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(57) ABSTRACT

The present invention relates to the field of medical treat-

ment of diseases and disorders, as well as the field of
biomedical engineering. Embodiments of the invention

relate to the delivery of Irreversible Electroporation (IRE)
through the vasculature of organs to treat tumors embedded

deep within the tissue or organ, or to decellularize organs to

produce a scaffold from existing animal tissue with the
existing vasculature intact. In particular, methods of admin-

istering non-thermal irreversible electroporation (IRE) in

(Continued)

 



US 9,867,652 B2
Page 2
 

vivo are provided for the treatment of tumors located in
vascularized tissues and organs. Embodiments of the inven-

tion further provide scaffolds and tissues from natural
sources created using IRE ex vivo to removecellular debris,

maximize recellularization potential, and minimize foreign

body immune response. The engineered tissues can be used
in methods of treating subjects, such as those in need of

tissue replacement or augmentation.
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1
IRREVERSIBLE ELECTROPORATION

USING TISSUE VASCULATURE TO TREAT

ABERRANT CELL MASSES OR CREATE

TISSUE SCAFFOLDS

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application is a National Stage application
under 35 USC §371 of Application No. PCT/US11/62067,

filed Nov. 23, 2011, which application is a Continuation-In-
Part (CIP) application of U.S. patent application Ser. No.

12/491,151, filed Jun. 24, 2009, which relies on and claims
the benefit of the filing date of U.S. Provisional Patent

Application Nos. 61/075,216, filed Jun. 24, 2008; 61/125,

840, filed Apr. 29, 2008; 61/171,564, filed Apr. 22, 2009; and
61/167,997,filed Apr. 9, 2009, and the present application is

also a CIP application of U.S. patent application Ser. No.
12/432,295, filed Apr. 29, 2009, which relies on and claims

the benefit of the filing date of U.S. Provisional Patent
Application No. 61/125,840, filed Apr. 29, 2008; and the

present application relies on and claims the benefit of the

filing date of U.S. Provisional Patent Application No.
61/416,534,filed Nov. 23, 2010. The entire disclosuresofall

of these patent applications are hereby incorporated herein
by reference.

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates to the field of medical

treatment of diseases and disorders, as well as the field of
biomedical engineering. Embodiments of the invention

relate to the delivery of Irreversible Electroporation (IRE)
through the vasculature of organs to treat tumors embedded

deep within the tissue or organ, or to decellularize organs to

produce a scaffold from existing animal tissue, such as
human tissue, with the existing vasculature intact. In addi-

tion, embodiments of the invention may be used in the
treatment of malignant and benign diseases through the

enhanced administration of therapeutic drugs or gene con-
structs by facilitating reversible electroporation. Further,

vascular electrical conduits may be used to administer other

therapies that rely on the delivery of electrical energy to a
targeted region of the body or organ tissue with the existing

vasculature intact.
Description of Related Art

The ablation of unwanted soft tissue can be achieved by
many means, including surgical excision, application of

excessive amount of ionizing radiation or other forms of

energy (excessive heating and cooling), exposure to cyto-
toxic chemicals, or by a combination of these means.It is

common to use these means to destroy neoplasms. Treat-
ments known in the art involve surgical intervention to

physically removethe aberrant cell mass, radiation to kill the
cells of the aberrant cell mass, exposure of aberrant cells to

toxic chemicals (1.e., chemotherapy), or a combination of

such techniques. While each treatment modality has shown
significant effectiveness in treatment of various cell prolif-

erative diseases, no one technique has been shown to be
highly effective at treating all types of cell proliferative

diseases and disorders.
While surgical interventionis effective at removalof solid

tumors on tissues and organs that are physically accessible

and capable of sustaining physical damage or capable of
regeneration, surgical intervention can be difficult to per-

form on tumorsthat are not readily accessible or on organs
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2
that do not regenerate. In these cases, surgical intervention
can often involve substantial physical damageto thepatient,

requiring extensive recuperation times and follow-ontreat-

ments. At other times, the extensive growth of the neoplasm
prevents removal, since attempts at removal would likely

kill the patient. Likewise, treatment with radiation can result
in collateral damageto tissue surrounding the tumor, and can

cause long-lasting side-effects, which can lower the quality
of life ofthe patient. Chemotherapeutic treatments can cause

systemic damageto the patient, and can result in significant

side effects that might require a long recuperation period or
cause permanent damageto tissues and organs.

