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(57) ABSTRACT 

The invention is directed to formation and use of electro 
processed ?brin as an extracellular matrix and, together With 
cells, its use in forming engineered tissue. The engineered 
tissue can include the synthetic manufacture of speci?c 
organs or tissues Which may be implanted into a recipient. 
The electroprocessed ?brin may also be combined With 
other molecules in order to deliver the molecules to the site 
of application or implantation of the electroprocessed ?brin. 
The ?brin or ?brin/cell suspension is electrodeposited onto 
a substrate to form the tissues and organs. 
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ELECTROPROCESSED FIBRIN-BASED 
MATRICES AND TISSUES 

PRIOR RELATED APPLICATIONS 

[0001] The present patent application is a continuation-in 
part of US. non-provisional patent application Ser. No. 
09/654,517 ?led Sep. 1, 2000, and also claims priority in 
part from US. provisional patent application Serial No. 
60/241,008 ?led Oct. 18, 2000. 

FIELD OF THE INVENTION 

[0002] The present invention relates to novel methods of 
making and using electroprocessed ?brin. The invention 
comprises the use of electroprocessed ?brin as an extracel 
lular matrix for numerous functions. Further, the invention 
includes combining electroprocessed ?brin and cells 
together to form engineered tissue. The engineered tissue 
can include the synthetic manufacture of speci?c organs or 
“organ-like” tissue. 

BACKGROUND OF THE INVENTION 

[0003] Fibrin is a natural clotting agent. Therefore, ?brin 
and ?brin derivatives have commonly been used in hemo 
static applications. Its use in analogous applications and in 
connection With various reinforcing additives have been 
knoWn and Well-documented. 

[0004] In another ?eld, tissue and organ replacement in 
patients With failing or damaged organ function is hampered 
by several signi?cant problems. First, the source of replace 
ment tissue or a replacement organ is typically a living 
related or cadaveric donor. Both of these sources are limited 
in number and carry the risk of exposing a recipient to 
pathologic viruses. Second, since the source of the replace 
ment tissue or organ (With the exception of a living identical 
tWin donor) is genetically distinct from the recipient, the 
problems of organ rejection and graft versus host disease are 
signi?cant. Both of these problems can be treated With 
immunosuppression, but this can cause signi?cant side 
effects and dramatically increase the risk of infection in a 
patient. 
[0005] In yet another ?eld, the emerging techniques With 
respect to gene transfer can be dangerous When performed in 
vivo. In other Words, in vivo gene transfer can expose a 
recipient to various viral complications. Further, there are 
limitations to knoWn gene therapies, for instance, With 
respect to engineering viral coats large enough to accept 
large genes such as the gene for Factor VIII (anti-hemophilic 

factor). 
[0006] In a different ?eld of study, the science of chemo 
therapy for cancer patients is, at least at some level, based on 
estimates of effectiveness of various treatments in combat 
ing a patient’s cancer cells. There is no ef?cient Way to 
identify the response of a patient’s cancer cells to chemo 
therapy in vivo or in vitro. 

[0007] What is needed is a neW method of making a ?brin 
that provides the capability to use it in hemostasis, drug 
delivery, delivery of other substances, skin repair, Wound 
treatment, tissue engineering, and various other applications. 

SUMMARY OF THE INVENTION 

[0008] The present invention to overcome the foregoing 
limitations by providing electroprocessed ?brin and an elec 
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troprocessed ?brin matrix, methods for making electropro 
cessed ?brin and ?brin matrix, and methods of using elec 
troprocessed ?brin and ?brin matrix in a Wide variety of 
applications. 

[0009] The electroprocessed ?brin of the present invention 
has several uses. In one application, electroprocessed ?brin 
may be used as an extracellular matrix. Electroprocessed 
?brin may be combined With other natural and non-natural 
?bers, and also With cells. In the ?elds of tissue and organ 
replacement, the use of electroprocessed ?brin, including 
but not limited to, cells and ?brin, can overcome problems 
of potential infection and rejection. In the ?eld of gene 
transfer, the manipulation of cells can occur in vitro, Where 
cells that are cultured to be inserted into an extracellular 
matrix comprised of electroprocessed ?brin could be more 
easily manipulated and tested. In the ?eld of Wound care, a 
sheet of electroprocessed ?brin can be used to suppress 
hemorrhage, for example, using non-autologous electropro 
cessed ?brin to suppress bleeding in a hemophiliac, at an 
injury site or a chronic ulcer. The electroprocessed ?brin 
extracellular matrix implanted With cells may be used to test 
cell responsiveness to drugs or other test substances. In the 
context of chemotherapy, the electroprocessed ?brin extra 
cellular matrix implanted With a patient’s tumor cells could 
be used to identify in vitro the susceptibility of those cells to 
alternative chemotherapy treatments. Each of the foregoing 
alternatives can result in safer and more predictable medical 
practices. 

[0010] The present invention provides an extracellular 
matrix for promoting cell groWth comprising the electro 
processed ?brin matrix. The ?brin can be formed of elec 
trospun ?brin ?bers or electroaerosol ?brin droplets. Elec 
troprocessed ?brin may also be made through the use of 
molecules capable of forming ?brin. Fibrinogen and throm 
bin are tWo such molecules, and electroprocessing tech 
niques of the present invention may be used to make 
electroprocessed ?brin from these or other molecules. 
Fibrinogen may also be processed by electrospinning or 
electroaerosol techniques and subsequently converted to 
electroprocessed ?brin by enZymatic methods. 

[0011] The present invention also provides an electroengi 
neered tissue comprising electroprocessed ?brin and cells. 
Any cells may be used. The cells may be applied to the 
electroprocessed ?brin through many techniques, including 
electroprocessing the cells together With ?brin or separately. 
The cells may be stem cells, committed stem cells, or 
differentiated cells. Cellular differentiation inducers may 
also be employed, including but not limited to peptide 
groWth factors, drugs, or full or partial gene sequences in the 
sense or antisense direction. The engineered tissue may have 
a predetermined shape, and the electroprocessed ?brin and 
cells are used to form the desired shape. 

[0012] The present invention includes a method of manu 
facturing a ?brin-containing extracellular matrix using elec 
troprocessing techniques. These techniques include, but are 
not limited, to electrospinning, electrospray, electroaerosol, 
electrosputter, or any other technique achieving electrodepo 
sition onto a substrate or target. The method includes stream 
ing an electrically-charged solution comprising ?brin onto a 
grounded target substrate under conditions effective to 
deposit the ?brin on said substrate to form an extracellular 
matrix. The polarity of the solution and ground may be 
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interchanged. The electrically charged solutions may further 
comprise any molecules With the capability to make ?brin. 
In a preferred embodiment, electrically charged solutions 
may comprise ?brinogen and thrombin, used to make elec 
troprocessed ?brin. Alternatively, the electrically charged 
solution may comprise plasma and thrombin. The ?brin, or 
?brin-forming molecules, streamed on to the substrate may 
comprise either electrospun ?bers or electroaerosol droplets. 
Carrier molecules, such as polyethylene glycol (PEG), may 
be used to facilitate electroprocessing. For example, if the 
preferred solvent for a given component of the system is 
aqueous (for example a drug compound), the ?brinogen or 
?brin may be suspended in Water in the presence of high 
molecular Weight PEG. PEG spins readily from Water and 
acts as a carrier to electrodeposit the ?brinogen or the ?brin 
molecules in a speci?c site With a speci?c pattern or random 
pattern. Carriers may also be used to process ?brinogen/ 
?brin from pure organic solvents. 

[0013] The present invention also provides a method for 
manufacturing a ?brin-containing extracellular matrix hav 
ing a predetermined shape. The method includes pre-select 
ing a mold adapted to make the predetermined shape and 
?lling the mold With ?brin or ?brin forming molecules using 
electroprocessing techniques. Alternatively, the method may 
comprise pre-selecting a mold adapted to make the prede 
termined shape Wherein the mold comprises a grounded 
target substrate. Then, one or more electrically charged 
solutions comprising ?brin, or molecules capable of forming 
?brin, are streamed onto the grounded target substrate under 
conditions effective to deposit the ?brin on the substrate to 
form the extracellular matrix having the predetermined 
shape. The ?brin streamed onto the substrate may comprise 
electrospun ?bers or electroaerosol droplets. 

[0014] In the present method of manufacturing an elec 
troprocessed engineered tissue, electrically charged solu 
tions of the ?brin, or molecules capable of forming ?brin, 
and cells are electrodeposited onto a grounded target sub 
strate under conditions effective to deposit the ?brin and 
cells onto the substrate. The ?brin and cells streamed onto 
the substrate may comprise electrospun ?bers or electroaero 
sol droplets. Any cell may be used. The cells include, but are 
not limited to the folloWing: stem cells and/or committed 
stem cells, including but not limited to the folloWing: 
osteoblasts, myoblasts, neuroblasts, ?broblasts, glioblasts; 
germ cells, hepatocytes, chondrocytes, smooth muscle cells, 
cardiac muscle cells, connective tissue cells, epithelial cells, 
endothelial cells, hormone-secreting cells, cells of the 
immune system, and neurons. Electroprocessing may be 
used to deliver cells to a speci?c site Within the body. In 
some applications it may not be necessary to pre-select the 
type of stem cell that is to be delivered to a speci?c site using 
electroprocessing techniques, because many types of stem 
cells can be induced to differentiate in an organ speci?c 
pattern once delivered to a given organ. For example, a stem 
cell delivered to the liver may be induced to become a liver 
cell simply by placing the stem cell Within the biochemical 
environment of the liver. Electrospinning is effective at this 
type of application because the matrix can be tailored to a 
speci?c organ site. Also the electrospun matrix can be 
“programmed” to be stable or to degrade rapidly. 

[0015] The present invention provides a method for manu 
facturing an electroprocessed, ?brin-containing extracellular 
matrix. The method includes an electrically grounded sub 

Apr. 11, 2002 

strate and further provides one or a plurality of reservoirs 
containing ?brin solutions or solutions of molecules capable 
of forming ?brin. In one embodiment, the reservoirs are 
connected substantially at a single ori?ce that alloWs the 
mixture of solutions from the reservoirs upon exit from the 
reservoirs. The solutions are electrically charged and the 
mixture of solutions is streamed onto the substrate to form 
an extracellular matrix. In an alternative embodiment, the 
plurality of reservoirs comprises ?rst and second reservoirs. 
The ?rst reservoir has a solution comprising ?brinogen and 
the second reservoir has a solution comprising thrombin. 
Fibrinogen may also be electrospun, With or Without a 
carrier molecule, for example, PEG or collagen, and pro 
cessed into ?brin subsequent to electroprocessing. It is also 
possible to electrospin these materials onto a target or 
solvent bath containing thrombin and other biochemical 
agents that process ?brinogen to ?brin. It this type of 
application ?brinogen is electroprocessed and converted to 
?brin at some time after its deposition on the target. 

