic
core is surrounded by a biodegradable organic shell. Such particles can serve as both

a temporary support structure and an internal substrate for shaping a scaffold. The
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diacrylates, polyanhidrides, polyorthoesters, polyphosphazines, polyacetals,

20  polyesters, polyureas, polycarbonates, polyurethanes, polyalpha-hydroxy acids,
polyamides, polyamino acids, and other biodegradable polymers or copolymers with
an approprate biodegradation rate and that are biocompatible.

The biodegradable polymer can be either a preformed polymer or may be
polymerized at the time of deposition on the core. The biodegradable polymer layer

25  can be tetbered to the reactive layer or the core itself by methods known in the art, for
example by making a slurry of the core particles in a dilute organic solution of the
reactive monomers or the polymer. In one embodiment, the monomers or the
polymers of the shell are chemically modified to include end groups such as peptides
that are interactive with cells within the body, for example, end groups that are active

30  in stimulating tissue repair or bone regeneration. Such end groups can include, for

example, peptides containing arginine-glycine-aspartic acid sequences, signal
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the core, a gl LiZiifataDsimd Miid! Mais calcium ion-doped outer coating can serve as
the interface with the bioactive fibroin matrix.

The resulting core/shell particles are in a relatively stable suspension in the
aqueous phase. After drying, for example, freeze-drying, the particles can be lightly

20 milled to form a core/shell powder. Once formed, the core/shell powder can then be
mixed with the fibroin solution or suspension. The water content of the mixture can
be adjusted to maintain fluidity. The relative quantities of particles and fibroin
solution or suspension can vary depending on the particular application.. Typically,
the solution or suspension can contain about 10 vol% to about 50 vol% (percent by

25  volume), preferably about 30 vol% fo about 50 vol% of the particulate phase.

Once formed, the fibroin solutions and/or suspensions can be used in vivo as a
scaffold for tissue construction, or administered to an animal, for example, a mammal
such as a rabbit, dog, cat, horse, human, and the like for tissue construction. As nsed
herein, “tissue construction™ is intended to include formation of hard or soft tissue that

30 ismnot at the site of an injury, for example in plastic surgery, or repair or reconstruction

at a site of injury.
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the gel dur irfggti&ehqeuahtrl]éigscc}f ip(ajlqiclcs and fibroin solution or suspension are provided by the
practitioner depending on the application, then mixed, and placed in a traditional
single syringe with needle and injected. Alternatively, the particles and fibroin
20  solution or suspension can be provided in separate cartridges and mixed in a mixing
chamber prior to placement. Use of a device that allows variable mixing during
placement provides the practitioner with the ability to vary the composition of the
scaffold to better match the variation of properties at a given site (e.g., bone or soft
tissue). The water contents of the two components are chosen to allow rapid mixing
25  and injection.

In use, the fibroin solutions and suspensjons are administered to a human or
animal for a variety of purposes, for example to fill cavities, replace missing tissue, of
for soft tissue or articular repair. The fibroin solution or suspension can be
administered by, for example, injection or topical application (i.e., applied as a cream

30 to the skin). Without being held to theory, in the case of a solution, it is believed that
the solution can rapidly dissipate excess water into the body until quasi-equilibrium is
established between the injected materjal and the surrounding bodily fluids, thereby
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undergo a t raeestivibon

A por
activation, while slowly degrading during the healing process. Furthermore,
20  degradation of the fibroin can produce peptides with molecular weights i the range

of about 20 Kilodaltons or less that can be released into the surrounding biological
£ the surrounding cells, Without being

ous fibroin scaffold can promote cell adhesion, proliferation and

fluid thus enhancing the metabolic activity o
held to theory, it is further hypothesized that thermal or proteolytic enzyme treatment
gradation rate of fibroin by exposing specific active sites for

pharmacological molecules, and peptides

can increase the biode
75  eventual interaction with growth factors,
specific for mediation of cellular adhesion.

