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Bl QACTI VE MATERI ALS AND METHOD OF USE THEREOF BACKGROUND This di scl osure
rel ates twadsmsbizel d of bone and tissue repair, and in pargdmgusoansiso
materials for bone and tissue repair, 1methods of nmaking the materials, and
met hods for use of the materials. Replacenent and repair of bone and other
tissues followng injury often 5 requires the use of surgical procedures.
More than 300,000 hip prostheses are inplanted each year in the United
States and Europe. Additionally, 10% of the population suffers from
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Wi t hst andi ng pld@iasd fof b6@SaridResetphly, nikahdds ofatdking the duaténivds, pepaiethodSever al
di fferent gfpproaches to scaffolds for tissue repair have been suggest ed.
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Currently donidestiitee matedplsal s for hard tissue repair such as denineralized
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are not as eff I've as gl cally derived bioactive scaffolds.
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10  or reconstruction, particularly injectable materials that can eliminate the need for
many invasive procedures. Such materials should be biocompatible, i.e., not
cytotoxic or causing adverse reaction in the body and preferably bioactive, i.e.,
providing the developmental signals needed for mobilization of the cell 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



sil kworm si |l k, have been suggested as substrate materials for the growth of
ani mal WD 03/ 035124 PCT/ US02/ 34252 2 tissues and organs. In particular,
PCT Appl i watosgasnunmber WO 01/ 25403 descri bes the fornati acTofsoksmsei n
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in vitro and in vivo, particularly materials that are biocompatible, bioactive, and

resorbable. There further remains a need for bioactive scaffold materials that are

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 a fibroin solution or suspension.
The fibroin solutions and suspensions are biocompatible, bioactive, and resorbable.
In a particularly advantageous feature, the fibroin solutions or suspensions can be
25  applied to a desired site by injection, which minimizes use of invasive surgical
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 fibroin

suspension. Effective agents comprise an acid, an alcohol, a proteolytic enzyme, a
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bi oconpati bl e pol yner, or conbinations conprising at |east one or nore of
the foregoing agents. Further disclosed is a nethod of tissue
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matrix after the conposite was dried at roomtenperature. FIGJRE 5 is an
optical ni GRPFAPASCRRETIONOSITHE DRIOFINESsuspensi on conpri si ng

hydr oxyapatite/ (pol y)l actide core/shel| particles enbedded in _a fibroin

matrix lf ter t heRABHAHEIPWO JRECXFFID Qfa“g @ﬁlﬁéﬁ(ﬁteiﬁné?nq%?re “Ehgrred

magni fi cat ia%%e iﬂh@éﬁ%ﬁﬂlﬁt@@&op“ cal mcrograph of a fibroin conposite
ydr

suspensi on conmpri sing oxyapatite/(poly)lactide core/shell particles
enbedded in a fiMIGHURE 1 ied sdhxmafi¢ dingtaneoompis¢anepongst sealelddndlhy ed.

process of tissue repair.

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 hydroxyapatite/(poly)lactide core/shell particles embedded in a fibroin

matrix after the composite was freeze-dried, at higher magnification.



FIGURE 7 is an optical mcrograph of a fibroin conposite suspension

conpri sing hydroxyapatite/ (poly)lactide core/shell particles enbedded in a
fibroin watoesiossaiter the conposite was freeze-dried, at MQMES02/34252
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conposi t i orfittreiishgwtthas the stragtuge pmfb@gga 1@ Jogy of manufac products derive
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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
70 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 (i.e.,
a multi—pﬁase material), with at least 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 a colloid, an emulsion, as

micelles, a sol or a gel.



a multi-phase material), with at | east one phase conprising a solvent and
at | east one phase conprising fibroin. Wthout being held to theory,
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formof a colloid, an emulsion, as mscelles, a sol or a gel. WO 03/035124
PCT/ US02/ 34252 5 For the purposes of describing the fibroin suspensions
herein, reference will be nade to "fibroin occlusions”, "fibroin gels",
fibroin creans”, and "fibroin pastes”, which may be characterized by
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surface. B%narllyogo-nftallir? \é\q}?rlegdf:)rrrl]ensional network of fibroin dispersed in the solvent.
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 level 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 a 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.e., of aneedle) of a
particular size. A fibroin occlusion or gel is readily injectable by hand through a