[0016] The present invention includes the product of the 
process of electroprocessing ?brinogen and thrombin. This 
processing may comprise electrospinning ?brinogen and 
thrombin to make ?brin, it may comprise electrospraying 
?brinogen and thrombin droplets, it may comprise electro 
sputtering ?brinogen and thrombin, or it may comprise 
electroaerosol deposition of ?brinogen and thrombin. 
Regardless of the method employed, ?brin is electrodepos 
ited onto a substrate or target. Cross-linking agents may also 
be employed together With the electroprocessed ?brin. For 
example, the introduction of covalent bonds by Factor XIIIa 
increases structural rigidity and delays subsequent matrix 
dissolution. 

[0017] One method for making a matrix of electropro 
cessed ?brin includes providing a substrate and tWo reser 
voirs of solutions, one solution comprising ?brinogen and 
the other solution comprising thrombin or other substances, 
Wherein the reservoirs each have an ori?ce that alloWs the 
solution to leave the reservoir. In one embodiment, each 
ori?ce communicates With a common channel to alloW the 
tWo solutions to be combined and ejected through an ori?ce 
to the common channel. Then, either the substrate or the 
solutions are electrically charged and the other is grounded. 
The ?brinogen and the thrombin are then streamed from the 
common ori?ce onto the substrate to form a matrix. The step 
of streaming ?brinogen and thrombin may form a matrix of 
electroprocessed ?brin ?bers. This step may, alternatively, 
form a matrix of electroprocessed ?brin droplets. 

[0018] In another arrangement, separate reservoirs con 
taining solutions comprising ?brinogen and thrombin do not 
communicate through a common channel but have indi 
vidual ori?ces that permit streaming of the solution from 
each reservoir. The simultaneous co-streaming of the tWo 
solutions permits ?brin to form on the target, or in the 
atmosphere prior to reaching the target. 

[0019] In yet another arrangement, a reservoir containing 
a solution of ?brinogen may be used to electrosputter, 
electrospray or electrospin ?brinogen onto a target contain 
ing a thrombin solution or a surface layer containing throm 
bin in order form ?brin directly on the target. Carrier 
molecules may optionally be employed to passively carry 
?brinogen to the target or surface layer. Alternatively, a 
solution of thrombin may be used to electrosputter, electro 
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spray or electrospin thrombin onto a target containing 
?brinogen to form ?brin. Since the clotting reaction pro 
ceeds With reasonable speed in the presence of calcium ion, 
a calcium-free ?brinogen plus thrombin, or calcium-free 
plasma plus thrombin can be electroprocessed onto a target 
containing calcium. Alternatively, a calcium-free stream of 
any ?brin-forming molecule can be electrodeposited 
together With a calcium-containing stream of any ?brin 
forming molecule. 

[0020] A further method for making a matrix of ?brin 
provides a substrate, a target, and at least tWo separate 
reservoir solutions, one including ?brinogen and the other 
including thrombin, Wherein the each reservoir has an ori?ce 
that either: a) alloWs the solution to leave the reservoir and 
contact the other solution through a common channel in 
communication With each ori?ce prior to electroejection of 
the mixed solutions from an ori?ce located at an end of the 
common channel, or b) permits electroej ection directly from 
an opening in communication With the ori?ce from each 
reservoir. Then, either the target or the solution is electrically 
charged and the other is grounded. The substrate is disposed 
betWeen the ori?ce and the target. The ?brinogen/thrombin 
mixture or the separate solutions of ?brinogen and thrombin 
are then streamed from the reservoir and through the ori?ce 
onto the substrate to form a matrix. The step of streaming 
these ?brinogen and thrombin solutions forms a matrix of 
?brin ?bers or alternatively, a matrix of ?brin droplets. 
Further, the substrate may de?ne a preselected shape. The 
?brin matrix can be formed in the presence of cross-linking 
agents or may be treated With cross-linking agents after 
streaming. 

[0021] The electroprocessed ?brin of the present invention 
may be employed as a vehicle or carrier for scaffolds of 
other extracellular matrix proteins, drugs and other sub 
stances. If electroprocessed ?brin Were combined With other 
polymers or natural or non-natural ?bers, and the polymers 
Were cross-linked in the electroprocessed ?brin, the ?brin 
Would later dissolve through natural or arti?cial means, 
leaving the cross-linked scaffold in place. 

[0022] The electroprocessed ?brin of the present invention 
may be employed as a vehicle for drug delivery or delivery 
of other substances, for example, anti-oxidants, vitamins, 
cosmetics, nucleic acids, vectors, Wound care products, and 
hormones. This electroprocessed ?brin can be used as a 
“bio-degradable” depot system, placing high concentrations 
of a substance such as a drug at a speci?c location. Drug 
release can be tailored by altering the structure of the 
electroprocessed ?brin or the rate at Which it dissolves. Any 
drug or other substance may be combined With the electro 
processed ?brin. 

[0023] The electroprocessed ?brin is particularly useful in 
application to the dermis and epidermis, for example in 
therapeutic or in cosmetic applications. For example, the 
electroprocessed ?brin is useful in vascular grafts for pro 
moting endothelialiZation. Healing and Wound repair, for 
example With cuts, abrasions or ulcers represents a preferred 
application of the invention. Such applications may employ 
antibiotics, antibacterials, anti-in?ammatories or substances 
that promote healing, as knoWn to one of ordinary skill in the 
art. Other classes of drugs or substances include, but are not 
limited to, antibiotics, chemotherapy agents, antifungals, 
analgesics, hormones, emollients, humectants, antioxidants, 
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vitamins, rejection drugs, and conditioners. Some preferred 
drugs or substances include, but are not limited to, estrogen, 
androgen, cortisone, cyclosporin, peptide groWth factors 
including VEGF (vascular endothial groWth factor), NGFs 
(nerve groWth factors), PDGF-AA, PDGF-BB, PDGF-AB, 
FGFb, FGFa, and BGF (bone groWth factors). Topical 
antibiotics include, but are not limited to, penicillin, genti 
mycin, tetracycline. Antimycotics may also be employed. 
[0024] The electroprocessed ?brin, electroprocessed ?brin 
matrix and/or electroprocessed ?brin and cells of the present 
invention may be applied to a desired site through any 
means, including but not limited to oral administration, anal 
administration, topical application, aerosol application, 
inhalation, intraperitoneal administration, administration 
into a body cavity, administration into the lumen or paren 
chyma of an organ, or spraying directly on a desired site. 
Spraying may include electrospraying on a desired site. Sites 
of application may be external, such as on the epidermis, or 
internal, for example a gastric ulcer, a surgical ?eld or 
elseWhere. The electroprocessed ?brin of the present inven 
tion may be applied in the form of creams, gels, solutions, 
suspensions, liposomes, particles, or other means knoWn to 
one of skill in the art of formulation and delivery of 
therapeutic and cosmetic substances. Ultra?ne particle siZes 
of electroprocessed ?brin may be used for inhalation deliv 
ery of therapeutics. 

[0025] The present invention includes a method for testing 
the effectiveness molecules on cells contained in an elec 
troprocessed ?brin matrix in vitro. Any cell may be placed 
in the ?brin matrix and any desired substance may be 
administered to the cell in the ?brin matrix. Any desired 
biological response may be evaluated. This method may 
alternatively include manufacturing electroengineered tissue 
by streaming an electrically charged solution comprising 
?brin and cancer cells on to a grounded target substrate 
under conditions effective to deposit the ?brin and cancer 
cells onto the substrate. The present invention includes a 
method for testing the effectiveness of cancer therapy treat 
ments in vitro. The method includes manufacturing electro 
engineered tissue comprising ?brin and cancer cells. A 
plurality of samples of the electroengineered tissue are 
subjected to a plurality of cancer therapy treatments. The 
method further includes evaluating the relative effectiveness 
of the cancer therapy treatments. Also, the cancer cells may 
be obtained from a patient Who is in need of cancer therapy 
treatments. 

[0026] Accordingly, it is an object of the present invention 
to overcome the foregoing limitations and draWbacks by 
making and using electroprocessed ?brin. 
[0027] Yet another object of the present invention is to 
provide an electroprocessed ?brin matrix. By electropro 
cessing, a ?brin matrix can be formed for use in numerous 
?elds including biomedical applications, among others. 
Electroprocessed ?brin forms a three-dimensional, space 
?lling netWork, and can be aligned during formation by How 
dynamics. Once formed, the ?brin matrix can be aligned by 
mechanical traction, magnetic force or other means. 

[0028] Another object of the present invention is to pro 
vide methods for making electroprocessed ?brin and an 
electroprocessed ?brin matrix. 
[0029] It is an object of the present invention to use ?brin 
or any solution capable of forming ?brin in the process of 
electroprocessing. 
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[0030] It is another object of the present invention to use 
?brinogen in combination With thrombin, and/or other 
agents capable of processing ?brinogen to ?brin, in the 
process of electroprocessing. Through the electroprocessing 
method of the present invention, a ?brin matrix can be 
formed for use in multiple ?elds including biomedical 
applications, among others. 

[0031] It is another object of the present invention to use 
the present methods to engineer tissues containing electro 
processed ?brin or an electroprocessed ?brin matrix. These 
tissues may include cells, drugs or other substances. 

[0032] Still another object of the present invention is to 
provide a neW method of delivery of substances, such as 
drugs, using electroprocessed ?brin, electroprocessed ?brin 
matrix and engineered tissue containing electroprocessed 
?brin matrix. 

[0033] Yet another object of the present invention is to 
provide engineered tissue containing electroprocessed ?brin 
matrix Which can be used as a Wound dressing, a nerve guide 
or as another implantable tissue. 

[0034] An advantage of the present invention is that 
autologous ?brin may be employed, thereby minimiZing 
chances for immune rejection of the electroprocessed ?brin 
matrix or the engineered tissue containing electroprocessed 
?brin matrix. 

[0035] These and other objects, features and advantages of 
the present invention Will become apparent after a revieW of 
the folloWing detailed description of the disclosed embodi 
ments and the appended draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0036] FIG. 1 is a schematic of an apparatus for applying 
strain to electroprocessed ?brin. 

[0037] FIG. 2 is a schematic of an electrospinning appa 
ratus. 

[0038] FIGS. 3 and 4 are schematic draWings of an 
electroprocessing device including the electroprocessing 
equipment and a rotating Wall bioreactor. 

[0039] FIG. 5 is a schematic draWing of an electropro 
cessing devise and electroprocessed material directed to a 
shaped target. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0040] The terms “electroprocessing” and “electrodeposi 
tion” shall be used broadly to cover the methods of electro 
spinning, electrospraying (electroaerosoling), electrosput 
tering of ?brin droplets, combinations of electrospinning 
and electroaerosoling, other combinations thereof, and any 
other method Wherein ?brin, molecules capable of forming 
?brin, ?brinogen, thrombin or combinations thereof, are 
streamed, sprayed, sputtered or dripped across an electric 
?eld and toWard a target. Similarly, the solution may be 
streamed from one or more grounded reservoirs in the 
direction of a charged substrate or from charged reservoirs 
toWard a grounded target. “Electrospinning” means a pro 
cess in Which ?brin ?bers are formed from a solution or melt 
by streaming an electrically charged solution or melt 
through an ori?ce. “Electroaerosoling” means a process in 

Apr. 11, 2002 

Which droplets are formed from a solution or melt by 
streaming an electrically charged polymer solution or melt 
through an ori?ce. The term “electroprocessing”, therefore, 
is not limited to the speci?c examples set forth herein. 