The above-described fibroin solutions and Suspensio
ones and tissues. Exemplary

ns can be used, for

example, in a variety of repair procedures for b

procedures include, but are pot limited to, orthopedic, maxitlofacial, dental, and

30  general surgical procedures such as tumor resection and plastic surgery. For example,
o)

fibroin solutions and suspensions can be used in the repair of bone fractures via

adhesive bonding, and rehabilitation of bones implicated in osteoporosis and
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degrade may be the calcium jon-doped shells of the core/shell particles, enabling body

fluids to diffuse into the calcium ion-rich water layers that serve as the interfacial

20  zone between the biodegradable shells and the encapsulating fibroin web. The
porosity of the fibroin matrix and the additional porosity created by the shell |
degradation enable the infiltration of osteoblast cells in the porous scaffold, which
interact with the bioactive web of the scaffold and initiate new tissue and bone
growth. The next stage is presumably biode gradation of the reactive layer, if present,

25  for example by hydration of _SiO- bonds that bind the biodegradable shell to the
mineral core, thus introducing the resorbable mineral core into the fluid of the

remaining hydrogel. The repair process is accompanied by biodegradation of the

fbroin as new bone is generated. The composite scaffold can maintain the mechanical

stability of the three-dimensional, mechanically stable, high surface area web, at least

30 during the first stages of bone re generation. |
A particularly advantageous feature of the fibroin solutions and suspensions is

that the material morphology and mechanical properties are readily varied by
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20  at 98°C for one hour, and then rinsed in an aqueous solution containing 0.4/
ere then washed repeatedly in distilled

Na,COj at 98°C for one hour. The cocoons w

water at temperatures decreasing from 98°C to ambient, leaving behind sericin-free

fbroin. The amount of raw fibroin in the water was 10 g/l. The degummed fibroin

was then dissolved at 65°C in a 9.3 molar agueous solution of lithium bromide (LiBr)

55 for 3 hours at an initial composition of 100 g fibroin/l solution. When dissolution was

complete, the aqueous solution was diluted to 5% weight/volume fibroin by the
addition of distilled water. The remaining impurities and undissolved fiber were
removed by filtration, using a filter with pore size n.1. The salt was then removed
from the fibroin mixture by 72 hours of dialysis against distilled water, using a

30  regenerated cellulose membrane with a molecular weight cut-off of 3,500. The final

concentration of dialyzed fbroin was 1-2% pure silk fibroin.
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water. The LeURLN NI, B}Aﬁ&ﬁ'ke%ﬁné}ﬂ@f’:h%cb &gbvad fiber were renoved by
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fibroings  reduce the average molecular weight, to increase the blodegradatmn rate, and to

expose specific active sites for eventual interaction with peptides specific for
mediation with cellular adhesion factors, growth factors and pharmacological
molecules. The following enzymes were studied:
Protease (from Steptomyces griseus): This enzyme hydrolyzes the peptide

20  bonds at carboxylic sites of glutamic acid. It has been demonstrated that peptide
chains of fibroin having terminal end groups of glutamic acid impede the formation of
the ordered beta structure of the silk fibroin. The enzymatic reactions were performed
at enzyme-substrate concentrations of 50 ul/ml (microliters/milliliter) and after one
hour at 37°C the solution becomes white in color and more viscous. The sol that is

25  formed is an injectable material capable of forming a gel. Heating to 56°C for 15
minutes deactivated the enzyme. The ghutamic amino acid content within the fibroin
protein chain was found to be approximately 1%, as determined by electrophoretic
analysis. There was a notable presence of peptides with lower molecular weight than
was present in the fibroin mixture prior to treatment.

30 Papain: This enzyme is specific for reaction with chemical bonds of leucine
(0.5% of the fibroin) and glycine (44% of the fibroin). The conditions of treatment
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Suspension by Thermal Treatnment of an Aqueous Sol ution of Fibroin

aqueous fivwopoosssel ution (20 m (nilliliters)) was pouredPCR{UIE34252

pol ystyrene capsule incubated at tenp&ratures of-20C to 50C for periods
of 2 to 24 hours. The 5 solutions incubated at -20C were heated to and
mai ntai ned at roomtenperature until gelation occurred. O her fibroin

sol utions kept at constant tenperatures from4C to 50C, required

i ncubation p rditﬂéi%lz%ea%uﬁéi’ra?e"coﬁ@éﬂh%ﬁf)@fati@ebmba': varickido puwluee di
content of the gels; as determ ned by ther rmgravi.rretr’istﬁ an%l étSi S iu\éari ed
LR

from 95 to O vissbsity oftilee reewlting fibredysabpr sieiosy b HS F45R JORGERt upon

the time and 10 tenperajure at. whi.ch the i () OUBALQ Aetefiined bt Was
denonst r at ecPaPHges WHemOleYaT ¥ Im%e(ggne%éta:fggk&tgtzhe fibroin could be