Recent work by the inventors has focused on the ablation
ofunwanted soft tissue (malignant tumors) by application of

excessive electrical energy, using a technique termed Irre-
versible Electroporation (IRE). Successful control and/or

ablation of soft tissue sarcoma and malignant glioma have

been achieved. Irreversible electroporation (IRE) involves
placing electrodes within or near the targeted region to

deliver a series of low energy, microsecondelectric pulses.
These pulses permanently destabilize the cell membranes of

the targeted tissue (e.g., tumor), thereby killing the cells.
When applied with precision, IRE does not damage major

blood vessels, does not require the use of drugs and non-

thermally kills neoplastic cells in a controllable manner,
without significantly damaging surroundingtissue.

Other methods of treating disease involve replacing dis-
eased tissue or organs. Over the past twenty years, organ

transplantation has become a standard care for patients
diagnosed with end stage diseases like cirrhosis, renal fail-

ure, etc. The extraordinary successofliver transplantation,

with 90% and 75% survival rates after 1 and 5 years,
respectively, has led to a progressively increasing numberof

patients awaiting transplant. Chan,S. C.et al., A decade of
right liver adult-to-adult living donor liver transplantation—

The recipient mid-term outcomes. Annals of Surgery 248,

411-418,  doi:10.1097/SLA.0b013e31818584e6 (2008)
(“Chan 2008”).
According to the United Network of Organ Sharing

(UNOS), there are over 108,000 candidates in the US alone

currently waiting for organ transplants including kidney,
liver, heart, lung, and many others. Of those, there are over

16,000 candidates in immediate (one year) need of a liver

transplant, and at least 100,000 additional patients with
advancedliver disease who would benefit from one. In 2009,

there were fewer than 7,000 liver transplants from both
living and deceased donors. United Network of Organ

Sharing, <http://www.unos.org>(2010).
Standard liver transplantation in the USis usually predi-

cated on organ removal from the donor coincident with the

onset of brainstem death. See Kootstra, G., Daemen, J. H. C.
& Oomen, A. P. A. Categories of Non-Heart-Beating

Donors, Transplant. Proc. 27, 2893-2894 (1995); Rigotti, P.
et al. Non-Heart-beating Donors—An Alternative Organ

Source in Kidney Transplantation, Transplant. Proc. 23,
2579-2580 (1991); and Balupuri, S. et al. The trouble with

kidneys derived from the non heart-beating donor: A single

center 10-year experience. Transplantation 69, 842-846
(2000).

Despite advances in transplant surgery and general medi-
cine, the number of patients awaiting transplant organs

continues to grow, while the supply of organs does not. The
growing discrepancy between organ supply and clinical

demandis due to a numberof factors including an increase

in population age, an increasing incidence ofdiseases requir-
ing liver transplants (hepatocellular carcinoma andinfection

with hepatitis viruses), rapid organ degradation (hours) after
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donation, mismatches created by histocompatibility and

other immunologic phenomena, and size mismatches

between organs and potential recipients (including pediatric

patients), transplantation is the only workable treatment for

patients suffering end stage liver disease (Murray, K. F. &

Carithers, R. L. AASLD practice guidelines: Evaluation of

the patient for liver transplantation. Hepatology 41, 1407-

1432, doi:10.1002/hep.20704 (2005)); increased incidence

of non-alcoholic fatty liver disease (Amarapurkar, D. N.et

al. How commonis non-alcoholic fatty liver disease in the

Asia-Pacific region and are there local differences? J. Gas-

troenterol. Hepatol. 22, 788-793, doi:10.1111/4.1440-

1746.2007.05042.x (2007)); and acceptance of transplanta-

tion for patients with metabolic or congenital diseases

(Miro, J. M., Laguno, M., Moreno, A., Rimola, A. & Hosp

Clin, O. L. T. H. I. V. W. G. Managementof end stage liver

disease (ESLD): Whatis the current role of orthotopic liver

transplantation (OLT)? J. Hepatol. 44, $140-S145, doi:

10.1016/j jhep.2005.11.028 (2006)).
Organ supply is constrained by obstacles that impede

acquisition. For example, the requirement for organ removal
coincident with brainstem death necessitates the use of

hospital resources to maintain artificial life support. As a

result, organ donation may be problematic when intensive
care resources are strained. Fabre. Report of the British

Transplantation Society Working Party on Organ Donation.
(1995). Use of life support for preservation of potential

organ donations has been ethically debated (See Feest, T. G.
et al., Protocol for Increasing Organ Donation After Cere-

brovascular Deaths in a District General Hospital, Lancet

335, 1133-1135 (1990); and Riad, H. & Nicholls, A., An
Ethical Debate Elective Ventilation of Potential Organ

Donors, Br Med. J. 310, 714-715 (1995)), and donation
refusal is common in regions where social, cultural, and

religious pressures place constraints on organ procurement.

The increasing gap between organ donation and supply to
patients has causedan increasedinterest in alternative organ

sources. Perera, M., Mirza, D. F. & Elias, E. Liver trans-
plantation: Issues for the next 20 years. J. Gastroenterol.

Hepatol. 24, $124-S131, doi:10.1111/4.1440-
1746.2009.06081.x (2009). Developing engineered materi-

als to replicate the structure and function of organs has been

met with limited success. Large volumes of poorly-orga-
nized cells and tissues cannot be implanted dueto the initial

limited diffusion of oxygen, nutrients and waste. Folkman,
J. Self-Regulation of Growth In 3 Dimensions. Journal of

Experimental Medicine 338 (1973); and Kaufman, D. S.,
Hanson, E. T., Lewis, R. L., Auerbach, R. & Thomson, J. A.

Hematopoietic colony-forming cells derived from human

embryonic stem cells. Proc. Natl. Acad. Sci. U.S.A. 98,
10716-10721 (2001).

Despite this, researchers have made someprogress toward
partial organ regeneration. For instance, mouserenal cells,

grown on decellularized collagen matrices and implanted
into athymic mice, developed nephron-like structures after 8

weeks. Atala, A. Engineering organs. Curr. Opin. Biotech-

nol. 20, 575-592, doi:10.1016/j.copbio.2009.10.003 (2009)
(“Atala 2009”). In addition, five millimeter thick porous

polyvinyl-alcohol (PVA) constructs, implanted in mice and
then injected with hepatocytes, developed liver-like mor-

phology over the course of one year. Kaufmann,P. M.etal.
Long-term hepatocyte transplantation using three-dimen-

sional matrices. Transplant. Proc. 31, 1928-1929 (1999)

(“Kaufmann 1999”). Cell survival and proliferation in each
of these structures was limited to a few millimeters from a

nutrient source.
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4
For the development and differentiation of full organs

suitable for human transplantation, structures that provide

microvasculature needed for the delivery of nutrients

throughout the tissue and a physical semirigid matrix for
cellular organization and anchorage must be developed. See

Atala 2009; Kaufmann 1999; and Atala, A. Experimental
and clinical experience with tissue engineering techniques

for urethral reconstruction. Urologic Clinics of North
America 29, 485-+ (2002). Traditional top-down manufac-

turing techniques are currently unable to produce a hierar-

chical vascular structure which, in humanorgans, ranges in
size from a several centimeters (vena cava, for example)

down to only a few micrometers (most capillaries), a scale
spanning more than four orders of magnitude. Microfabri-

cation techniques can replicate somefeatures of the complex
architecture of mammalian microvasculature, but current

processes fail to extend into the macro-scale. Structures

which have features spanning multiple length scales are
currently only fabricated through biological mechanisms

and the relatively new field of biofabrication has developed,
with the goal of utilizing and manipulating these processes.