small aperture needle such as a 20-gauge syringe needle having a diameter of about
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Forei gn- a site in the body of an animal, can undergo a transition to form a fibroin gel.
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 silk, 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 lithium bromide containing approximately 10% by weight of fibroin per
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pol ymer. n one enbodi nent, fibroin suspensions can be produced by
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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, including 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 another embodiment, the fibroin suspension can be formed by treating a

fibroin solution with an acid. Without being bound by theory, it is believed that by
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mixing a fibroin solution with one or more biocompatible polymers such as, for

example, 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

25  locations of the released agent in vivo. Active agents also include therapeutic agents
that are useful for treating a disease or condition. Physiologically active agents
include, 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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pepti des (GhAES)nctiostleegydatory Wrateinsy are partigularly preferred. Members of t
supergene family include 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));
Tnhibins (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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formulations will be apparent to the skilled artisan. See, for example, Sustained and
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



The physiologically active agents can sinply be added to the fibroin
solutions and suspensions or covalently bound to another conponent.
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polymer compositions for the shell comprise one or more of polylactic acid,
polyglycolic acid, polycaprolactone, polytrimethylcarbonate, polyethylene glycol
diacrylates, polyanhidrides, polyorthoesters, polyphosphazines, polyacetals,

20  polyesters, polyureas, polycarbonates, polyurethanes, polyalpha-hydroxy acids,
polyamides, polyamino acids, and other biodegradable polymers or copolymers with
an appropriate 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 tethered 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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cor e/ shel | esenpondatmsulatad plagng figidy el }ys 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% to 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 used
herein, “tissue construction” is intended to include formation of hard or soft tissue that

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

at a site of injury.



fromabout 95/5 to 5/95, with a preferred core/shell ratio of 20/80. After
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and/ or suspensions can be used in vivo as a_. scaffqgld for tissue
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to a tissue construction site by injection. A fibroin gel for |ﬂ{g ection is

a rever si blinjegedn uiinga oner qyéwvoshangedadniaige An thepne-sysnge fegluque,
relative quantities of particles 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 suspensions are administered to a human or
animal for a variety of purposes, for example to fill cavities, replace missing tissue, or
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 18

established between the injected material and the surrounding bodily fluids, thereby



vi scous state under, for exanple, the application of heat or nechani cal
stress. 5 Mechanical stress can include the stress applied to the gel
during thwaesjesieon process. Alternatively, if the fibr@ar/sseepessi on is
in the formof a creamor a paste, the fibroin suspension can be applied
by placing in a tissue construction site (i.e., a site in need of tissue
repair) by means such as surgical placenent or by spreading (i.e., topical
adm nistration). Wthout being held to theory, it is believed that
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A porous fibroin scaffold can promote cell adhesion, proliferation and
activation, while slowly degrading during the healing process. Furthermore,
20  degradation of the fibroin can produce peptides with molecular weights in the range
of about 20 Kilodaltons or less that can be released into the surrounding biological
fluid thus enhancing the metabolic activity of the surrounding cells. Without being
held to theory, it is further hypothesized that thermal or proteolytic enzyme treatment
can increase the biodegradation rate of fibroin by exposing specific active sites for
25  eventual interaction with growth factors, pharmacological molecules, and peptides
specific for mediation of cellular adhesion.
The above-described fibroin solutions and suspensions can be used, for
example, in a variety of repair procedures for bones and tissues. Exemplary
procedures include, but are not limited to, orthopedic, maxillofacial, dental, and
30 general surgical procedures such as tumor resection and plastic surgery. For example,
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 ion-doped shells of the core/shell particles, enabling body

9,

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 biodegradation 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
fibroin 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 regeneration.
A particularly advantageous feature of the fibroin solutions and suspensions is

that the material morphology and mechanical properties are readily varied by



adhesi ve bondi ng, and rehabilitation of bones inplicated in osteoporosis
and WD 03/035124 PCT/ US02/ 34252 15 osteoarthritis, by rehabilitating the
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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 BXéedPLEE web of the scaffold and
initiate new tissue and bone growh. The next stage is presunmably
bi odegradati on of the reactive layer, if present, 25 for exanple by

hydratijgn ofxan$1©1: Pafdsationas Shik Mibrbine bi odegradabl e shell to the nineral
core, thus introducing the resorbable m neral o:ﬁe into the fluid of the
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t he mechani‘¢ar
washing in aqueous solutions of sodium carbonate (Na;COs), as follows. The

cocoons were first washed in an aqueous solution of 1.1 g/ (grams per liter) Na;CO;