vari ed by theqméh&gg?gﬂm;s._ Exanpl e 3: Enzymatic Treatnent of the Silk
Fi broin. The aqueous fibroin m xture was treated W t?r@la“ @{;ﬂhﬁé" ytic
enzynes that ar eClspeutiipiin: Twatmesh sithdhis PARCSGRES &Y ysbsf&:ﬁer cul ar
am no aci ds._ The, goal t 51 e 68 GiyciveeARRne- t 0
i ncrease t heP® QP%E@&B%Epﬁfegﬁg#\%ﬁ?%%g%\égidﬁpggi '?i cbz{:t_i ve sites
for eventual s&ﬂkﬁﬁﬂﬁh& 08 fvifidh @ieht; neestuspefshbit pegtiste chaipsl eamiiting thé
cellular adhesion factors, growth factors and. h%r r%%ol ogi cal - aRlecul es.
The fol | owi nothenayine acidepresant ukﬁhéﬁmeﬁbﬁ‘?l@%er(‘ﬁr R ‘éf’f}t“%ﬁ%"?, ces
griseus): This e eéme h)ﬁl%roolxég% Sbﬁggggpido@_eng@egbmyafolmhwyl iC

19 the Bppoip s e

sites of gl u¥ een nmonstrated that peptide  chains of
fibroin havi gghicBedbyite ticbiGeatips. Diffgbuttteaimenbibings ol gigeehd Bethat i on

of the ordered beta structure of the silk fibroin. LR
reactions wermops O@Mﬁﬁﬂ}’ﬁ%\t‘*@%ﬂ@‘?@? heTgpedio th%é‘%sﬁ@lgﬁlgﬁés%g 5011
(mcroliters/ml.lilj fchi6h iPRGtoRQHA a ablaBidstpheripititenf tbeCpecones
white in col S?Htﬁlﬁ%d%?é)o\rllﬁ co%ag. TH{e%sol that is 25 formed is an

i nj ect abl e matsKifaktiempabl e of forming a gel. Heating to 50C for 15
m nut es deactivated the enzynme. The glutam c am no acid content within
the fibroin protein chain was found to be approxinmately 1% as

det erm ned b 4 GRRARLES &F 2 ARPPDDY tHhadditivmel Acidebableshplsésdice of
pept i des?gvi t#x%ﬁgr ‘nol ecul ar weight than was present in the fibroin
m xt ure pri ofFitromntSoddorent

Gelation was induced by adding citric acid or glycerol to the fibroin solution.
Citric acid was added drop by drop to 10 ml of fibroin solutions, until the pH
reached 3.7 (the isoelectric point equals 3.8). Gelation occurred after about 6 hours,
20  producing a white, opaque porous gel that contained about 95 wt% of water. Figure 2
<hows an environmental scanning electron micrograph of the material formed.
When 3 ml of glycerol were added to 7 m] of fibroin solution, gelation
occurred in about 20 hours, producing a white translucent gel containing about 90

wi% of water. Figure 3 shows an environmental scanning electron micrograph of the

25  material formed.

Example 5: In Vitro Preparation of an Injectable Fibroin
Gel/Hydroxyapatite/Poly(lactide) Composite Scaffold.
A powder of core/shell particles of polymer-coated hydroxyapatite particles
30 wasmade. A (poly)lactide (PLA) with a molecular weight of approximately 6,000
was used as the shell of biodegradable polymer. Two grams of silane-treated
hydroxyapatite was added to 6 grams of a polylactide in 50 m! of butanol. The
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" 30 Papain: This enzyne is specific for reaction with chem cal bond<§
and

| eucine (0.5%of the fibroin) and glycine (44% of the fibroi %3
condi t1 onwoofyseat ment NO 03/ 035124 18 21 APR 2006  PCTI DSEBPZASE
t he enzyme-substrate concentration ratio can be varied to produce
different levels of viscosity of the resulting fibroin sol or solution.
In this case, the product contains peptides with nolecular weights in
the range of 20 Kd to 2 Kd, as deternmined by el ectrophoretlcea Lny5|s 5