Bioengineered tissues have been fabricated through a
numberof schemes, including direct printing and biospray-

ing, in which cells and a supporting matrix are simultane-

ously deposited to form a complex network. See Mironov, V.
et al. Organ printing: Tissue spheroids as building blocks.

Biomaterials 30, 2164-2174, doi:10.1016/)-biomateri-
als.2008.12.084 (2009); Nakamura, M.et al. Biocompatible

inkjet printing technique for designed seeding of individual
living cells. Tissue Engineering 11, 1658-1666 (2005); and

Campbell, P. G. & Weiss, L. E. Tissue engineering with the

aid of inkjet printers. Expert Opin. Biol. Ther. 7, 1123-1127,
doi:10.1517/14712598.7.8.1123 (2007). Centrifugal forces

have been employed to create cross-linked hydrogels, with
dense embedded cellular networks in tubular structures.

Kasyanov, V. A. et al. Rapid biofabrication of tubular tissue

constructs by centrifugal casting in a decellularized natural
scaffold with laser-machined micropores. J. Mater. Sci.-

Mater. Med. 20, 329-337, doi:10.1007/s10856-008-3590-3
(2009). Dielectrophoretic (Albrecht, D. R., Sah, R. L. &

Bhatia, S. N. Geometric and material determinants of pat-
terning efficiency by dielectrophoresis. Biophys. J. 87, 2131-

2147, doi:10.1529/biophysj.104.039511 (2004)) and mag-

netic forces (Mironov, V., Kasyanov, V. & Markwald, R. R.
Nanotechnology in vascular tissue engineering: from

nanoscaffolding towards rapid vessel biofabrication. Trends
Biotechnol. 26, 338-344, doi:10.1016/,.tibtech.2008.03.001
(2008)) have been employed to guide the arrangement of
cells within synthetic matrices and cells embedded in a

bio-polymer have been electrospun into tissue constructs

(Stankus, J. J., Guan, J. J., Fujimoto, K. & Wagner, W. R.
Microintegrating smooth muscle cells into a biodegradable,

elastomeric fiber matrix. Biomaterials 27, 735-744, doi:
10.1016/}.biomaterials.2005.06.020 (2006)). These tech-

niques attempt to distribute cells within a suitable syntheti-
cally-fabricated network, leaving the embedded cells to

reorganize into an optimal structure.

Decellularization of existing tissues extends the concept
of biofabrication by taking advantage of the body’s natural

programming to create a complete tissue, including a func-
tional vascular network. Rat liver extracellular matrix con-

structs have been created using chemical decellularization
and reseeding. Baptista, P. M. et al. Generation ofa Three-

Dimensional Liver Bioscaffold with an Intact Vascular Net-

workfor Whole Organ Engineering (Wake Forest Institute
for Regenerative Medicine Harvard-MIT Division of

Health, Science, and Technology Rice University, 2009).
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Decellularized rat hearts, reseeded with multiple cell types,
can contract and have the ability to generate pumping

pressures. Ott, H. C. et al. Perfusion-decellularized matrix:

using nature’s platform to engineer a bioartificial heart.
Nature Medicine 14, 213-221, doi:10.1038/nm1684 (2008).
Challenges to chemical decellularization techniques include
the potential for detergents to damage ECM components, the

potential to create and deposit toxins, and the inherent
difficulty of scaling these techniques up from small rat

organsto larger organs. These challenges must be overcome

before decellularized organs can successfully be translated
to the clinical setting.

Xenotransplantation, or the transplantation of animal
organs, is one potential solution to future organ shortages.

Keeffe, E. B. Liver transplantation: Current status and novel
approaches to liver replacement. Gastroenterology 120,

749-762, doi:10.1053/gast.2001.22583 (2001). Porcine
xenotransplants have shown considerable potential, but have
failed to become widely accepted or used. Transplantation of

porcine pancreatic islets has recently been shown to tempo-
rarily reverse diabetes mellitus (See Cardona, K.et al.