20  at 98°C for one hour, and then rinsed in an aqueous solution containing 0.4 g/1
Na,COs at 98°C for one hour. The cocoons were then washed repeatedly in distilled
water at temperatures decreasing from 98°C to ambient, leaving behind sericin-free
fibroin. 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 aqueous solution of lithium bromide (LiBr)

25 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 fibroin was 1-2% pure silk fibroin.



stability of the three-dinensional, nechanically stable, high surface area
web, at least 30 during the first stages of bone regeneration. A
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15  reduce the average molecular weight, to increase the biodegradation 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 pl/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 50°C for 15
minutes deactivated the enzyme. The glutamic 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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enzynmes were stydi ed:. Pratease (from Steptoipyc riseus): This enzynme
v o yzes. CHAUSBHETSs Borribplbon ot FEieus dfs SRl rE il 1™
has been depaisihédine dstohdbhPRRtioren seii@dendof gdlathionk Prdemiiatidofites Cpoal end
groups of glutamic acid inpede the formation of the ordered beta structure
of the silkhéaviydiscton. The enzymatic reactions were performed at
enzyme-substrate concentrations of 50 jd/m (mcroliters/mlliliter) and
after one hour at 37C the solution beconmes white in color and nore

vi scousis ThBx&fplehForstictbofa8uspensich Bnthe WdditiondfeAdidd @r Arbhalapaibke of

formng a gel. Heating to 50C for 15
Fibroin Solution

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

shows an environmental scanning electron micrograph of the material formed.

When 3 ml of glycerol were added to 7 ml of fibroin solution, gelation
occurred in about 20 hours, producing a white translucent gel containing about 90
wt% 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 ml of butanol. The



m nut es deactivated the enzyme. The glutam c amino acid content within the

fibroin protein chain was found to be approximately 1% as determ ned by

el ect r ophwoeisiodsizanal ysi s. There was a notabl e presence ofPqreysocdes2w t h

| ower nol ecul ar wei ght than was presént in the fibroin mxture prior to

treatnment. 30 Papain: This enzyne is specific for reaction with chem cal

bonds of leucine (0.5%of the fibroin) and glycine (44%of the fibroin).

The conditions of treatment WO 03/ 035124 PCT/ US02/ 34252 18 and the

enzyme- SUbSLIALE \GOREAR [4-OMTof b Lo Yath esinj@atprnsiatixed fiar ent

| evel s of viscosity of the resulting fibroin sol or solution. this

case, the pitaduefta %maghéfohpeﬁp@qlme@ spiutien es pebygibaiengelypel- s Theseit ﬂ’ég range of

20 Kd to 2 Kd, .as nni_ned b el ect tripsin:
Wf ?}m %ﬁ ?%sau%s s%o%y%orlfgﬁ)%' Iﬁ{sa(lerg’fuﬁr Qﬁlfé/ ﬁﬁlf(%m'%g%iﬂéo

Treat ment WAE di su bond t hat

connects t e,k ﬁr‘@@@s‘éﬂl‘h& E&%Vsﬁh@lm nﬁﬁafameﬂnmm puticgbinkya gfasPandé dish,Al ani ne-
Serine) and the Cs fraction a mxture of. short fﬁbﬁ?tlde chai ns)

conpri sidng ch’ieé at @Q°€e¢nddtﬁhﬁd I@Jélﬁgéo ppekdsit Tpp TQSHBH’]SJ]P@&F Nt erial . A

buf fered e 0 I ter solution at 40C
The degr ee %F@ Pon f’%lq Eﬁotiﬁp hhg) {)eldbd e%ﬁégrre of reaction.
Different t reat NBHG gfdrrﬂiﬁﬁtﬁ@tdré/shéll soater dnefe‘mnmdtmﬂah@mﬁpﬁﬁbﬂmn'@tdr ol ysis.