Chymot 1! PsT Ryusibh SRk Heiod irCiedi shmmledmm mﬁ@m
a

disul fide %0h t connects the Cp heavy 1&?’
pri nci pal | ys(ofl GMnght&wlh@ﬂa@éWSﬁ%uuaﬂﬂ ‘]’1188 ¥&etT on ?I i gh?; a

m xt ure of short peptl de ¢ Cﬁal ns)slo%)PiW &ﬁwgla{nlfﬁm@m\%rmﬁhm afthels

present in Ita'ﬁfeo “hatert a buffered enZérre sol Utl on
added to the &g%f,gc@ssm%o%m nﬁﬂuﬁtwamﬁrred'lp@uwdgﬁ e gpss yawcsiﬂ% e was

10 controll é the time of reaction. er coul d
trigger gli f fiseadean 50° e gt lyanilag &r HPSREdes. H&? re&@hﬁ ea?%rfﬁz?g I:l%&?eactl on,

the resulting aque di u ggg‘?rtdggt FogPegiteght fraction in

sol uti on anbroad Q‘é?grlsp'f%’ﬁgnﬁf]g’@%ﬁg%?t the @gg heav ractl n.

Exanpl e 4: For ma Z [%F%s@ftﬁga@emh¢mmmmma@w@rﬂ gm(gp Al cohol s
ol

to the Fibroin ion Celation wa duced, b Goftfdhell or
gl ycerol toThopovddsrdperssdraadilpp the t? QOLRAS{S- @%%qgggod gr 0|§ By drop to

10 m of fibroin sol Ese I3eR6 hed also Flopinérisdsavedanet ri ¢
poi nt equal §m§°1§§waé'f13$}now :)u')%}u’r ra!ﬂ% GRS

after about 6 haqurs, ing a
white, QRaqye RIS Fi@ired hat7 sre optidaheicragrepis GiheiesyIRs ﬁ%%fg}dg %ﬁre 2
shows an envi ronnent al scanni B‘%gel ectrg ﬁ@fk&@f}%{i;@ﬁ?tegfal&hﬁ’a pRkat i al
formed. Whemlod driyingfat goope ERRCTANYF® RETEY I broin sol utjon,

el ation occurre I @@Mmm exhithifsttee momhelogeeht gel
gont ai ni ng BBUE %@k%ﬁgﬁ%rﬁ& kindi > )

wat er. Figure v nt al
scanni ng el eghéter mtwne@ughﬂexpﬁct,tnﬂ@el%brﬁﬁ‘i @%‘F’gﬂ““?’berﬁQ‘ mlé% lfrﬁ%[ e 5 In
Vitro Preparation of an Injectable Fibroin
Gel/ Hydroxyapatite/ Pol y(l actide) Conposite Scaffold. A powder of

cor e/ sheld " naybigd 5 pPlirBdleyer Fibrik Sakpbydomxyapat i te particles
Human osteoblast-like cells (MG63) were cultivated for 72 hours on fibroin

gels made by adding glycerol to an aqueous fibroin solution and by treating the

aqueous fibroin solution at 4°C. Biochemical and immunoenzymatic parameters of

MG63, grown on the tested materials and on an empty polystyrene well used as a

20  control, were evaluated to determine cell proliferation and activity.

Cell proliferation on the pure fibroin gel prepared by thermal treatment was

significantly lower when compared to the control, but, at the same time, the gel

favored osteoblast activity and differentiation, as demonstrated by the enhanced ALP

(alkaline phosphatase) activity (16.71+/-1.80 vs. control 10.10+/-1.61) and TGFP1

25  (transforming growth factor p1) levels, (487+/-29 vs. contro] 432+/- 42), respectively.

Cell proliferation on the gel prepared by adding glycerol showed little difference

when compared to the control.
Neither gel induced cytotoxicity, as revealed by the LDH (lactate

dehydrogenase) level (pure fibroin gel, 14.67+/-2.04; gel with glycerol, 18.03+/-0.23;

30 control, 14.63+/-2.19).

Example 7: In vivo Tests of Fibroin Suspensions



"30 was made. A (poly)lactide (PLA) with a nol ecul ar wei ght of 71 APR 2006
approximately 6,000 was used as the shell of biodegradable polyner. Two
grans of sybamessureated hydroxyapatite was added to 6 gr RES/USPL/H252
polylactide in 50 m of butanol. The 2@ 03/035124 19 2 1 APR 2006

PCTI US02/ 34252 sol ution was heated to 70C for 2 hours, cooled to room
tenperature and mxed with 50 m of a 2% wei ght/vol une aqueous sol ution

of polyethylene glycol. The settling rate of the coated particles was

sl ow enough to ngi;Rfcich delval EyRinigeld eriinglaafedtih eavited6iomy djpstesy) The
core/shell mxture was stirred, poured into a g:{lal;%ggetri}gﬁ dish, g dried
at 50C and mimghiepth) diilledin the femnopl weredyle qivabbitss g Ay Srer@E P51 W€ "4

rather broad size di Lbutiaon I el g4 aggregat es.
Two grans of2S@{eNEY, @S%ﬁ’é? VeSSt rce%@eg an@%%ﬁ\%mt%ﬂﬂiéon m of fibroin gel.