[0041] For the purposes of the present invention, the term 
?brin extracellular matrix refers to any three-dimensional 
structure onto Which or in Which cells can attach, multiply 
and groW. Other common terminology for ?brin extracellu 
lar matrices include scaffold, platform and a fascial sheath 
that could surround a muscle or nerve. 

[0042] Throughout this application, the term “solution” is 
used to describe the liquid in the reservoir of the electro 
processing method. In a preferred embodiment, ?brin in a 
solution is electrodeposited on a target. In the present 
invention, preferred solutions for formation of ?brin com 
prise a solution of thrombin and a solution of ?brinogen. 
Fibrinogen is converted to ?brin monomer by thrombin, 
Which aggregates into ?brin due to electrostatic interactions. 
This ?brin is not covalently cross-linked. It is to be under 
stood that any solutions capable of forming ?brin folloWing 
electrospinning, electrospraying or any form of electrode 
positing are included Within the scope of the present inven 
tion. For example, ?brin, ?brin analogs, precursors or active 
fragments thereof, ?brinogen analogs, precursors or active 
fragments thereof, and thrombin analogs, precursors or 
active fragments thereof and other molecules that are 
capable of forming ?brin may be employed in the present 
invention. Plasma is a good source of ?brinogen for ?brin 
formation, and plasma may be electroprocessed for this 
application. In one embodiment, a patient’s blood may be 
used to prepare ?brin matrix for autologous application. 
Several enZymes Will clot ?brinogen, and any enZyme With 
this capability is considered Within the scope of the present 
invention. These include but are not limited to, reptilase, 
batroxobin, and a variety of other snake venom enZymes. In 
addition, ?brinogen Will form a “?brin-like” matrix by 
adding large amounts of protamine sulfate. This process has 
been termed paracoagulation. 

[0043] In this application, the term “solution” also refers 
to suspensions containing the ?brin, molecules capable of 
forming ?brin, cells, substances such as drugs, other mol 
ecules or anything to be electrodeposited. “Solutions” may 
be in organic or biologically compatible forms. This broad 
de?nition is appropriate in vieW of the large number of 
solvents or other liquids and carrier molecules, such as PEG, 
that may be used in the many variations of electroprocess 
ing. Non cross-linked ?brin monomer may be electrodepos 
ited or electrospun from solvents such as urea, monochlo 
roacetic acid, or hexa?uoroisopropanol (HFIP). 

[0044] The term “?brin” is used throughout the present 
application in its broadest de?nition. It includes, but is not 
limited to, fragments, analogs, conservative amino acid 
substitutions, and substitutions With non-naturally occurring 
amino acids. There are multiple types of ?brin that are 
naturally-occurring as Well as types that are being syntheti 
cally manufactured or produced by genetic engineering. 
Other types may be found or synthesiZed in the future, or 
speci?c subsets of various ?brin molecules may be isolated 
With unique effects and may be used to make products like 
those described herein. All of these types and subsets are 
encompassed in the use of the term “?brin” herein. Also, as 
evidenced by some of the examples, the ?brinogen and/or 
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the thrombin may be mixed With other polymers or other 
molecules during electroprocessing to obtain speci?cally 
desirable properties for given end use of the ?brin or ?brin 
matrix. 

[0045] Electroprocessing Methods of Forming Fibrin 

[0046] Fibrin, or any molecule capable of forming ?brin, 
can be used in the present invention to form electropro 
cessed ?brin. Fibrinogen and thrombin are tWo preferred 
molecules for making ?brin. Fibrinogen can be electropro 
cessed in conjunction With or separately from thrombin to 
form electroprocessed ?brin or an electroprocessed ?brin 
matrix. This is conducted under conditions that do not alloW 
thrombin to promote the processing of ?brinogen to ?brin. 
This may be accomplished several Ways. For example, the 
?brinogen and thrombin can be electroprocessed from a 
solvent that does not alloW thrombin to function. Alterna 
tively, the ?brinogen or thrombin can be packaged in a 
carrier material. In this application the ?brinogen can be 
electroprocessed onto the target from one solution source 
(by itself or With a carrier). The thrombin can be deposited 
in an electroaerosol manner from a separate source. The 
thrombin can be encapsulated and sprayed as a ?ne mist of 
particles. Alternatively, thrombin and ?brinogen can be 
mixed With a carrier, such as PEG or collagen. 

[0047] Fibrin as a preformed gel can be electroprocessed. 
A ?brin gel may be subjected to pressure, for example using 
a syringe With a pressure head behind it to extrude the ?brin 
gel into the electrical ?eld. 

[0048] The carrier acts to hold the reactants in place until 
they are initiated. The entire product is preferably stored 
under dry conditions. When the material is placed in a moist 
environment, for example a cut, ulcer, or Weeping Wound, 
the thrombin is released, processes ?brinogen to ?brin and 
clot formation occurs. As stated above, it is to be understood 
that carriers may be used in conjunction With the molecules 
capable of forming ?brin. For example, ?brinogen can be 
mixed With PEG, collagen or other knoWn carriers that form 
?laments. This produces hairy ?laments With the hair being 
?brin. The ?brin in this type of use cross links the surround 
ing matrix carrier into a gel. This approach may be used for 
gelling molecules that do not normally gel. For example, if 
type IV collagen, or some other collagen, Would not form 
?laments, the ?brinogen, collagen and PEG could be elec 
trosprayed to form an electroprocessed ?brin-containing 
matrix. Once ?brin formation begins, a ?brin/collagen gel 
Would be produced. 

[0049] Alternatively, the ?brinogen/?brin can be sputtered 
With another molecule that forms a sheet (for example, PGA 
PLA PGAzPLA, collagen, ?bronectin). This sheet could be 
placed over a Wound. If the Wound opens the ?brinogen is 
converted to ?brin and a clot forms. If thrombin is present 
in the sheet, a clot may be obtained With the addition of 
Water and the release of the thrombin. Such sheets have 
applications in surgery and Wound care, among other uses. 
It is to be understood that other ?brin forming molecules 
besides ?brinogen and thrombin may be employed. 

[0050] In addition to the multiple equipment variations 
and modi?cations that can be made to obtain desired results, 
similarly the solution can be varied to obtain different 
results. For instance, the solvent or liquid in Which the 
?brinogen or thrombin is dissolved or suspended may be 
varied. 
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[0051] The ?brinogen or thrombin can be mixed With 
other molecules, monomers or polymers to obtained desired 
results. For instance, polymers can be added to modify the 
viscosity of the solution. In still a further variation, When 
multiple reservoirs are used, the ingredients in those reser 
voirs may be electrosprayed separately or joined at the 
noZZle so that the ingredients in the various reservoirs may 
react With each other simultaneously With the streaming of 
the solution into the electric ?eld. Also, When multiple 
reservoirs are used, the different ingredients in different 
reservoirs may be phased in temporally during the process 
ing period. The ?brinogen may be directly altered, for 
example, by altering the carbohydrate pro?le of the mol 
ecule. Also, other materials may be attached to the ?brin 
before, during or after electroprocessing of the ?brinogen 
and or thrombin. Further, the temperature and other physical 
properties of the process can be modi?ed to obtain different 
results. 

[0052] Finally, there are many types of post-process treat 
ments that may be used to modify and adjust the ?brin 
matrix resulting from the electroprocessing procedure. For 
instance, the ?brin matrix may be treated With a cross 
linking agent, including chemical and UV-light based cross 
linking agents. Also, the ?brin matrix may be treated With 
variations in temperature. Still further chemical variations 
may be envisioned by those desiring speci?c end properties 
of a matrix. Fibrin is formed in different Ways, for example 
by mixing together ?brinogen and thrombin in appropriate 
concentrations. Building an extracellular matrix comprised 
of ?brin, therefore, involves different Ways of bringing the 
molecules capable of forming ?brin, such as ?brinogen and 
thrombin, together through electroprocessing methods. This 
?brin may also be manipulated after it is formed With the 
electroprocessing methods. 

[0053] In the most fundamental sense, the electroprocess 
ing apparatus for electroprocessing ?brin includes a stream 
ing mechanism and a target substrate. The streaming mecha 
nism includes a reservoir or reservoirs to hold the one or 
more solutions that are to be streamed in the process. The 
reservoir or reservoirs have at least one ori?ce or noZZle to 
alloW the streaming of the solution from the reservoirs. 
There may be a single noZZle or multiple noZZles in a given 
electroprocessing apparatus. If there are multiple noZZles, 
they may be attached to one or more reservoirs containing 
the same or different solutions. Similarly, there may be a 
single noZZle that is connected to multiple reservoirs con 
taining the same or different solutions. Also, the siZe of the 
noZZle may be varied to provide for increased or decreased 
How of the solution out of the reservoir through the noZZle. 
A pump used in connection With the reservoir may be used 
to control the How of solution streaming from the reservoir 
through the noZZle or noZZles. The pump may be pro 
grammed to increase or decrease the How at different points 
during electroprocessing. 

[0054] The target substrate may also be used as a variable 
feature in the electroprocessing of molecules used to make 
electroprocessed ?brin. Speci?cally, the target may be the 
actual substrate for the molecules used to make electropro 
cessed ?brin, or electroprocessed ?brin itself is deposited. 
Alternatively, a substrate may be disposed betWeen the 
target and the noZZle. For instance, a petri dish can be 
disposed betWeen a noZZle and a target, and a matrix can be 
formed in the dish to study cell groWth in three dimensions 
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by forming a scaffold in the bottom of the dish. Other 
variations include non-stick surfaces betWeen the nozzle and 
target. The target may also be speci?cally charged 
(grounded) along a preselected pattern so that the solution 
streamed from the ori?ce is directed into speci?c directions. 
The electric ?eld may be controlled by a program to create 
an electroprocessed ?brin matrix having a desired geometry. 
The target and the noZZle or noZZles may be engineered to 
be movable With respect to each other thereby alloWing 
additional control over the geometry of the ?brin matrix to 
be formed. The entire process may be controlled by a 
microprocessor that is programmed With the speci?c param 
eters to obtain a speci?c, preselected and electroprocessed 
matrix of ?brin and, if desired, other molecules, monomers 
or polymers. 

[0055] Also, as noted in the speci?c examples that folloW, 
the noZZle or ori?ce that alloWs streaming of solution from 
the reservoir is shoWn to be charged and the target is shoWn 
to be grounded. Those of skill in the electroprocessing arts 
Will recogniZe that the noZZle and solution may be grounded 
and the target may be electrically charged. In any event, it 
is the creation of the electrical ?eld and the effect of the 
electrical ?eld on the streamed ?brin, or the streamed 
thrombin and ?brinogen that help create the ?brin. 