At conpletion of the reaction, the resultin ous nmedi cont d the
Cs or IlghtTlfequebﬁlsP‘ﬁs%cblleafmﬁbW thgeldo &éT“aI?a}SFPo eﬁ%ﬂé‘&cﬁfl L gle Cp or

heavy fract| r RS s )dnéch@t A@iﬁl tion of
Aci ds or AR ?&%ﬁiﬁqh%ﬁ bra§9 TR elPRedb- @ PURPERS IsRAWID I

I'n Sol'ution Gelation was 1 nduced by addi ng
citric @|ri dempeghyeeFurdsa tblearé bptical migographsoof, the Gsulting seaffaddspdPoRdded

drop by drop to 10 ni of flbr0|n solutio d37(the

i soel ect ri cSIOWIRANS A FRPR EMBFratEs, apartiglc- g‘@%% B@&n gjfaP glraPa %13?8% ours,

produci ng aﬁqﬁm{uﬁﬁ’mﬁﬁﬂ@q?fd}ﬁ{eﬁuqhg@ﬂeeiettﬁiedc‘s@ﬁipﬁd Aetbiattbel nofholdgitabf Wat er
vir

Figure 2 ows an e onment al scanni ng el ectron mcrograph of the
material f ostretire aconsmight okpagt.yewebla werddigathution 6f fibierm-692t¢d: pr oi n
solution, gelation occurred in about 20 hours, producing a white

transl ucent gel containing about 90 w % of water. Figure 3 shows an

envi r onp@nt gl $08BNIHRYiR Bty SIFiBiod! D@pamiomsl t he

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 B1) levels, (487+/-29 vs. control 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



25 material formed. Exanple 5: In Vitro Preparation of an Injectable

Fi broin Gel/Hydroxyapatite/ Poly(lactide) Conposite Scaffold. A powder of
cor e/ shel Wopmrossiekes of pol ymer - coat ed hydroxyapatite par thaale®2/3862was
made. A (poly)lactide (PLA) with a notecul ar wei ght of approxi mtely 6, 000
was used as the shell of biodegradable polynmer. Two grans of silane-treated
hydr oxyapatite was added to 6 grans of a polylactide in 50 m of butanol.
The WO 03/035124 PCT/ US02/ 34252 19 solution was heated to 70C for 2

hours, cool ed t oC#Q Rl ARRGSEBbR RidyvéreXaglanicdhin cHatied (6afmalidfbter, 10
wei ght/ vol ume aqueous sol ution of pol yethyl ene glycol. The settlin rate
of the coatwth ¢epth)idsilled inihs femergl wug@fpftréb%i Tnplapt-fren cRVItpe WEH ¥S5Fmi ty of

the coatin r ] i red into a
Ol ass Pt 115 TfRfER RISyl SICBREL off Xt 101, idihdiitn, BOLTER 1100
resul ting nEbeldgidal y&sliof tat heplantsiteades epdiet toithast iof thedmpiphdéee cal |,

pol yner - coat ed aggregates. Two grans of the core/shell powder were m xed
with 10 0 ®sfibroin gel. The powder dispersed readily in the gel to form

paste. The past %ggp%%ﬂéﬁgﬁgﬁ@/ﬁ&ég{, thPRIIE LELRScaRS led ¢l teFidrvR Ways,

nanely freeze-dri ried at room 10 ten*[)er ature. Figures 4
to 7 are opgdleaks coinpiadgy ditled bphewlyeforreslibanen(FigwadAb| Nearlyypomlets bowg dr yi ng

at roomtenperature, a particgle-filled fibrojn material..with a r.ent

structural B 18%?’%1&0?‘? rFﬂtFlFéﬁmmé“fa\sé) E%V%fil %e%aéfﬁﬁlwéthégﬂﬁbgf)@ga d%@

nor phol ogi C&Eplaﬁrﬂ%dﬂggegaﬁ%aﬁgﬂ%e%ﬂgﬁe gRpeThe of@n®bpna shn@ad dhiggyri buti on
anpl e

of fibroin-coat@ed.  In vitro Tests .ﬂ(l}ﬂ Fi broi n Suspensi ons
Human okl eoldfecttc-wirk@bsaived InMBBI theeeavitieg filled atithuthe dibropp gelothesaw#es i broi n

gel s nmade by addi | ycerol to.an ous f.ibroin.s ' - hy.tr eat i ng
the aqueou erfeiDSP‘g? ﬁ%S%P’V 'I%?th%\fonﬁle?géi%oyc’ﬁxélfr% %%?ﬂ gersllgﬁll‘lyné?lkjﬁ{c%segz% glr@tslng