The powder %&&?gﬁﬁ%ﬁﬁﬁ%kﬁé iiriplahheiteg Blerd eonfparad tpalsise of theémplast-Gee
contai ning core ell particles was dried in tw ways, nanely

freeze-dni editand al so slowy dried at room 10 tenperature. Figures 4 to 7

are optical mcrogtraphs of .the r 4] - : Wil ng at
room Ito elrrper at ur e,%erggﬁﬁo&ﬂégflﬂpfaégﬁﬁhgg %?ﬂg%%éi?ag&% ﬁ\b};{gg\aﬁr enl¥[I )

structural i Gat bdiiplefely SNAFK ek fomed bencFigpric &Ahpmwbogﬁmﬂﬁtt%b@%
nmor phol ogi ¢ structure that one m ght expect.. na . r

di stri buti orhealing with spme sesiduabinbrem 499(%%&?3%‘88& The ‘%ﬁ%%@é@t@%%? et oi
Suspensi ons Hunan ,ost.eobl = | : > ¥ EiBalWeht b viad the ehpty 72
hours on fi ﬁﬁ%ﬁdﬁﬁgngé%ghgéﬁ%gé%%%ﬁ%?goIet‘oéjgarl] aqueous _fibrqin

sol uti om@ndidmet bRaaé bpgridde In Aguebihe civitwsdilledsoththi Sroe gelthe gEBRFeni cal

and i nmunoenzymati c paraneters, of 3 r QwWn t teriml s
and on an em@rywwgﬂﬁ‘éﬁhﬂﬁﬂylﬂ) °B§7g“@65%§lifeéic§%?fc\%e%§g%% gastit]%d to
deter mine_cel . af Ll 26! S0rad oaC iokelaty el Vidu of § etslizmmeromd he pure

fibroin gel If)rrepa treatment” was signifi Ct%ntl'éial wer 5When
conpared t0 lehghednimeilimbiets, Fagure Heshonmuhe intrsface hetwget the oHGRRIRpRE

O b T b Pl e P B aafanced
10. 10+/ - 4 Glaro@%téﬁcﬁglﬁlhe'z&iéiﬁdl Bos tebBiulgs Witleatt brebmg oy g;p)beirv@g:@ _ptlga,
(487+/-29 vs. ctonhtrol 432+/-"42), respectjvely. _Cell proljferation on
the gel pr epaney-ynaeiiibe gigadbete. shevtal 1Ly & T PEFEHLE ™ dthen
conpared to gor}n%cgt?v%tt{s(sjlllé undergoing mineralization 9. A mild inflammation was observed,
with the absence of any granuloma and apparent adverse immunological response.
Only fragments of the original fibroin gel were still visible, confirming the ability of
20 the gel to degrade at a rate that is compatible with the rate of tissue regeneration, thus
providing evidence that the fibroin suspensions are useful for the proposed
applications.
Novel fibroin suspensions and composites, have been disclosed. Such fibroin
suspensions can be made from a solution of purified fibroin using heat, proteolytic
25  enzymes, acids, alcohols, or a biocompatible polymer. The fibroin suspensions can be
in the form of occlusions, gels, creams or pastes. The fibroin suspensions and
composites as well as solutions have particular utility as for use in bone and tissue
construction, repair and regeneration. Because the fibroin solutions, suspensions, and
composites can be injected, the need for many invasive surgical procedures,
30 particularly orthopedic procedures can be reduced, thus minimizing the potential for

infection decreasing the required recovery periods and lowering the overall cost of the

medical procedures.