[0056] An extracellular matrix of electrospun ?brin ?bers, 
in accordance With the present invention, can be produced as 
described beloW. While any molecules capable of forming 
?brin may be used, it is preferable to electrospin ?brinogen 
or thrombin to make ?brin ?bers. Various effective condi 
tions can be used to electrospin a ?brin ?ber matrix. While 
the folloWing is a description of a preferred method, other 
protocols can be folloWed to achieve the same result. Refer 
ring to FIGS. 3 and 4, in electrospinning ?brin ?bers, 
micropipettes 10 are ?lled With a solution of ?brinogen or 
thrombin and suspended above a grounded target 11, for 
instance, a metal ground screen placed inside the central 
cylinder of the RCCS bioreactor. A ?ne Wire 12 is placed in 
the solution to charge the solution in each pipette tip 13 to 
a high voltage. At a speci?c voltage determined for each 
solution and apparatus arrangement, the solution suspended 
in each pipette tip is directed toWards the grounded target. 
This stream 14 of ?brinogen and thrombin forms a continu 
ous ?lament that, upon reaching the grounded target, col 
lects and dries to form a three-dimensional, ultra thin, 
interconnected matrix of ?brin ?bers. 

[0057] Minimal electrical current is involved in this pro 
cess, and, therefore, the streaming process does not denature 
the ?brinogen and thrombin, because there is no expected 
temperature increase in the ?brinogen and thrombin solu 
tions during the procedure. 

[0058] Like the electrospinning process, an electroaero 
soling process can be used to produce a dense, matte-like 
matrix of ?brin droplets. The electroaerosoling process is a 
modi?cation of the electrospinning process in that the elec 
troaerosol process utiliZes a loWer concentration of the 
?brinogen and thrombin during the procedure. Instead of 
producing a polymeric splay (?bers) at the charge tip of the 
splay noZZle, small droplets of ?brinogen and/or thrombin 
are formed. These droplets then travel from the charged tip 
to the grounded substrate to form a sponge like matrix 
composed of fused polymeric droplets, generally in the 
order of less than 10 microns in diameter. 
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[0059] As With the electrospinning process described ear 
lier, the electroaerosol process can be carried out using 
various effective conditions. The same apparatus that is used 
in the electrospinning process, for instance as shoWn in 
FIGS. 3 and 4, is utiliZed in the electroaerosol process. The 
differences from electrospinning include the concentration 
of the ?brinogen or thrombin placed in solution in the 
micropipette reservoir and/or the voltage used to create the 
stream of droplets. 

[0060] One of ordinary skill in the art recogniZes that 
changes in the concentration of ?brinogen or thrombin 
solutions requires modi?cation of the speci?c voltages to 
obtain the formation and streaming of droplets from the tip 
of a pipette. 

[0061] Various molecules can be used alone, or in com 
bination, to produce the electrospun and/or electroaerosol 
?brin matrices. Any suitable molecules that Will form ?brin 
may be used. In preferred embodiments, ?brinogen and 
thrombin are employed to form the extracellular ?brin 
matrix. Fibrin, ?brinogen and thrombin are available from 
commercial sources, or they can be prepared according to 
methods knoWn in the art. 

[0062] Numerous molecules, cells or other materials, such 
as polymers, can be supplemented into the electrospinning 
or electroaerosoling solution. In one embodiment, naked 
DNA or vectors containing desired coding information for a 
speci?c product(s) can be mixed into the ?brinogen or 
thrombin solutions for incorporation into the tissue-engi 
neered scaffold. Upon consumption/reorganiZation of the 
scaffolding by the seeded cells, they may incorporate the 
vector into their DNA and produce a desired effect. The 
DNA can be in any form Which is effective to enhance its 
uptake into cells. For example, it can be naked (e.g., US. 
Pat. Nos. 5,580,859; 5,910,488) or complexed or encapsu 
lated (e.g., US. Pat. Nos. 5,908,777; 5,787,567). Similar to 
adding DNA, antibiotics, chemotherapy agents, antifungals, 
analgesics, hormones, emollients, humectants, antimycotics, 
anti-oxidants, vitamins, conditioners, rejection drugs, other 
drugs, peptide groWth factors including VEGF (vascular 
endothial groWth factor), NGFs (nerve groWth factors), 
PDGF-AA, PDGF-BB, PDGF-AB, FGFb, FGFa, and BGF 
(bone groWth factors), monokines, immunosuppressants, 
angiogenic factors or other factors as discussed elseWhere 
herein, may be added into the electrospun or electroaerosol 
matrix to aid in tissue regeneration or to achieve other 
desired biological results. 

[0063] The electrospinning or electroaerosoling process 
can be manipulated to meet the speci?c requirements for any 
given application of the electroprocessed ?brin made With 
these methods. In one embodiment, the micropipettes can be 
mounted on a frame that moves in the x, y and Z planes With 
respect to the grounded substrate. The micropipettes may be 
mounted around a grounded substrate, for instance a tubular 
mandrel. In this Way, the ?brinogen or thrombin streamed 
from the micropipette can be speci?cally aimed or patterned. 
Although the micropipettes can be moved manually, pref 
erably, the frame onto Which the micropipettes are mounted 
is controlled by a microprocessor and a motor that alloWs the 
pattern of streaming collagen to be predetermined by a 
person making a speci?c matrix. Such microprocessors and 
motors are knoWn to one of ordinary skill in the art. For 
instance, ?brins ?bers or droplets can be oriented in a 
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speci?c direction, they can be layered, or they can be 
programmed to be completely random and not oriented. 

[0064] In the electrospinning process, the ?brinogen and 
thrombin stream or streams can branch out to form ?brin 

?bers. The degree of branching can be varied by many 
factors including, but not limited to, voltage, ground geom 
etry, distance from micropipette tip to the substrate, diameter 
of micropipette tip, ?brinogen concentration, and thrombin 
concentration. Fibrinogen, thrombin, ?brin and various 
combinations can also be delivered to the electric ?eld of the 
system by injecting the materials into the ?eld from a device 
that Will cause them to aerosol. This process may be varied 
by many factors including, but not limited to, voltage (for 
example ranging from about 0 to 30,000 volts), distance 
from micropipette tip to the substrate (for example from 
0-40 cm), and the diameter of micropipette tip (approxi 
mately 0-2 Several of these variables are Well-knoWn 
to those of skill in the art of electrospinning micro?ber 
textile fabrics. 

[0065] The geometry of the grounded target can be modi 
?ed to produce a desired matrix. In a preferred embodiment, 
a rotating Wall bioreactor is used. The grounded target is a 
cylinder that ?ts inside the inner cylinder in the electrospin 
ning or electroaerosoling process. By varying the ground 
geometry, for instance having a planar or linear or multiple 
points ground, the direction of the streaming ?brin can be 
varied and customiZed to a particular application. For 
instance, a grounded target comprising a series of parallel 
lines can be used to orient electrospun ?brin in a speci?c 
direction. The grounded target may be a cylindrical mandrel 
Whereby a tubular matrix is formed. Most preferably, the 
ground is a variable surface that can be controlled by a 
microprocessor that dictates a speci?c ground geometry that 
is programmed into it. Alternatively, for instance, the ground 
may be mounted on a frame that moves in the X, y, and Z 
planes With respect to a stationary micropipette tip streaming 
collagen. The grounded target 11 in FIG. 4 is shoWn as being 
able to oscillate along its longitudinal axis. 

[0066] The substrate onto Which the ?brin is streamed, 
sprayed or sputtered can be the grounded target itself or it 
can be placed betWeen the micropipette tip and the grounded 
target. The substrate can be speci?cally shaped, for instance 
in the shape of a nerve guide, skin patch, fascial sheath, or 
a vascular graft for subsequent use in vivo. The ?brin matrix 
can be shaped to ?t a defect or site to be ?lled. For example 
a site Where a tumor has been removed, or an injury site in 
the skin (a cut, a biopsy site, a hole or other defect) or to 
reconstruct or replace a missing or shattered piece of bone. 
Electroprocessing alloWs great ?exibility and makes it pos 
sible to customiZe the construct to virtually any shape 
needed. Fibrin is so ?exible that it can be formed to virtually 
any shape. 

[0067] Other variations of electroprocessing, particularly 
electrospinning and electroaerosoling include, but are not 
limited to the folloWing: 

[0068] 1. Using different solutions (e.g., ?brinogen 
and thrombin) to produce tWo or more different 
?bers or droplets simultaneously (matrix ?ber or 
droplet array). In this case, the single component 
solutions can be maintained in separate reservoirs. 

[0069] 2. Using mixed solutions (for example, ?brin, 
?brin and cells, ?brinogen and cells, thrombin and 
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cells, ?brinogen and groWth factors, ?brinogen or 
thrombin and drugs) in the same reservoir(s) to 
produce ?bers or droplets composed of multiple 
substances (?ber composition “blends”). Nonbio 
logical but biologically compatible material can be 
mixed With a biological molecule such as ?brin, 
?brinogen or thrombin, for example PVA, poly(lac 
tic acid) (PLA), poly(glycolic acid) (PGA), PEO, etc. 
Other biological materials can be added, for example 
collagen or blends of collagen. 

[0070] 3. UtiliZing multiple potentials applied for the 
different solutions or even the same solutions. 

[0071] 4. Providing tWo or more different geometric 
grounded targets (i.e. small and large mesh screens). 

[0072] 5. Placing the mold or mandrel or other 
ungrounded target in front of the grounded target. 

[0073] 6. Applying agents such as Te?on onto the 
target to facilitate the removal of electroprocessed 
materials from the target (i.e. make the material more 
slippery so that the electroprocessed materials do not 
stick to the target). 

[0074] All these variations can be done separately or in 
combination to produce a Wide variety of electrospun and 
electroaerosol electroprocessed ?brin extracellular matrices. 

[0075] Additionally, a matrix can be formed that includes 
both electrospun ?brin and electroaerosol ?brin. In other 
Words, a combination of ?bers and droplets may be bene? 
cial for some applications depending on the particular struc 
ture to be mimicked. This combination of ?bers and droplets 
can be obtained by using the same micropipette and solution 
in varying the electrical charge; varying the distance from 
the grounded substrate; varying the polymer concentration 
in the reservoir; using multiple micropipettes, some from 
streaming ?bers and others for streaming droplets; or any 
other variations to the method that could be envisioned by 
those of skill in this art. The ?bers and droplets could be 
layered or mixed together in same layers. The construct can 
be fabricated in laminate layers so that each alternate layer 
is designed to undergo degradation, breakdoWn, hydrolysis 
after different rates. For example, the inner layer of a 
construct might be fabricated from electrospun ?brinogen/ 
?brin. This layer is then coated With collagen, then a layer 
of PLA, a layer of PGA or any other desired layer. 

[0076] The stability, rigidity, and other attributes of the 
electrospun or electroaerosol matrix can be regulated by the 
degree to Which it is chemically modi?ed. The electrospun 
or electroaerosol matrix may be used in its unmodi?ed state, 
or it may be modi?ed in accordance With the requirements 
of a speci?c application. Modi?cations to the matrix can be 
made during the electrospinning or electroaerosoling pro 
cess or after it is deposited. Cross-linking agents such as 
carbodiimide EDC (1-ethyl-3(3 dimethyl aminopropyl)), 
carbodiimide hydrochloride, NHS (n-hydroxysuccinimide), 
or UV light can be used, e.g., aldehydes (e.g. glutaralde 
hyde) photosensitive materials that cross link upon exposure 
to speci?c Wavelengths of light, osmium tetroxide and other 
cross-linking ?xatives. 