par anet er s glserM3bZureW/OMIn Figuk)SA | 186 badtyTais arwidtisofands ofillanetesphy a

pol ystyrene wel |l used as a 20 control, were evaluated to determ ne cell

prol i f er at i lengthrd 1gtmillimejers. GigpredPshov e thetnisHaenb e hibe eriging b el
prebar ot b TRl ASARTERL 295 gBL9PAL EBRAI OIS en-COmRaRET Lo e
di ff er ey i apiopagat@biroi@rthastigiatlddnb yrabdealaevitnaedredfiiy any gap between the
newly-formed and the original bone. A residual cavity 8 was observed as was
connective tissue 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.



(al kal i ne phosphatase) activity (16.71+/-1.80 vs. control 10.10+/-1.61) and
TGF(31 25 (transformng growh factor (31) levels, (487+/-29 vs. control
432+ - 42Wo w3gspretively. Cell proliferation on the gel mpcapesied42sy addi ng
gl ycerol showed little difference when conpared to the control. Neither

gel induced cytotoxicity, as revealed by the LDH (lactate dehydrogenase)

| evel (pure fibroin gel, 14.67+/-2.04; gel with glycerol, 18.03+/-0.23; 30
control, 14.63+/-2.19). Exanple 7: In vivo Tests of Fibroin Suspensions WO
03/ 035124 PCT/ USBig4RSmventR@ 1@k beércdeactiokddeith wdeteddelio aipmefgakd wer e
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of the inplant sites were conpared to those of the inplant-free sites.
After one nfiotthefcapmolf thetimvantinn. Irhaddugdne miany omeliftcativns/miay bk ethdoyo t he

fibroin . gel s conpletely filled. f.or bone (Figure 8A). Nearly
conpl et & boMEPt RRATRG" SEHoR GRS FEE) GY H e o e R o era. The
cavity w t higpartiddofiéth RsREEAAcofd thelealy ethdoROREs MEHEBEfAk tHRNn{dHeien Mbour e
8B). The original bone 5 and the enpty 10 defect 6 were observed. In four

of the cavibd wited tq e pajticrlat erabedimen| disgjeed as the hesinedeeonteaplatedder | v
filled with | e BAE - | I [ I stil
present " (Fi SR BEREREAE ol bR Wby BATLENR: s RHC U gy B

m | |'i met er swihih the sdopp@f the@bpdndéd @laiths.net ers. Figure 10 shows the interface
bet ween the original bone 5 and the newy grown bone 7. The new bone
formed Mkll-organized trabecul ae that 15 propagated fromthe origi nal bone
trabecul ae without creating any gap between the new y-formed and the
original bone. A residual cavity 8 was observed as was connective tissue
undergoing mneralization 9. A mld inflammtion was observed, wth the
absence of any granul oma and apparent adverse inmunol ogi cal response. Only
fragments of the original fibroin gel were still visible, confirmng the
ability of 20 the gel to degrade at a rate that is conpatible with the rate
of tissue regeneration, thus providing evidence that the. fibroin
suspensi ons are useful for the proposed



applications. Novel fibroin suspensions and conposites, have been

di scl osed. Such fibroin suspensions can be made from a sol ution of
purified Wwdwsmssi2usi ng heat, proteolytic 25 enzynes, aci dec@liwebolss, or a
bi oconpati bl e pol yner. The fibroin sugpensions can be in the form of
occlusions, gels, creans or pastes. The fibroin suspensions and conposites
as well as solutions have particular utility as for use in bone and tissue
construction, repair and regeneration. Because the fibroin solutions,
suspensi ons, andWiewisxddiiedss:can be injected, the need for many invasive

surgi cal procedures, 30 partjcularly orthgpedic praocedures, can be reduced,
thus ninimzing the pgtcgmnogqtmp@pmprlﬁmg@ﬂ WHGE%’FB%@?H@C‘PR%OH&@&&PP%

recovery pef(;tgﬁlc%%ﬂgcdlawdt&gﬂ't he overall cost of the nedical procedures.
WD 03/ 035124 P S02/ 34252 21 Wil e the invention has been descri bed
with reference to a preferred enbodinent, it will be understood by those