Long-term survival of neonatal porcine islets in nonhuman
primates by targeting costimulation pathways. Nature Medi-

cine 12, 304-306, doi:10.1038/nm1375 (2006); and Hering,
B. J. et al. Prolonged diabetes reversal after intraportal
xenotransplantation of wild-type porcine islets in immuno-

suppressed nonhuman primates. Nature Medicine 12, 301-
303, doi:10.1038/nm1369 (2006)) and the use of T-cell

tolerance protocols have demonstrated the potential for
long-term kidney transplantation in nonhuman primates.

Yamada, K. et al. Marked prolongation of porcine renal

xenograft survival in baboons through the use of alpha
1,3-galactosyltransferase gene-knockout donors and the

cotransplantation of vascularized thymic tissue. Nature
Medicine 11, 32-34, doi:10.1038/nm1172 (2005).

Additionally, porcine livers have demonstratedthe ability

to clear ammonium and restore coagulation while under
short term perfusion of human plasma. Chari, R.S.et al.

Brief Report—Treatment of Hepatic Failure with ex-vivo
Pig Liver Perfusion Followed by Liver Transplantation, N.

Engl. J. Med. 331, 234-237 (1994); and Makowka,L.etal.,
The Use of a Pig Liver Zenograft for Temporary Support of

a Patient with Fulminant Hepatic Failure, Transplantation

59, 1654-1659 (1995). Unfortunately, the mechanisms of
graft loss and rejection in these transplants arestill not well

understood, and immunological rejection remains the most
significant barrier to successful transplantation. Yang, Y. G.

& Sykes, M. Xenotransplantation: current status and a
perspective on the future. Nat. Rev. Immunol. 7, 519-531,

doi:10.1038/nri2099 (2007).
Tissue engineering holds great promise for treating some

of the most devastating diseases of our time. Because

engineered tissue and organ replacements can be developed
in a laboratory, therapies can potentially be delivered on a

large scale, for multiple disease states with dramatic reduc-
tion in waiting times for patients. The concept of engineer-

ing tissue using selective cell transplantation has been

applied experimentally and clinically for a variety of disor-
ders, including the successful use of engineered bladder

tissue for bladder reconstruction, engineered injectable
chondrocytes for the treatment of vesicoureteral reflux and

urinary incontinence, and vasculargrafts. For clinical use for
humans, the process involves the in vitro seeding and

attachment of human cells onto a scaffold. Once seeded, the

cells proliferate, migrate into the scaffold, and differentiate
into the appropriate cell type for the specific tissue of interest

while secreting the extracellular matrix components
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required to create the tissue. The three dimensionalstructure
ofthe scaffold, andin particular the size of pores and density

of the scaffold, is important in successful proliferation and

migration of seeded cells to create the tissue of interest.
Therefore, the choice of scaffold is crucial to enable the cells

to behave in the required manner to produce tissues and
organs of the desired shape and size.

To date, scaffolding for tissue engineering has usually
consisted ofnatural and synthetic polymers. Methods known

in the art for forming scaffolds for tissue engineering from

polymers include solvent-casting, particulate-leaching, gas
foaming of polymers, phase separation, and solution casting.

Electrospinning is another popular method for creating
scaffolds for engineered tissues and organs, but widely used

techniques suffer from fundamental manufacturing limita-
tions that have, to date, prevented its clinical translation.

These limitations result from the distinct lack of processes

capable of creating electrospun structures on the nano-,
micro-, and millimeter scales that adequately promote cell

growth and function.
Of fundamental importance to the survival of most engi-

neered tissue scaffolds is gas and nutrient exchange. In
nature, this is accomplished by virtue of microcirculation,

whichis the feeding of oxygen and nutrients to tissues and

removing waste at the capillary level. However, gas
exchange in most engineered tissue scaffolds is typically

accomplished passively by diffusion (generally over dis-
tances less than 1 mm), or actively by elution of oxygen

from specific types of material fibers. Microcirculation is
difficult to engineer, particularly because the cross-sectional

dimension ofa capillary is only about 5 to 10 micrometers

(um; microns) in diameter. As yet, the manufacturing pro-
cesses for engineering tissue scaffolds have not been devel-

oped and are not capable of creating a network of blood
vessels. Currently, there are no known tissue engineering

scaffolds with a circulation designed into the structure for

gas exchange. As a result, the scaffolds for tissues and
organs are limited in size and shape.