" Neither gel induced cytotoxicity, as reveal ed by the LDH (lactate 71 APR 2006
dehydrogenase) level (pure fibroin gel, 14.67+/-2.04; gel with glycerol,
18. 03+/ - Opa@Bp3038Q4control , 14.63+/-2.19). Exanple 7: |In vPGHUBRE}RSf

Fi broi n Suspensi ons 21 APR 2006 WO 0321035124 20 PCT/ USQ2/ 34252 Citric acid
derived fibroin gels were inplanted in cavities (6 mmdianeter, 10 nun
depth) drilled in the fenoral condyle of rabbits. Inplant-free cavities
were used as a control. Rabbits were sacrificed after a nonth from

i npl ant ati on, andvhilsthe imghtial has dser descotbedtwith fefgrtrosto 8 praferteder e conpar ed
to those of the inplant-free 5 sites. Affer.on th_of inpl L,on

the hol e inembed%ﬁﬂtﬂy“’?d‘rq@&c%voéhé%ﬁqsﬁﬁtﬁﬁ%ﬁd 11’gtE‘F %ﬁté’%ﬂ%‘isg"@%ﬁ}g Pl ed by
newy forne ' ReeredfedtHoffdepattihgs ONe
residual fi %F%@gﬁ%@gﬁﬁﬁ&%ﬂéﬁﬁﬁia\%ﬁ?ﬁ?no.fi broi n added

di spl ayed negrohotie scagaifaheiniamtions spadditgur, enagBmodifirations manbs meéa® 5 and
the enpty 10 defect 6 _were observed., In. four . of t%@icavities fh{led W th
the fibrbi nagenta periculassityatian or mategalio bt (raghipgsaf lpﬁeq%lé%‘vthfoor nmed bone
7, with smalyl ' hitd 8f. dfbtel it iPmenesd thafthe tiventdy notl n

Fi gure 9A, tdﬁ%irggt%nﬂjtdgJ ‘T?g‘?ﬁ%] d\/G\/|'§l(§jetl§m%f 2&([)03 f?n [linmeters and a length of 1.7
mi|li et er s beMingtedao i perioniar embodimteat diadesed as fsdwsimedesantpmmited ife 5

and the newy grown bone 7.. The new,bone f.o0 . Welsl - pr Iy cul ae
that 15 profSagaredut t’??é"’{’f?il“bﬁ?ﬁ'fh%%@g?ﬁ g@g‘@gﬁgé ag\jegﬁ’g{ij%&gl}ste%?flﬂgg any
gap betWeengﬁhﬁnﬂﬁﬁmﬁﬁggﬁmg@¥gmﬁngcmﬂ@&originaI bone. A residual cavity 8
was observed as was ‘connective tissue undergoing mneralization 9. A mld
i nf |l ammati on was observed, wth the absence of any granul oma and apparent
adverse i munol ogi cal response. Only fragnments of the original fibroin
gel were still visible, confirmng the ability of 20 the gel to degrade at
arate that is conpatible with the rate of tissue regeneration, thus
provi di ng evidence that the.fibroin suspensions are useful for the
proposed applications. Novel fibroin suspensions and conposites, have
been di scl osed. Such fibroin suspensions can be nade froma sol ution of
purified fibroin using beat, proteolytic 25 enzynes, acids, alcohols, or a
bi oconpati bl e pol yner. The fibroin suspensions can be



in the formof occlusions, gels, creans or pastes. The fibroin susp?nsioqﬁ
and conposites as well as solutions have particular utility as for iph
bone and tissue construction, repair and regeneration. Because the

fibroin solutions, suspensions, and conposites can be injected, the need
for many invasive surgical procedures, 30 particularly orthopedic
procedures can be reduced, thus m niiRzing the potential for infection
decr eaghd4i%k dilgeiggui red recovery periods and |l owering the overall cost of
the nmedical procedures. 21 APR 2006 WD 03/035124 PCTI US02/ 34252 21 Wil e
the invention has been described with reference to a preferred

enbodiment ,, it W l.l be upderstood .thosg ski in - ri ous
Changee. st s 4t RN NIRRT e Sahdtfetplel'of Rin@libantchto %

t hereof W hLbguisteleRas i@ offtisoud EdRtre&RPEINGn dridunt RFeEtVe0d. stintulaé tsdueon,
many nodi fications maybe made to 5 adapt a particular situation or

mat eri al t dordoR.eachi ngs of the invention without departing from
essential scope thereof. Therefore, it is intended that the invention not
be limted to the particul ar enbodi ment disclosed as the best nbde