[0077] One embodiment for appropriate conditions for 
electrospinning ?brin is presented beloW. For electrospin 
ning ?brin by combining ?brinogen and thrombin, the 
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appropriate approximate ranges are: voltage 0-30,000 volts; 
pH 7.0 to 7.4; calcium 3 to 10 mM; temperature 20 to 40° 
C.; ionic strength 0.12 to 0.20 M; thrombin 0.1 to 1.0 units 
per ml; and ?brinogen 5 to 25 mg/ml. For electrospinning 
?brin monomer, the pH Would start at 5 and increase to 7.4 
While the ionic strength Would start above 0.3 M and 
decrease to 0.1 M. The other conditions are similar as stated 
Within this paragraph. Fibrin matrices of varying properties 
can be engineered by shifting the pH, changing the ionic 
strength, altering the calcium concentration or adding addi 
tional polymeric substrates or cationic materials. 

[0078] Forming an Electroprocessed Fibrin Matrix 

[0079] Electroprocessed ?brin can be electrodeposited 
inside a speci?cally shaped mold (FIG. 5). For instance, a 
particular type of organ or tissue that is desired to be 
replaced has a speci?c shape, such as a skin patch to ?t a 
biopsy site or a large scalp area folloWing a Wide area 
removed after discovering a malignant melanoma. That 
shape is then reproduced and created inside a mold designed 
to mimic that shape. This mold could be ?lled by electrode 
positing the ?brin into the mold. In this Way, the ?brin 
matrix exactly mimics the mold shape. Creating an extra 
cellular ?brin matrix that has a speci?c shape can be very 
important in creating a neW organ. The shape of the matrix 
can induce cells seeded into the ?brin matrix to differentiate 
in a speci?c manner. GroWth factors or other substances may 
be incorporated as discussed elseWhere herein. This can 
result in a more effective, more naturallike organ or tissue 
being created. HolloW and solid organs can be made. Mixing 
cells With the material during electrospraying forms cells 
Within the matrix so that they do not have to migrate into the 
gel. 
[0080] An extracellular matrix of ?brin may also be cre 
ated through electroprocessing techniques such as electro 
spinning and electroaerosoling. For this purposes of this 
discussion, electrospinning and electroaerosoling are terms 
that are used interchangeably. In order to electrospin ?brin, 
at least tWo different reservoirs are connected together at an 
ori?ce. One of the reservoirs contains ?brinogen, another 
contains thrombin. The solutions containing these compo 
nents are mixed together immediately before they are 
streamed from an ori?ce in the electrospinning process. In 
this Way, ?brin forms literally as the micro?bers or micro 
droplets are formed in the electrospinning process. 

[0081] Fibrinogen may also be electrosprayed into a moist 
atmosphere of thrombin to form ?laments Within the electric 
?eld. Fibrinogen may also be electrosprayed onto a target 
that has thrombin. Alternatively thrombin may also be 
electrosprayed onto a target that has ?brinogen. 

[0082] An extracellular matrix incorporating ?brin can 
made by combining ?brin With one or more other materials 
and components to create a matrix. For instance, an extra 
cellular matrix that has both collagen and or ?bronectin and 
or other matrix materials and ?brin incorporated into it could 
be created. This could be useful depending on the speci?c 
type of tissue or organ being synthesiZed. In additional to 
mixing ?brin With other matrix ingredients, ?brin can be 
used in connection With other matrix building processes. In 
other Words, an extruded tube could have an outside layer 
electrospun onto it Wherein the different layers complement 
each other and provide an appropriate matrix to promote a 
speci?c type of cell groWth. An example includes a vascular 
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graft comprised primarily of a collagen tube. Outside the 
tube, an electrospun layer of both ?brin and cells could be 
added to promote the acceptability of the graft in a particular 
recipient. A second example is an in vitro skin preparation 
formed by groWing ?broblasts in one layer, covering the ?rst 
layer With electroprocessed collagen, and then groWing a 
second layer composed of epidermal cells in the ?brin 
matrix. This “sandWiching” technique could be used to make 
a variety of tissues. 

[0083] The various properties of the extracellular matrix 
can be adjusted in accordance With the needs and speci? 
cations of the cells to be suspended and groWn Within it. The 
porosity, for instance, can be varied in accordance With the 
method of making the extracellular matrix. Electrospinning 
a particular matrix, for instance, can be varied by ?ber 
(droplet) siZe and density. If the cells to be groWn in the 
matrix require a great deal of nutrient How and Waste 
expulsion, then a loose matrix could be created. On the other 
hand, if the tissue to be made requires a very dense envi 
ronment, then a dense matrix could be designed. Porosity 
may be manipulated by mixing salts or other extractable 
agents. Removing the salt Will leave holes of de?ned siZes 
in the matrix. 

[0084] Uses for Electroprocessed Fibrin 

[0085] There are many different applications for ?brin 
produced through electroprocessing methods. This versatil 
ity is enabled by the variability of the process itself. Gen 
erally speaking, there is variability With the equipment and 
solutions used, and various post-process treatments. One 
post treatment is the addition of anti?brinolytic agents to 
delay netWork dissolution and provide a more durable 
material. Another post-process treatment is traction align 
ment to apply force to the electroprocessed ?brin in order to 
shape or align it. This could be useful for the production of 
nerve guides and other objects. Fibrin or ?brinogen may be 
cross-linked With cross-linking agents knoWn to one or 
ordinary skill in the art of cross-linking proteins, for 
example, With carbodiimides, aldehydes, or ultraviolet 
energy (if photo-sensitive agents are employed). 

[0086] The use of electroprocessed ?brin as an extracel 
lular matrix has many advantages. As a clotting agent, ?brin 
is associated With healing in the body. It is a porous medium 
that alloWs nutrients and Waste to How to and from cells 
suspended Within a ?brin structure. The presence of ?brin 
also promotes the groWth of vasculature in adjacent regions, 
and in many other Ways is a natural healing promoter. 

[0087] Fibrin is a readily available material. It is present in 
plasma. To the extent that the extracellular matrix is being 
used to fabricate a tissue or organ to be transplanted into a 
recipient, the recipient’s oWn plasma can be used as a source 
of ?brin (?brinogen) to create the matrix. In this Way, the 
matrix is made from a recipient’s oWn ?brin, thereby over 
coming potential complications With respect to viral expo 
sure from materials obtained from other human donors. Use 
of ?brin collected from other sources can be made signi? 
cantly safer by multiple puri?cation steps, and by processes 
such as pasteuriZation or other processes to remove viral 
particles and other infectious agents. 

[0088] Fibrin is an excellent extracellular matrix because 
it is eventually absorbed by the body of the recipient. In 
other Words, during and after ?brin serves its healing/ 
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rebuilding purpose, the body Will naturally degrade it. This 
is part of the natural healing mechanism. There Would be no 
lingering foreign matter, only the cells constituting the 
replacement cells, tissues or organs. Electroprocessed ?brin 
may be mixed With other ?brillar materials to obtain differ 
ent rates of degradation. Native ?brin degrades rapidly, 
collagen more sloWly, PGA and PLA more sloWly yet. 
Cross-linking the ?brin and other materials to various 
degrees Will stabiliZe the materials to different extents. 
Electroprocessed ?brin may be slightly cross-linked for 
small increase in half life, or highly cross-linked to provide 
extended duration of use. 

[0089] There are numerous applications for ?brin pro 
duced through electroprocessing methods. The different 
?elds of use of this process and the product thereof include 
biomedical applications. Non-limiting examples of potential 
applications in these ?elds of use Will be discussed herein. 

[0090] Biomedical Applications 

[0091] There are at least tWo major biomedical applica 
tions for ?brin produced through electroprocessing tech 
niques. In general terms, electroprocessed ?brin matrix may 
be used in the formation of an extracellular matrix and in 
delivery of substances, including drugs. 

[0092] Electroprocessed ?brin may be used in several 
biomedical areas, including but not limited to the folloWing: 
topical Wound care; temporary skin patch; skin grafts; dural 
patches; bed sores; ulcers, including diabetic ulcers; cuts; 
abrasions; fascial replacements; surgical applications for 
example, application such as electrospray onto a open site or 
surgical ?eld; hemostatic agent to stop bleeding (sheets, 
paste, poWders, ?lms, and other forms); biological suture 
material; matrix for micro-organ production; nerve guide for 
nerve repair as a nerve replacement When combined With 
neurogenic stem cells; as a scaffold for introducing or 
reintroducing cells into the body. Electroprocessed ?brin 
may be made in a dry form ready to react upon contact With 
Water, or timed to react after contact With Water after some 
interval (determined by the carrier molecules used to process 
the ?brinogen). Hemophiliacs Would especially bene?t from 
the hemostatic properties of the electroprocessed ?brin of 
the present invention. 

[0093] Biomedical applications of cross-linked electro 
processed ?brin include the folloWing: vascular valves; 
vascular grafts; tendon/muscle repair; tendon or ligament; 
vascular scaffold or support; Wound care; cartilage; hernia 
patch; nerve repair; bone; suture material; and as a bioengi 
neering platform. 

[0094] Bioengineering Using Electroprocessed Fibrin 
Matrix 

[0095] An additional application of the invention is as a 
platform for the fabrication of tissue using an electropro 
cessed ?brin matrix as a solid support. The fabrication 
platform is composed of an electroprocessed matrix of 
?brin, or ?brin combined With other molecules, micro?bers 
or blends of materials. The overall three-dimensional geo 
metric shape of the platform is determined by the ultimate 
design and type of tissue to be bioengineered. 

[0096] Several permutations of the design are possible. 
For example, to fabricate a solid three-dimensional “plug” 
of ?brin-containing tissue, a fabrication platform is elec 
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trodeposited on a mandrel or into a mold, perhaps through 
electrospraying. The mandrel may be cylindrical in shape, a 
?attened oval shape, a rectangular envelope shape (like a 
mailing envelope), or any other desired shape. The ?brin 
containing bioengineering platform is electrodeposited on a 
mandrel With the desired shape and alloWed to cure. The 
electrodeposited matrix is removed from the mandrel. For a 
cylindrical-shaped bioengineering platform or any other 
shape of construct in Which an enclosed area is desired, a 
suture, glue, staple or heat seal or some other method may 
be used to seal one end of the bioengineering platform. This 
results in a holloW platform that is closed on one end and 
open on the other. The electrodeposited ?brin-containing 
platform can noW be ?lled With cells or other materials, or 
cells or other materials may be placed on the outer surface 
of the construct. For example, a mixture of ?brin from the 
electroprocessing procedure, or other materials such as cells, 
or molecules such as drugs or groWth factors may be placed 
Within the platform. The free and open end of the envelope 
that Was used to ?ll the construct With material can be 
sutured, glued or heat sealed shut to produce an enclosed 
bioengineering platform. The entire construct is then placed 
into a bioreactor for cell culture or directly placed in situ for 
further development. With modi?cations, a bioengineering 
?brincontaining platform composed of a solid, rather than a 
holloW, format can be electroprocessed. 

[0097] Endothelial cells may be added to the core or 
outside surface of the ?brin-containing bioengineering plat 
form during seeding to pre-form a capillary netWork. 

[0098] Cells may be added during the electroprocessing 
process to trap or surround cells Within the ?brin matrix as 
it forms. This may be accomplished by adding cells from a 
separate noZZle(s) or other sources if the materials to be 
electroprocessed, for example ?brinogen and thrombin, 
must be placed in an organic solvent or solvents (for 
example a solvent With high or loW pH or a solvent With high 
or loW salt content). Cells may also be added by other 
means, for example cells may be dribbled into an electro 
spinning stream and trapped by the forming ?bers. 