In addition to gas exchange, engineered tissue scaffolds
must exhibit mechanical properties comparable to the native

tissuesthat they are intended to replace. Thisis true because
the cells that populate native tissues sense physiologic

strains, which can help to control tissue growth and function.

Most natural hard tissues and soft tissues are elastic or
viscoelastic and can, under normal operating conditions,

reversibly recover the strains to which they are subjected.
Accordingly, engineered tissue constructs possessing the

same mechanical properties as the mature extracellular
matrix of the native tissue are desirable at the time of

implantation into the host, especially load bearing structures

like bone, cartilage, or blood vessels.
There are numerous physical, chemical, and enzymatic

ways knownin the art for preparing scaffolds from natural
tissues. Among the most common physical methods for

preparing scaffolds are snap freezing, mechanicalforce(e.g.,
direct pressure), and mechanicalagitation (e.g., sonication).

Among the most common chemical methods for preparing

scaffolds are alkaline or base treatment, use of non-ionic,
ionic, or zwitterionic detergents, use of hypo- or hypertonic

solutions, and use of chelating agents. Common enzymatic
methods for preparing scaffolds include the use of trypsin,

endonucleases, or exonucleases. Currently, it is recognized
in the art that, to fully decellularize a tissue to produce a

scaffold, two or more of the above-noted ways, and specifi-

cally two or more ways from different general classes(.e.,
physical, chemical, enzymatic), should be used. Unfortu-

nately, the methods used must be relatively harsh on the
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tissue so that complete removal of cellular material can be
achieved. The harsh treatments invariable degrade the

resulting scaffold, destroying vasculature and neural struc-

tures.

The most successful scaffolds used in both pre-clinical

animal studies and in human clinical applications are bio-
logical (natural) and madeby decellularizing organsof large

animals (e.g., pigs). In general, removal of cells from a
tissue or an organ for preparation of a scaffold should leave

the complex mixture of structural and functional proteins

that constitute the extracellular matrix (ECM). The tissues
from which the ECM is harvested, the species of origin, the

decellularization methods and the methods of terminal ster-
ilization for these biologic scaffolds vary widely. However,

as mentioned above, the decellularization methodsare rela-
tively harsh and result in significant destruction or degra-

dation of the extracellular scaffold. Once the scaffold is

prepared, human cells are seeded so they can proliferate,
migrate, and differentiate into the specific tissue. The intent

of most decellularization processes is to minimize the dis-
ruption to the underlying scaffold and thus retain native

mechanical properties and biologic properties of the tissue.
However, to date this intent has not been achieved. Snap

freezing has been used frequently for decellularization of

tendinous, ligamentous, and nerve tissue. By rapidly freez-
ing a tissue, intracellular ice crystals form that disrupt

cellular membranes and cause cell lysis. The rate of tem-
perature change must be carefully controlled to prevent the

ice formation from disrupting the ECM as well. While
freezing can be an effective method ofcell lysis, it must be

followed by processes to removethe cellular material from

the tissue.
Cells can be lysed by applying direct pressure to tissue,

but this methodis only effective for tissues or organs that are
not characterized by densely organized ECM (e.g., liver,

lung). Mechanical force has also been used to delaminate

layers of tissue from organsthat are characterized by natural
planes of dissection, such as the small intestine and the

urinary bladder. These methods are effective, and cause
minimal disruption to the three-dimensional architecture of

the ECM within these tissues. Furthermore, mechanical
agitation and sonication have been utilized simultaneously

with chemical treatmentto assist in cell lysis and removal of

cellular debris. Mechanical agitation can be applied by using
a magnetic stir plate, an orbital shaker, or a low profile roller.