cont enpl at @efabtordwans viang 10wheie theifitv@ntsoltion brsuspbasion fusthenineludeoat wi | |
i nclude all enbodinents fallin wi thin the scope of the appended cl ai ns.
102 1 APRlez@Ume\maq-fqrgmzﬂ%mﬁgatmatez@-l. Use of a fibroin solution or
suspension in the manufacture of a nedicanent to be admnistered to a
site of tissue construction in an amount effective to stinulate tissue
formati oh. (Re atisediagcocldinny ot 2, vellere¢inttk, fibanerseliutiot besdspénstmfugbérutélodesor
suspension further jncludes at . |east one pore-formng particul ate
material . 3tleeptongphyelragarctivapsi™ or 2, wherein the fibroin sol ution
or suspension further includes at |east one physiologically active agent.
4. Use according to any one of clains 2 and 3, wherein said nedicanent is
adni ni st ér &tiehycording éw dnyoomecaf clamps 2andiB ) winereid saidoeedacaomant isregntiwstgred byne  of

t he precedi.ng clains, wherein the fibroin suspension is in the
inj&ction or implantation.

5. Use according to any one of the preceding claims, wherein the fibroin suspension is in the

form of an occlusion, a gel, a cream or a paste.

6. Use according to claim 1, wherein the fibroin suspension, after injection in vivo forms a

porous scaffold.

7. Use according to claim 3, wherein said physiologically active agent comprises cells,
antibiotics, bone morphogenic proteins, compounds that stimulate bone regeneration,
compounds that stimulate tissue growth, compounds that stimulate wound repair, or a

combination comprising one or more of the foregoing agents.

8. Use according to claim 5, wherein the fibroin gel or occlusion is injectable through an
aperture having a diameter of about 584 micrometers, the fibroin cream is injectable
through an aperture having a diameter of about 838 micrometers, and the fibroin paste is

injectable through an aperture having a diameter of greater than about 2 millimeters.



formof an occlusion, a gel, a creamor a paste. 6. Use according 2 PP 2006
claim1, wherein the fibroin suspension, after injection in vivo forn%
porous scaffold. Use according to claim3, wherein said physiologically
active agent conprises cells, antibiotics, bone norphogenic proteins,
conpounds that stimnulate bone regeneration, conpounds that stinulate
tissue growth, conpounds that stimulgse wound repair, or a conbination
conpri si g RBQcASdIRY & My bhe of WL PRLAINSIRNLS - wiereldSie AMTOMIEdMprises @l ai m
5, wherein the fibroin gel or occlusion Ts injectable through an
aperture h@vimigr eodisdkwoen fibfoimbout 584 microneters, the fibroin creamis
i njectable through an aperture having a dianeter of about 838
mcroneters, and the fibroin paste is injectable through an aperture
havi ng al(dlﬁﬁéﬂiﬁﬁfsnﬂfn WnRtselg 4 NBRiRARPEnsonrd d PREFHSning padrtidiiRte2AROri 3
9. Use according to any one of the preceding clains, wherein the fibroin
conpri ses &hat Bynpyses worershsllipkastem fi broin. 10. A conposition conprising a
fibroin suspension and a pore-formng particulate nmaterial that
conprises core-shell particles. 11. A conposition according to claim 10,
wherein the ehigosahdl dcchling © REmCIOTHeREn fie doe@stiell gangcleLrTMsTEBtat least
sel ected fromthe group consisting of a cal ci um conpound, hosphat e
sour ce and oae cempenangse¢legied fromzhe proppwpoysitngsi azalcany FW@P?‘H‘CE p @h?ﬁpb@teor
11, wherein_th rlses a bi odegradable polyner. 13. A
conp05|t|on°%c§%§p mam%ﬂﬂ? y one of clains 10 to 12, wherein the fibroin
suspension is in the formof an occlusion, a gel, a creamor a paste.
14. A conposition according to any one of claims 10 to 13, erein Ehe
fibroin Hofpfrarosition aseomding tRSlaima O IoR Wb HharsiB 15 Shell EmPRSs ot
accordlng ;g one of clains 10 to 14, wherein the fibroin suspension

i nj ect ]e or inplantable. 16. A conposition according to any one of
clalns 10 to 15, wherein the pore- forning particul ate material conprises

a hydroxyapatite, a tric IC|un1 phos cera oral, or .a

combi nat Y o Wﬁﬂsitéﬁnﬁﬁc‘&f wedp a%?%e ‘g‘?" 3impe ! rﬁ:ﬁﬁlﬁg'ﬁé"if%f' SUSPgRSIOms

conpositloq]g%Q%5gbﬂg“&thQ% 9@9 Ereh @k ﬁ to 16, wherein the core
ydro

conprises a Xyapati te, C|un1p ate-based material, a
resorbable glass filler, or a

14. A composition according to any one of claims 10 to 13, wherein the fibroin comprises a

Bombyx mori silkworm fibroin.