[0099] Cell polarity can be regulated by controlling the 
orientation of the ?brin ?bers on the mandrel during or after 
electroprocessing. For aligned ?bers, this can be accom 
plished by electrodepositing, perhaps using electrospinning, 
onto a target mandrel that is spinning. The ?brin ?bers Will 
be Wrapped around the mandrel in the direction of rotation. 
Electrospinning onto a static, non-spinning mandrel Will 
produce a more random ?brillar matrix. Fibrin can be 
mechanically aligned after spinning by stretching or some 
other form of mechanical distension. Orientation of the 
electroprocessed ?brin matrix may be bene?cial in facilitat 
ing cell proliferation. 

[0100] Polarity may also be controlled by ?rst electropro 
cessing an aligned matrix onto a spinning mandrel. The 
matrix is then cut from the mandrel, rotated 90 degrees (or 
any other degree of rotation) and placed back onto a man 
drel. A second layer of material is then electrospun onto the 
?rst layer. This method Will produce an inner layer of ?brin 
?bers that are aligned along the long axis of rotation. 
Alternatively, ?brin layers created With this method may be 
surrounded by layers of other materials. These materials 
may include biocompatible materials such as PGA, PLA, 
PGAzPLA co-polymers. 
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[0101] Cell polarity can be regulated by placing the 
bioengineering platform Within a stretching device installed 
in the bioreactor. By gradually applying strain across the 
construct over time the cells Within the platform Will spread 
in parallel With the applied force. 

[0102] Cells may also be electrodeposited With the elec 
troprocessed ?brin, either from the same reservoir or from 
different reservoirs. The electroprocessed ?brin bioengineer 
ing platform may be used as a differentiation platform for the 
manipulation of cells such as stem cells. The porosity and 
chemical composition of the electroprocessed ?brin matrix 
can be controlled prior, during, and after fabrication. This 
permits creation of a desired microenvironment that is 
believed to be critical for controlling the differentiation 
process in stem cells. 

[0103] Conductive materials may be electrodeposited into 
or onto the electroprocessed ?brin matrix. In this Way the 
?brin-containing construct can be electrically stimulated to 
promote neural ingroWth, stem cell differentiation, or con 
traction of engineered muscle, or to promote the formation 
of bone in orthopedic applications Where ?brin is used as a 
carrier to reconstruct bone. Incorporating conductive mate 
rials into an ?brin matrix produced through electroprocess 
ing also could be used as means to further alter the properties 
of a ?brin matrix folloWing fabrication. For example, apply 
ing an electrical ?eld across an existing ?brin matrix might 
be used to alter the shape, porosity or density of the matrix. 
The stability of the ?brin matrix (resistance to breakdown) 
might be altered by applying an electric ?eld across the 
?brin. Magnetic materials can be placed in the matrix to 
alloW the matrix to be moved. For example, a magnetic ?eld 
can be used to position a matrix by relatively non-invasive 
means, to direct the movement of the matrix Within the 
peritoneum. Such materials include but are not limited to 
carbon black or graphite, carbon nanotubes, ferro?uids, and 
various dispersions of electrically conducting polymers. 
Also, conducting polymer ?bers can be produced by elec 
trospinning during ?brin electroprocessing. In addition, con 
ducting polymers can be prepared in-situ in the ?brin by, for 
example, incorporation of a monomer (e.g., pyrrole) fol 
loWed treatment With polymeriZation initiator and oxidant 
(e.g., FeCl3). Finally, conducting polymers can be groWn in 
?brin after electroprocessing by using a ?brincoated con 
ductor as the anode for electrochemical synthesis of, for 
example, polypyrrole or polyaniline. Fibrinogen can be 
added to an aqueous solution of pyrrole or aniline to create 
a conducting polymer at the anode With entrapped ?brinogen 
Which can then be treated With thrombin. 

[0104] The ?brin-containing engineered tissue can be vas 
culariZed through different means. Angiogenic factors mat 
be seeded into the electroprocessed ?brin. Electroprocessed 
?brincontaining engineered tissue may be vasculariZed by 
placing it Within the omentum. 

[0105] The ?brin-containing engineered tissue can be 
placed in a bioreactor to engineer an organ or alter the gene 
pro?le of cells. For example, cells may be obtained from a 
patient, the patient’s ?brin could be electroprocessed from 
the patient’s plasma, and this electroprocessed ?brin matrix 
can be used to support cells isolated from the patient. These 
cells could be transfected, cultured, characteriZed and 
implanted into the patient. Using this approach, only the 
patient’s oWn materials are used, thereby minimiZing 
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chances of rejection. Transfections may be expressed in a 
temporary or permanent manner depending on the desired 
application. 
[0106] In the present invention, cells are initially cultured 
by routine techniques. Once an appropriate cell density has 
been achieved, the cells are suspended in a solution of ?brin 
prior to electroprocessing. Alternatively, cells are suspended 
in ?brinogen or thrombin solutions prior to electroprocess 
ing the suspension. If cells are suspended in ?brinogen, this 
suspension may be electroprocessed, for example sprayed or 
spun, and a thrombin solution may separately be sprayed 
into the ?brinogen spray or sprayed on the target covered by 
the cells suspended in ?brinogen. Fibrin, therefore, is 
formed in the mixed sprays or on the target. This three 
dimensional ?brin structure With the cells implanted in it is 
then returned to a cell culture apparatus for continued 
groWth. As is demonstrated in the folloWing examples, the 
cells attach to the ?brin netWork and rapidly concentrate 
themselves. Depending on the type of cells suspended in the 
matrix, the cells can be promoted to groW in the same 
biological appearance as the normal tissue or organ corre 
sponding to the cell type. 

[0107] This electroprocessed ?brin-containing tissue pro 
vides several advantages. It provides a solid support that can 
be used to groW tissue at very high density. This can be 
achieved by simply collapsing a ?brin matrix either 
mechanically or chemically. This has advantages if the 
“groWth” phase and “use/service” phase of the cells in 
question require different cell densities. For instance, groW 
ing cells can be made more ef?cient When more dilute, in 
term of nutrient and gas transport. When the groWth phase 
is done, the cells can be concentrated by collapsing the 
matrix thus providing With a concentrated cell “plug” ready 
for implant or other testing. This electroprocessed ?brin 
containing matrix controls and establishes a local microen 
vironment With the construct. By controlling material prop 
erties of the matrix, one can control the buoyant nature of the 
construct, the porosity and the stability of the matrix (i.e. it 
can be designed to be very stable or to degrade over a 
relatively short period of time). It provides a platform for 
cell culture or tissue bioengineering that is unique and 
amenable for use in a bioreactor environment. It also pro 
vides a platform for cell culture and bioengineering of many 
different types of tissues that are large and can be manipu 
lated manually. Also, the electroprocessed ?brin-containing 
matrix provides a solid phase delivery device for peptide 
groWth factors, drugs and gene sequences, partial gene 
sequences in the sense and anti-sense directions. 

[0108] The present invention describes a technique that 
alloWs three-dimensional cell groWth and tissue/organ syn 
thesis. By mimicking the pathologic process of metastasis, 
cells are placed in an electroprocessed three-dimensional 
?brin matrix to support groWth and normal cell to cell 
interactions. Cells may groW at a rapid rate in these ?brin 
structures, and may assume the shapes seen in normal tissue 
and organs. 

[0109] Cell Encapsulation in the Electroprocessed Fibrin 
Matrix 

[0110] In many of the electroprocessing applications used 
in testing, organic solvents must be used to carry molecules 
capable of forming ?brin for the fabrication of an electro 
processed ?brin matrix for bioengineering. HoWever, there 
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are many applications in Which it Would be desirable to 
incorporate cells Within the ?brin matrix during the ?brin 
electroprocessing process. For example, during the fabrica 
tion of bioengineered cartilage or bone, it Would be desirable 
to entrap the resident cells of these tissues Within the 
electroprocessed ?brin matrix as it is fabricated. This is not 
possible With many of the solvents that are most effective for 
producing the matrix for bioengineering. By suspending 
cells in a ?brinogen solution or Within a ?brin matrix (for 
example a partially or fully polymeriZed matrix of ?brin) 
they may be delivered to an electroprocessed ?brin matrix 
during the fabrication of the ?brin. 

[0111] The matrix can also be treated or seeded With 
various factors and proteins to control the degradation/ 
absorption of the matrix into a recipient environment. For 
instance, if the cells seeded Within the matrix are sloW 
groWing, then it is bene?cial to maintain the matrix integrity 
for enough time to alloW the cells to regenerate and groW. On 
the other hand, if the cells are able to quickly reproduce and 
groW, then a short lived matrix could be desirable. Varying 
the concentration of aprotinin additives, aminocaproic acid, 
or similar ?brinolytic inhibitors or varying the degree of 
chemical or ultraviolet cross-linking in the matrix could be 
used to precisely control this variable. The matrix could also 
be seeded With varying groWth factors, including but not 
limited to, angiogenesis factors, to promote a groWth of 
blood vessels upon implantation, nerve groWth factors to 
promote nerve groWth, bone groWth factors to promote bone 
formation, and PDGF isomers to promote cell division. The 
?brin-containing matrix may be seeded With factors to 
promote healing, to minimiZe immunorejection. The ?brin 
containing matrix may be seeded With agents that can induce 
in?ammation and subsequent healing or promote the forma 
tion of a ?brotic capsule (PGA). Other agents that may be 
added include but are not limited to the folloWing: suppres 
sors of in?ammation like cortisone; other anti-in?ammatory 
drugs; hormones; cyclosporin and other anti-rejection 
agents; and full and partial length gene sequences both in the 
sense and anti-sense directions. For example, VEGF in the 
sense direction in a matrix that is used as a topical applica 
tion to a Wound. The gene sequence is delivered to cells in 
the immediate vicinity of the injury, transfects those cells 
transiently or permanently. Antisense sequences directed 
against proteases may be employed. In this application the 
antisense sequences may be full length or partial length, or 
mixtures of several. When delivered, these antisense 
sequences suppress the expression of the target molecule in 
a transient fashion. 

[0112] Cells may be placed Within the electroprocessed 
?brin matrix as it is undergoing fabrication. Cells may be 
co-deposited With electroprocessed ?brin from the same 
solution of ?brin or molecules capable of forming ?brin, 
such as ?brinogen or thrombin. In another embodiment, a 
secondary source of cells can be delivered to the ?brin 
matrix during electroprocessing. In one embodiment, cells 
may be dribbled onto the mandrel during electroprocessing 
of ?brin. 

[0113] Cells may be suspended Within an aerosol as a 
delivery system for the cells to the electroprocessed ?brin 
matrix. The cells may be delivered in this manner While the 
?brin matrix is being formed. Cardiac ?broblasts Were 
suspended in phosphate-buffered saline (PBS) at a concen 
tration of approximately one million cells per milliliter. The 
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suspension of cells Was placed Within a reservoir of a 
Paasche air brush. To test the ef?cacy of using this type of 
device to deliver cells We initially sprayed the cell suspen 
sion onto a 100 mm culture dish. Some of the cells survived, 
attached to the dish and spread out over the substratum. 