There have been no studies performed to determine the
optimal magnitude or frequency of sonication for disruption

of cells, but a standard ultrasonic cleaner appears to be
effective. As noted above, currently used physical treatments

are generally insufficient to achieve complete decellulariza-

tion, and must be combined with a secondary treatment,
typically a chemical treatment. Enzymatic treatments, such

as trypsin, and chemical treatment, such as ionic solutions
and detergents, disrupt cell membranes and the bonds

responsible for intercellular and extracellular connections.
Therefore, they are often used as a second step in decellu-

larization, after gross disruption by mechanical means.

Although advances have been maderecently in the field
of IRE and the concept of treatment of tumors with IRE has

been established, the present inventors have recognized that
there still exists a need in the art for improved devices and

methods for ablating diseased tissues using IRE. More
specifically, the inventors employ the vascular bed oftissues

as a physiologic electrode (“Physiologic Vascular Electrode”

or “PVE”) to selectively ablate cells in soft tissue. Appli-
cation of this technique ex vivo and in vivo to ablate

unwanted cells can be useful for treatment of aggressive,
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8
infiltrative and circumscribed neoplasms, as well as a wide

variety of applications in tissue engineering, tissue regen-

eration, and organ transplantation employing biologically-

derived tissue constructs.

SUMMARY OF THE INVENTION

The present invention provides novel applications of
irreversible and reversible electroporation through the use of

existing vasculature within tissues as the conduit for pulse

delivery. This methodology results in the separation of
“electrodes” of just a few microns, reducing the energy

necessary to induce non-thermalablation of cells and tissues
to drastically improve preservation of the extracellular

matrix for the developmentofvascularized tissue constructs.
Also provided are clinical implications in the treatment of

solid tumors and other in vivo applications, including ones

that harness the reversible realm of electroporation, where
the electrical fields temporarily increase the permeability of

the cells without killing them, facilitating the intracellular
transport of exogenousagents.

Use of IRE to decellularize tissue provides a controlled,
precise way to destroy cells of a tissue or organ, while

leaving the underlying extracellular matrix (ECM), includ-

ing vascularization and other gross morphological features
of the original tissue, intact. The decellularized scaffolds are

then suitable for seeding with cells of the appropriate
organism.

Wherethe process is performed ex vivo, the seeded tissue
is suitable for implantation into the organism as replacement

tissue. In addition to methods of producing scaffolds, the

invention also provides the decellularized scaffolds them-
selves, as well as methods of fabrication of engineered

tissues and organs built from such scaffolds. Furthermore,
the invention provides for use of the engineered scaffolds

and the engineered tissues and organs built from such

scaffolds.
Morespecifically, IRE can be used to focally ablate tissue

while leaving the microvasculature intact, using active per-
fusion of the organ, optionally in combination with admin-

istering IRE using the organ vasculature as a pathwayfor the
electrical field. This innovative methodology of using the

vasculature as a pathway for IRE pulse delivery is a prom-

ising solution for treating tumors embedded deep within
tissue (e.g., treating from the inside out) or for full organ

scaffold generation.
It is known that plate electrodes and needle type elec-

trodes can be usedto deliver IRE totreat tissues and organs.
In some cases, however, plate electrodes may not be a

preferred solution in ablating tumorsortreating organs deep

within the organ. For example, plate electrodes are generally
placed on an external surface of the organ and may cause

unwanted damage to healthy tissue located between the
tumor andthe outside surface of the organ. Needle elec-

trodes are a viable alternative, as the needles are inserted
into the organ to treat a more internal portion of the organ.

The needle electrodes, while appearing to be mosteffective

at delivering treatments, must puncture the organ. Addition-
ally, the low thermal dose requirement limits the maximum

treated area for each set of treatments and a large numberof
needle punctures would normally be required to treat the

entire organ. Even further, these punctures provide an alter-
native path for fluids thus compromising perfusion of down-

stream organ sections. Plate electrodes can be employed to

mitigate some of these issues, but introduce limitations of
their own. Large plate electrodes can be used to treat

considerable sections of liver in one treatment. However, the



US 9,867,652 B2

9
voltage to distance ratio of an applied treatment will vary
greatly over the treated area due to changes in tissue depth.