15. A composition according to any one of claims 10 to 14, wherein the fibroin suspension 15

injectable or implantable.

16. A composition according to any one of claims 10 to 15, wherein the pore-forming
particulate material comprnses a hydroxyapatite, a tricalcium phosphate, a ceramic, a

coral, or a combination comprising one or more of the foregoing materials.

17. A composition according to any one of claims 10 to 16, wherein the core comprises a
hydroxyapatite, a calcium phosphate-based material, a resorbable glass filler, or a
combination comprising one or more of the foregoing materials, and wherein the shell
comprises polylactic acid, polyglycolic acid, polycaprolactone, polytrimethylcarbonate,
polyethylene glycol diacrylates, polyanhydrides, polyorthoesters, polyphosphazines,
polyacetals, polyesters, polyureas, polycarbonates, polyurethanes, polyalpha-hydroxy



conbi nati on conprising one or nore of the foregoing materials, and 71
wherein the shell conprises polylactic acid, polyglycolic acid,

pol ycaprol act one, pol ytrinethyl carbonate, polyethylene glycol

di acryl ates, pol yanhydri des, polyorthoesters, polyphosphazines,

pol yacetal s, polyesters, polyureas, polycarbonates, polyurethanes,
pol yal pha- hydroxy 21 APR 2006 24 aci2ds, pol yam des, polyam no acids, a
copol ymer , ,@ds apomﬂhaésabb amwmas%%p&@ﬁwpror ar&hﬁn%oh%nfp%ﬁg%@qn

bi odegr adabl e pol'yners. . A conposition according to any one of claims
10 to 17, \tméfr@ﬁthefd’igﬂflnmbl@dﬁgr&i@[&mﬁwom further conprises a
phyS|oIog|caIIy active agent. 19. A conposition according to claim18,
wherein said physiologically active agent conprises cells, antibiotics,
bone nmor I ag&M fosRioARESDingCO AP WAL Sf ElRRks S i, RPN fibr8aNSentioa N,
compounds that stinulate wound repair, or a combination conprising one

or nore ofﬁﬂﬁ@r¢®ﬁ9@@5nghﬂg@nEEmUQBﬁWAﬂﬂEﬂhod for the formation of an

i njectable and bioactive fibroin gel, conprising treating a fibroin
solution with an agent conprising heat a proteolytic enzyne, a

bi oconpard bl ¢oMPbiBH REomirpORDidhiini 8, HARRYiN Saldd pRKOIBEICHNY @cie hpént
foregoing agents, and further conprising adding a pore-formng

parti cul at eomptieesicalls, andhigdesn horcomerpspggnic prpamms, étPféBOUf@i tha,d\swvhtscbone
accordi ng n

heat corrp{r‘el%ggésr%eatl ngghﬂseth%} S%%'él?aé?g@eﬁ%fe% out C%?g}(’:'t' Equn 56“622
A net hod aecmbel ¢Tghd foreomigagdhts. V\/nerel n the bioconpatibl e poI yrrer
conprises polyethyl eneglycol, polyethyleneoxide, polyvinylpyrrolidone or
a conbination conprising one or nore of the foregoing bioconpatible

ot yITer sa0, 30t RS B e BrmBAGH SP L hfRcEBRY AT BRABN el SeP b BRSSO
Streptonyces griseus, papai Sin-or & conbl na n’co rlsg
one or noreenfngthéibfrmnegmtn@ mthtaeohgﬁm &omnzmgﬂ&:at a proteolytlc enzyme, a

APR 2006

biocompatible polymer or a combination comprising one or more of the foregoing agents,
and further comprising adding a pore-forming particulate material including core/shell

particles.

21. A method according to claim 20, wherein said agent is heat and the treatment with heat

comprises heating to a temperature of about -20°C to about 50°C.

22. A method according to claim 20, wherein the biocompatible polymer comprises
polyethyleneglycol, polyethyleneoxide, polyvinylpyrrolidone or a combination
comprising one or more of the foregoing biocompatible polymers, and wherein the
proteolytic enzyme comprises the protease from Streptomyces griseus, papain,
chymotrypsin or a combination comprnsing one or more of the foregoing proteolytic

CNZYITEeS.