[0114] In the second trial the culture dish Was located 
further aWay from the air brush and the experiment Was 
repeated. Cells Were observed on the dish. They appeared to 
be ?attened by the impact and Were partially spread out over 
the surface of the substratum. Culture media Was added to 
the dish and the cells Were placed into an incubator. After 
one hour of culture, the cells Were re-inspected and many 
Were found to have spread out further over the substratum. 
These results demonstrate that a simple airbrush device can 
be used to place cells into an aerosol droplet and deliver 
them on demand to a surface or site of interest. Cell viability 
may be improved by restricting this technique to cells that 
are resistant to the shear forces produced in the technique, 
developing a cell suspension With additives that cushions the 
cells or re?ning the aerosoliZing device to produce a more 
laminar ?oW. In addition directing the cell aerosol into ?brin 
?laments as they are undergoing polymeriZation in the air 
gap betWeen the mandrel and source(s) of molecules capable 
of forming electroprocessed ?brin Would cushion the cells. 
While not Wanting to be bound by the folloWing statement, 
it is believed that the cells Will be trapped in the ?lament 
storm produced by electrospinning or electroprocessing and 
pulled onto the mandrel. This should be less traumatic to the 
cells than directly spraying the cells onto a solid surface. 

[0115] An alternative method to deliver cells to the ?brin 
matrix involves electroaerosol delivery of the cells. Cells 
can be deposited by electrostatic spraying at 8 kV directly 
onto standard polystyrene culture dishes, suggesting that 
electrostatic cell spraying is a viable approach. We have also 
electroaerosoled cardiac ?broblasts in PBS up to a 20 Kv 
potential difference. 

[0116] SchWann cells (rat) Were plated on a PS petri dish 
by conventional methods after one day. SchWann cells Were 
also electrosprayed onto a PS petri dish With a metal ground 
plate behind the dish at 10 kV after one day. Both samples 
greW to almost con?uence after one Week. This provides 
some distinct advantages. First, the shear forces produced 
during the delivery phase (i.e. the production of the aerosol) 
appear to be much less traumatic to the cells. Second, the 
direction of the aerosol can be controlled With a high degree 
of ?delity. In essence the cell aerosol can be “painted” onto 
the surface of interest. This alloWs the cell to be targeted to 
speci?c sites. In electroaerosol delivery, cells are suspended 
in an appropriate media (eg culture media, physiological 
salts etc) and charged to a voltage, and directed toWards a 
grounded target. This process is very similar to that used in 
electroprocessing, particularly electrospinning. The pro 
duces a ?ne mist of cells trapped Within the droplets as they 
are produced and directed at the grounded target. 

[0117] Cells may be delivered using aerosol and elec 
troaerosol techniques onto an matrix forming by electropro 
cessing techniques, for example a ?brin matrix that is 
undergoing electrodeposition, perhaps via electrospinning. 
The electroaerosol of cells might be delivered in parallel (i.e. 
along side the electrospinning ?brin) With the electrospun 
?brin matrix or from a separate site. The cells may be 
delivered to the ?lament storm produced Within the air gap 
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in the ?brin electrospinning process or directed at the target. 
The cells and electroprocessed ?brin matrix also may be 
delivered in an alternative fashion to the target, i.e. elec 
trodeposit the matrix, aerosol the cells, electrodeposit the 
matrix, aerosol the cells. This Would alloW for the discreet 
layering of the construct in separate layers. A vapor source 
could be provided that directs Water onto the mandrel of 
target used to collect the cells. This Would improve viability 
by keeping the cells from dehydrating during processing. 

[0118] Cells might be added to the electroprocessed ?brin 
matrix at any time or from any orientation in any aerosol 
strategy. A ?nal consideration is that an aerosol of cells or 
other materials, such as drugs, coagulation factors, anti 
in?ammatories, groWth factors, antibacterials, or DNA, 
might be delivered directly to an in situ site. For example, an 
electroprocessed ?brin matrix, perhaps an electrospun ?brin 
matrix might be produced directly onto a skin Wound, With 
or Without cells. Then additional cells or materials might be 
aerosoliZed onto or into the Wound site. Other surgical sites 
may also be amenable the delivery of materials using 
various electrodeposition techniques such as electroaerosol, 
electrospinning, electrosputtering, electrospraying or a com 
bination of these methods. 

[0119] Yet another embodiment for cell delivery that has 
many potential applications is to trap cells or drugs Within a 
carrier prior to producing an aerosol. For example, cells or 
drugs or other materials might be encapsulated Within a 
material like alginate. The encapsulated cells Would be 
physically protected from shear and trauma during process 
ing. Cells delivered in this form to the electroprocessed 
?brin matrix Would be expected to have higher viability 
When sprayed or electrostatically seeded. This type of strat 
egy can also be used to specify release pro?les of entrapped 
materials, like drugs or peptides that may not interact With 
the ?brin ?bers used in electroprocessing. For example, a 
drug like penicillin might not bind or interact With an 
electrospun matrix of ?brin. HoWever, the drug could be 
entrapped in PGA pellets, PLA pellets or even electroaero 
soled to produce pellets into the electrospun matrix of ?brin. 
The pellets or electroaerosoled droplets containing the peni 
cillin Would begin to dissolve to deliver the entrapped 
material. The release pro?le can be tailored by the compo 
sition of the material used in the process. In addition to 
delivery of cells, fragmented cell debris or cell fragments 
may alternatively be delivered to the electroprocessed ?brin 
matrix, in the presence or absence of intact cells. Cell 
fragments are knoWn to promote healing in some tissues. 
Thus, in some applications it may be desirable to incorporate 
cellular debris into the electroprocessed ?brin matrix, either 
directly Within the ?brin forming solutions during electro 
processing, or indirectly from a separate source. 

[0120] The foregoing discussion has been limited to spe 
ci?cs With respect to building an electroprocessed extracel 
lular ?brin matrix. In order to build tissue or organs (or 
organ-like tissue), it is necessary to add cells to the matrix. 
Preferably, the cells are added either before or at the same 
time as the ?brinogen and thrombin mixtures are brought 
together. In this Way, the cells are suspended throughout the 
three-dimensional matrix. Typically, the cells are included in 
the mixture that contains the ?brinogen (Whether it is plasma 
or puri?ed ?brinogen). When the ?brinogen and thrombin 
are brought together immediately prior to insertion into a 
mold, or immediately prior to the streaming step in the 
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electrospinning process, the result is a good distribution of 
cells in suspension in the resulting extracellular matrix. 
Cells may also sprayed or dribbled into the forming matrix 
and thereby trapped as the matrix crosses the air gap 
betWeen the source solutions and target. 

[0121] Many types of cells can be used to create tissue or 
organs. Stem cells, committed stem cells, and/or differenti 
ated cells may be used. Also, depending on the type of tissue 
or organ being made, speci?c types of committed stem cells 
can be used. For instance, myoblast cells can be used to 
build various muscle structures, neuroblasts can be 
employed to build nerves, osteoblasts are chosen to build 
bone. Other types of committed stem cells, and stem cells 
including uncommitted, and embryonic stem cells, bone 
marroW stem cells and umbilical cord stem cells can be used 
to make organs or organ-like tissue such as livers, kidneys, 
etc. Also differentiated cells, like ?broblasts can be used in 
?brin matrix to make a patch, for example a hernia patch, 
endothelial cells for skin, osteoblasts for bone, and differ 
entiated cells like cadaver donor pancreatic islet cells (using 
the ?brin as a solid phase) for a delivery device to place 
these cells in a speci?c site, for example the liver. As noted 
earlier, the shape of the ?brin-containing extracellular 
matrix may help send signals to the cells to groW and 
reproduce in a speci?c type of desired Way. Other factors and 
differentiation inducers may be added to the matrix to 
promote speci?c types of cell groWth. Further, there may be 
different mixtures of cell types that are incorporated into the 
extracellular matrix. This could be used to enhance, for 
instance, the vasculariZation of the resulting “organ” or 
“organ-like” tissue. 

[0122] In certain disease states, organs are scarred to the 
point of being dysfunctional. A classic example is cirrhosis. 
In cirrhosis, normal hepatocytes are trapped in ?brous bands 
of scar tissue. With the techniques described herein, the 
diseased liver could be biopsied, viable liver cells obtained, 
groWn in this neW electroprocessed ?brin-containing extra 
cellular matrix, and re-implanted in the patient as a bridge to 
or replacement for routine liver transplantations. 

[0123] Mixing of committed cell lines in a three dimen 
sional matrix can be used to produce structures that mimic 
complex organs. By groWing glucagon secreting cells, insu 
lin secreting cells, somatostatin secreting cells, and/or pan 
creatic polypeptide secreting cells, or combinations thereof, 
in separate cultures, and then mixing them together in a 
?brin matrix through electroprocessing, an arti?cial pancre 
atic islet is created. These structures could then be placed 
under the skin, retroperitoneally, intrahepatically or in other 
desirable locations, as implantable, long-term treatments for 
diabetes. 

[0124] Other non-limiting applications include hormone 
producing cells. Numerous applications fall Within this 
category; for example, replacement of anterior pituitary cells 
to affect synthesis and secretion of groWth hormone secre 
tion, luteiniZing hormone, follicle stimulating hormone, 
prolactin and thyroid stimulating hormone, among others. 
Gonadal cells, such as Leydig cells and follicular cells may 
be employed to supplement testosterone or estrogen levels. 
Specially designed combinations may be useful in hormone 
replacement therapy in post and perimenopausal Women, or 
in men folloWing decline in endogenous testosterone secre 
tion. Dopamine-producing neurons may be used and 
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implanted in a ?brin matrix to supplement defective or 
damaged dopamine cells in the substantia nigra. Apatient’s 
oWn stem cells or other stem cells may be mixed With 
slightly damaged cells, for example pancreatic islet cells, or 
hepatocytes, and placed in an electroprocessed ?brin matrix 
and later harvested control the differentiation of the stem 
cells into a desired cell type. This could be done in vitro or 
in vivo. The neWly formed differentiated cells may then be 
introduced into the patient. 

[0125] Substance Delivery Using Electroprocessed Fibrin 

[0126] In addition, depending upon the application, sub 
stances including but not limited to drugs, anti-oxidants, 
vitamins, cosmetics, nucleic acids, vectors, Wound care 
products, and hormones might be delivered and con?ned to 
a relatively local environment using electroprocessed ?brin. 
Other substances and drugs include the folloWing non 
limiting list: antibiotics, antibacterials, anti-in?ammatories 
or substances that promote healing, antibiotics, antimy 
cotics, chemotherapy agents, antifungals, analgesics, hor 
mones, emollients, humectants, anti-oxidants, vitamins, 
rejection drugs, and conditioners. Some preferred drugs or 
substances include, but are not limited to, estrogen, andro 
gen, cortisone, cyclosporin, peptide groWth factors including 
VEGF (vascular endothial groWth factor), NGFs (nerve 
groWth factors), PDGF-AA, PDGF-BB, PDGF-AB, FGFb, 
FGFa, and BGF (bone groWth factors). It is to be understood 
that any desired substance or drug may be combined With the 
electroprocessed ?brin. In the folloWing paragraphs, drug 
and substance may be used interchangeably. 