skilled in the aft th various ch £s b e.and equi val.epts may be
substituted for 1eneﬁ£“§°(frﬂg‘?sétb(¥n Q/ﬁﬁ%g’nﬁﬁﬁﬁpﬁ‘%ﬁg% W?‘%éonsléblbﬂ‘eof t he
invention. fnAsiintoceMsioNBYel Pelchihcabipais. my be nade to 5 adapt a

particular situation or matérial to the teachings of the invention wthout
departing fromessential scope thereof. Therefore, it is intended that the

invention not be |limted to the parti.cul ar, enbodifient di scl osed as the
best node cont errg1 ate %eo%ompggﬂtﬁoi}ioﬁgﬁah%’t“fhegen? ﬁ\?ﬁ?lgnc,on}?@tseﬁ% ?mg%ﬁce

i nventi on Wbl dilkGbuagbadih. enbodi ments falling wthin the scope of the
appended clains. 10 WO 03/035124 PCT/ US02/ 34252 22 What is clained is: 1
. A conposition conprising a fibroin suspension and optionally a pore-
formng particul gte n‘?ﬁ@é%rﬁ%ositfono?@ ﬁ;ﬁ)mér%lh% Rbrofdl Alfhrdyes Yner ein the
fibroin suspension is’in orn of an oce usion, a gelT, a creamor a
paste. 3. Thetedytipaly tiegradef fikchbmi m 1, wherein the fibroin conprises a
Bonbyx ‘

5. The composition of Claim 1, wherein the pore-forming particulate
material comprises a hydroxyapatite, a tricalcium phosphate, a ceramic, a coral, a

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

6. The composition of Claim 1 wherein the pore-forming particulate
material comprises a core/shell particle comprising an optional calcium compound, an

optional phosphate source, and an optional reactive layer.

7. The composition of Claim 1, wherein the shell comprises a
biodegradable polymer.
8. The composition of Claim 6, , wherein the core comprises a

hydroxyapatite, a calcium phosphate-based mineral, 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,

5  polytrimethylcarbonate, polyethylene glycol diacrylates, polyanhidrides,
polyorthoesters, polyphosphazines, polyacetals, polyesters, polyureas, polycarbonates,
polyurethanes, polyalpha-hydroxy acids, polyamides, polyamino acids, or a

combination comprising one or more of the foregoing biodegradable polymers..



mori silkwormfibroin. 4. The conposition of Claim1, wherein the fibroin
conprises a proteolytically degraded fibroin. 5. The conposition of Claim
1, whereiwdadsaspase-formng particulate material conpri SeCTAUS02/34252

hydr oxyapatite, a tricalcium phosphat®, a ceramc, a coral, a chitosan,
or a conbination conprising one or nore of the foregoing materials. 6. The
conposition of Claiml wherein the pore-formng particulate naterial
conprises a core/shell particle conprising an optional cal ci um conpound, an
optional phosphabPe soUheepmpndtiamodPlaimniatvhereacthe fibrdiayespension finher
conposition of Claim 1, wherein the shell conprises a biodegradable

pol yner. 8. CORBrEsARbYsE O&LFaﬁf/a@“éﬁ 38CBl. | wherein the core conprises a

hydr oxyapatite, a cal ci um phosphat e-based m neral, a resorbable glass
filler, or a conbination conprising one or nore of the foregoing

materi als, and wher ei Thekemphstibn ofClapn Oseberpml the phydiclogichldly aghivk pgdngcol i c
aci d, polycaprol.actone, .. 5 pol ytrinethyl carbonate l.yet hyl ene,.gl ycol

i achyl at s ORGSR AN HPr £B5e BorEEtHLRERIRS copapyRRi R

pol yacet al s grqvthy®skRyusds fat #HHEaR boROteseRr AR LeSpouRBINHUBINRRES,

pol yal pha- hydr oxy acids, polyan des, polyam no acids, or a conbination
conpri si ng awendrepaty eclisf on theonlynalipni cgpbisivg oe ot aivreohibe yeregeing ageots.

03/ 035124 PCT/ US02/ 34252 23 9. The conposition of daim1l1, wherein the
fibroin suspension further conprises a physiologically active agent. 10.