[0127] For example, for a pressure ulcer (e.g. bedsore) a 
drug or drugs might be delivered to a topical site by an 
electroprocessed ?brin matrix. In effect, the electropro 
cessed ?brin matrix Would function as a biologically com 
patible bandage that delivered drugs Without need to remove 
it because it Would breakdoWn and dissolve naturally. For 
more general drug delivery throughout a system, the elec 
troprocessed ?brin matrix might be inserted into a body 
cavity or placed in a sub-dermal domain. In all cases the 
release of the drug could be tailored to be local or systemic, 
sustained or more transient. 

[0128] An electroprocessed ?brin matrix may be used to 
deliver drugs (or again other agents that must be released in 
a controlled manner in other applications) in a variety of 
different Ways. There is no limitation to the number of 
noZZles or solvent reservoirs that might be used in the 
processing of materials in this process. 

[0129] Drug molecules may be mixed in the solvent 
carriers used to prepare ?brin for electroprocessing. In this 
system biologically compatible synthetic polymers (e.g. 
PLA or PGA, polymer blends or other polymers), naturally 
occurring polymers (e.g. ?brinogen, thrombin, ?brin or 
other molecules capable of forming ?brin, or synthetic 
polymers of natural materials) might be mixed With various 
drugs and directly electroprocessed. The resulting electro 
processed ?brin-containing matrix could be topically 
applied to a speci?c site, drugs Would be released from the 
matrix as a function of the ?brin undergoing breakdoWn in 
the surrounding environment. The state of the electropro 
cessed ?brin in relation to the incorporated drugs is dictated 
and could be controlled by the chemistry of the system and 
varies by the ?brin forming solvent(s), and the drug solu 
bility. These parameters can be manipulated to control the 
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release of the drugs (or other elements into the surrounding 
environment). The electroprocessed ?brin-containing matrix 
can also be fabricated by electrospray or a mixture of 
electrospray and electrospinning, or any other permutation. 
This approach provides another level of control for the 
delivery of a drug. 

[0130] In another embodiment, the drug is purposefully 
fabricated as a collection of aggregates in suspension With 
the substrates used for electroprocessing ?brin. Electropro 
cessing this type of solution incorporates the drug particles 
physically Within the electroprocessed ?brin matrix. Release 
of the drug molecules from the electroprocessed ?brin 
matrix is a function of ?brin breakdoWn and the dissolution 
of the drug particles into the surrounding environment. 
Using the same drug in solution, rather than suspension, 
during the electroprocessing process can be expected to 
exhibit a different pattern of release and yet another level of 
control for the process. In other examples, particles of the 
drug might can be trapped Within the electroprocessed ?brin 
matrix. Release Would be dictated by a complex interplay of 
aggregation, dissolution and ?brin matrix breakdoWn. 

[0131] In other examples it might be desirable to 
covalently or chemically bond a drug molecule to the 
electroprocessed ?brin or ?brinogen. In theory, such mol 
ecules might only be released as the polymer carrier under 
Went hydrolytic or enZymatic breakdoWn. This application is 
particularly attractive for biomedical engineering or other 
surgical applications. Drugs such as angiogenic peptides and 
neural groWth factors might be coupled to the polymer 
backbone of a electroprocessed ?brin matrix used to support 
an engineered tissue. Again as the ?brin matrix underWent 
dissolution, the peptides Would be released in a controlled 
manner in a localiZed domain in a gradient. The formation 
of peptide gradients is a critical regulatory component of 
many biological processes, for example in neovasculogen 
esis. In surgical applications, anti-vascular peptides or anti 
sense oligonucleotides might be incorporated into an elec 
troprocessed ?brin matrix that is then Wrapped around a 
tumor that is inaccessible to conventional treatments. 
Release of the anti-vascular substances Would suppress 
tumor groWth. In another use, sense and antisense oligo 
nucleotides (genetic material but not full length genes) are 
used to promote or inhibit cell function for a period of time. 
For example, an antisense oligonucleotide could be used in 
an electroprocessed ?brin matrix to suppress the expression 
of a deleterious enZyme in a Wound. One target is the 
enZyme class called MMPs that are over expressed in 
chronic Wounds. 

[0132] Drugs might also be prepared as particles, an 
aerosol or perhaps a vapor. An electroprocessed ?brin matrix 
might be spun through these materials to passively trap the 
drugs to be delivered Within the ?brin matrix. The process 
depends on the physical entrapment of particles or mol 
ecules Within the ?brin matrix. Large objects, like cells or 
tablets, could be trapped in the matrix using this approach. 
This later conception of the idea could be accomplished 
simply by dropping materials onto or through a stream or 
?brin forming solutions as an electroprocessed ?brin matrix 
is fabricated. 

[0133] Control of drug release from the electroprocessed 
?brin matrix may be further regulated by strain or by 
incorporating magnetic materials or electrically conductive 
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materials into the ?brin matrix as it is electroprocessed. 
Applying mechanical forces to an electrospun matrix can 
hasten its breakdown by altering the crystallinity of the 
material. Similar changes in stability might be achieved by 
incorporating materials that are magnetically sensitive or 
electrically sensitive into a matrix as it is electroprocessed. 
A magnetic or electric ?eld might then be subsequently 
applied across the electroprocessed ?brin matrix to stimulate 
movement or conformational changes in the matrix that 
subsequently stimulate the release of material from the 
electroprocessed ?brin matrix. This could be accomplished 
by directly altering the arrangement of the electroprocessed 
?brin matrix to make it adopt a conformation more favorable 
for drug release. 

[0134] Magnetic or electrically sensitive materials placed 
in a sub-dermal location or other location might be used to 
deliver drugs over a long interval of time. For example, an 
electroprocessed ?brin matrix that had magnetic or electrical 
properties and insulin might be fabricated and placed sub 
dermally in an inconspicuous site. By passing a magnetic 
?eld or an electrical ?eld across the electroprocessed ?brin 
matrix, drug release could be induced. This could be used to 
deliver drugs in a controlled fashion over a long period of 
time from the electroprocessed ?brin matrix. 

[0135] Another variation of this theme is to fabricate an 
electroprocessed ?brin matrix With electromagnetic proper 
ties that could be implanted and stimulated to exert force on 
the encapsulated material. For example, such a device could 
be used as a temporary left ventricular assist device that 
could be made to be permanent, or one that could be 
designed to dissolve over time, eliminating the need for 
surgery to recover the device once the heart had recovered 
sufficiently. 

[0136] Treatment of the Electroengineered Tissue Con 
taining Electroprocessed Fibrin 

[0137] Once the electroengineered tissue containing elec 
troprocessed ?brin and cells is assembled, the tissue can be 
inserted into a recipient. Alternatively, the structure can be 
placed into a culture to enhance the cell groWth. Different 
types of nutrients and groWth factors can be added to a 
culture (or administered to a recipient) in order to promote 
a speci?c type of groWth of the engineered tissue. In one 
example, speci?cally in connection With the preparation of 
an engineered muscle tissue, the electroengineered tissue 
containing ?brin and cells can be mechanically or passively 
strained or electrically preconditioned in order to stimulate 
the alignment of cells to form a more functional muscle 
implant. In a skin patch, application of stress may facilitate 
orientation of the skin for use in an area such as the scalp, 
exposed to signi?cant stretching force. Passive strain in this 
context refers to a process in Which strain is induced by the 
cells themselves as they contract and reorganiZed a matrix. 
This is typically induced by ?xing the ends of the electro 
engineered ?brin matrix. As the cells contract and alter the 
matrix the ?xed ends of the matrix remain in place and 
thereby strain the cells as they “pull” against the isometric 
load. The strain not only aligns the cells, it sends signals to 
them With respect to groWth and development. The construct 
can also be strained externally, i.e. the construct can be 
prepared and then stretched to cause mechanical alignment. 
Stretch is typically applied in gradual fashion over time. The 
?brin can also be stretched to cause alignment in the matrix 
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before the cells are added to the construct (i.e. form the 
matrix, stretch the matrix and then add the cells). 

[0138] The electroengineered cell-?brin matrix is also 
useful for testing various gene therapies. In other Words, by 
Working With the cells/?brin in vitro, different types of gene 
therapy and manipulation can be achieved by inserting 
preselected DNA in the suspension (either the cells, ?brin, 
plasma, etc.). There is a Wider range of therapeutic tech 
niques available in vitro than When techniques are attempted 
to be administered in vivo. Nonviral techniques such as 
electroporation may be used to treat the cultured cells prior 
to insertion into the ?brin matrix. They may also be treated 
Within the ?brin matrix before the electroengineered tissue 
is inserted into a recipient. In vitro gene transfer avoids the 
exposure of a recipient to viral products and avoids the 
potential for germ cell line viral incorporation. It avoids the 
problem of ?nding or engineering viral coats large enough 
to accept large genes such as the one for Factor VIII 
(anti-hemophilic factor). HoWever, in vivo gene therapy 
may be accomplished by incorporating DNA into the ?brin 
as it is created through the electroprocessing techniques of 
the present invention, Whereby some DNA Will be incorpo 
rated into the in vivo cells in contact With the ?brin as the 
?brin sloWly degrades in vivo. This is especially true of 
small gene sequences, such as antisense oligonucleotides. 
Adding additional agents to the matrix during or after 
processing can be used to manipulate gene transfection rates 
and the ef?ciency of transfection. For example, adding 
?bronectin to the matrix Will increase the pinocytotic activ 
ity of the cells and increase the uptake of materials, includ 
ing gene sequences, from the surrounding matrix. Alterna 
tively, agents conventionally used in gene transfection may 
be added to the matrix, such as lipofection agents. 

[0139] The engineered tissue/organ alloWs permits the in 
vitro culturing of a patient’s tumor cells to identify in vitro 
susceptibility to various types of chemotherapy and radia 
tion therapy. This application is essentially using the matrix 
as a diagnostic tool. In this Way, alternative chemotherapy 
and radiation therapy treatments may be analyZed to calcu 
late the very best treatment for a speci?c patient. For 
instance, an engineered tissue may be manufactured that 
includes ?brin and cancer cells, preferably a patient’s oWn 
cancer cells. Multiple samples of this tissue can then be 
subjected to multiple different cancer therapies. The results 
from different treatments can then be directly compared to 
each another for assessment of ef?cacy. 

[0140] Engineered Fibrin Implant and a Bioreactor 

[0141] An engineered ?brin implant can comprise one or 
more of the folloWing components, although this is a non 
limiting list. They are skeletal muscle, cardiac muscle, nerve 
guides, brain constructs as a ?ller for damaged/removed 
areas of the brain that are lost during accident or disease, 
cartilage scaffoldings, sheets for cosmetic repairs, skin 
(sheets With cells added to make a skin equivalent), vascular 
grafts and components thereof, sheets for topical applica 
tions (skin covering but no additional cells-just a patch), 
drug and substance delivery. 

[0142] There are several kinds of commercially available 
bioreactors, devices designed to provide a loW-shear, high 
nutrient perfusion environment. Until recently, most of the 
available bioreactors maintained cells in suspension and 
delivered nutrients and oxygen by sparging, through the use 