The conposition of. G & fefhod fnethe fdintation phy Gbhiwgispahdion, @6inpMenggent
conprises antibiotics, bone norphogeni c proteins, conpounds that stinulate

tissue growt h, Ee¥FEMBERroIhsplutien Vith an epberinpagehBeat InFeid, @b Aseltlad t hat

o, Y88, kg IS, AL 4t e

suspensi on, nooepf thsiforggoing agertsydgo forfu Hfilooinm siepettsioan Wi t h an agent
conprising heat, an acid, an alcohol, a proteolytic enzyne, a bioconpatible
pol ymer, or a conbination conprising one or nore of the foregoing agents,

to forma fibroi gy Susp@RSibd of Claim 11, wherein the fibroin suspension is in the form

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

13. The method of Claim 11, wherein treating with heat comprises heating

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

14.

The method of Claim 11, wherein the alcohol comprises glycerol, wherein the
acid comprises citric acid, ascorbic acid, lactic acid or a combination comprising one
or more of the foregoing acids, wherein the biocompatible polymer comprises
polyethyleneglycol, polyethyleneoxide, polyvinylpyrrolidone, or a combination

5  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 comprising one or more of the foregoing proteolytic

enzymes.

15. The method of Claim 11, further comprising adding a pore-forming
particulate material, a physiologically active agent, or a combination comprising one

or more of the foregoing agents and materials to the fibroin suspension.



12. The method of Claim 11, wherein the fibroin suspensionis in the form
of an occlusion, a gel, a cream or a paste. 13. The nethod of Caim11,
wher ei n t weadsioagizwi t h heat conprises heating to a tenperaamwesoeBimbout
-20C to about 50 C. 14. The nethod o#4 Caim 11, wherein the al cohol
conprises glycerol, wherein the acid conprises citric acid, ascorbic acid,
| actic acid or a conbination conprising one or nore of the foregoing

aci ds, wherein the bioconpatible polynmer conprises polyethyleneglycol,

pol yet hyl eneoxi d&6. poAymethyd p§treaing damenmal wih e dibbéinadiucion br uepg@siodsi Nng one

or nore of the foregping bioconpati mer s wherein the
pr ot eol yti c® %W%ﬁﬂlﬁgﬁt%’é tPﬁéltﬁPg?séﬁgﬁo SFBFN%‘T‘B ShPREd Gy i seus,
papai n, Mﬂ?éﬂsi/cﬁﬁhr&n Plout @@é@ﬂ'\/@ﬁ;étﬁﬂﬂ&t@ @@Mgsﬂ)?ﬂa’c w‘ﬂéreﬁpc €18 11t1 he

foregm ng proteolytic enzynes. 15. The netho arm 11, turt

conpri si ng sddiagorssuprensioh@ptivmely Cpmrpnsezsm mre»fommmg pazdtl,culatephq/csmajj aDgl cally
active ent, or a a;if)nbltnatl on co g one nore of t f or egoi ng
agents ahd MaEEesralyas VR aET S G B RSP BRTISDEOBRP RS BSCT) US02/ 34252

24 16. A metohadittf adehBadnld MehtéidIRHBe fiolhmatediar oi n sol ution or suspensi on,
conprising admnistering to a site of tissue construction a fibroin

solution or suspension in an anount effective to stinulate tissue

formati on, wherejy th i t uspensian op tiona conpri ses
a pore-forning p!’j’]tl cﬁ*1 %n%{h%g& érccr 8 %éa&@erehn@l gﬁ’é%lflégsfﬂei} et l(}éheyf@ or a
conbi nat i onofeANReiusionga gelga efeafbea Pdstel he for egoi ng agents and mat er| al s
to the fibroin material. 17. The nethod of C aim 16, wherein the fibroin
suspension is in the form of an occlusion, a gel, a cream or a paste. 18.
A method of treajdng & ighba b fdhifls b0 Qiih SAL Sl GUsREASHON.
conprising contacting a cell w Ibroin so Ion or su pensi’on in an
amount  ef f entpristng @niavting e cek withprfidréihespattioanr sﬂé'ibens'[dj’lelﬂmltd‘l’nminﬁf Cl ai m 18,

wherein the fihroin, aus eﬁ5| olnfls in the form of an occlusion, a gel, a
cream or & Y%to induce cell proliferation.

19. The method of Claim 18, wherein the fibroin suspension is in the form

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