Protocols involving these delivery systems typically lead to

compromises which may result in inadequate treatment of
the organ.

Asan alternative to plate and needle type electrodes, the
inventors provide devices, systems, and methods for deliv-

ering electrical pulses through the vasculature of a mechani-
cally perfused organ to induce non-thermalcell death in bulk

tissue (e.g., liver tissue).

A representative device for administering IRE directly
into the vasculature of an organ is shown in FIG. 1, which

is a schematic diagram of an embodiment of an IRE
mechanical perfusion connection device 10 according to the

invention. Connections to the vasculature 15 and the perfu-
sion system can be made through the use of Luer lock

connections 20. A one wayvalve 25 inside the device can be

used to prevent back-flow andelectrically isolate the organ
between mechanically simulated heart beats. The device can

comprise electrode 30 and an external electrode 40. Accord-
ingly, such electroporation systems can be connected inter-

nally to blood vessels and conductancestructures (example:
the hepatic vein, hepatic artery, portal vein, and/or bile duct

of a liver) such that it does not impede continuous mechani-

cal perfusion. In such preferred focal ablation systems, the
protocols can induce cell death of 95% of cells while

preserving the extracellular basement membrane of lobule
units.

Application of electrical energy through the vascular bed
ofex vivo andin vivotissues can be usedto ablate unwanted

cells as a meansto treat disease and create useful biologi-

cally-derived tissue constructs. In addition, this technique
can be usedto deliver electrical or thermal energy to entire

organs (or specific regions) to facilitate other phenomenon.
Other therapeutic treatments that can also be applied through

the vasculature include reversible electroporation for elec-

tro-chemotherapy and electro-gene-therapy, radio frequency
ablation, RF induced hyperthermia, and pulsed nanosecond

electric fields. Indeed, any therapy that requires a conductive
path to deliver energy can be adapted by applying the

inventive principles disclosed in this specification.
Embodiments of the invention provide methods wherein

the application of varying amounts of energy (both revers-

ible and irreversible electroporation) (e.g., using the vascu-
lature ofan organ as conductive pathways) can be modulated

to produce a wide range of desirable tissue ablation effects,
including selective removal of normal and neoplasticcells.

Application of varying amounts of energy using the
vasculature of the organ as conducive pathways can be used

for other therapeutic modalities (e.g., electrochemotherapy

(ECT), electrogenetherapy (EGT), nanosecond pulsed elec-
tric fields (nsPEF), High-frequency Irreversible Electropo-

ration (H-FIRE), radio frequency ablation, or acute hyper-
thermia) to achieve desirable therapeutic effects.

According to the invention, the effects of energy appli-
cation (e.g., using the vasculature of an organ as conductive

pathways) can be controlled and manipulated by varying the

pulse shape, voltage, amperage, duration, repetition rate, and
frequencyofthe energy and/or by the design and positioning

of the energizing system.
Other aspects of the invention include controlling and

manipulating the effects of energy application (e.g., using
the vasculature of an organ as conductive pathways) through

the design and use of sophisticated, precision-controlled

vascular perfusion systems.
Methods of controlling the effects of energy application,

e.g., through pulsed electric fields, according to the inven-
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tion can include varying the physiology-emulating charac-
teristics of sophisticated, precision-controlled vascular per-

fusion systems.

Even further, the effects of energy application, e.g.,
through pulsed electric fields, can be controlled by varying

conditions of perfusion and preservation of ex vivo organs
and tissues.

Energy application using IRE, e.g., through pulsed elec-
tric fields, and its resultant effects can be controlled by

varying the conditions of perfusion and preservation of in

vivo organs and tissues according to embodiments of the
present invention.

The invention also includes methods of controlling the
effects of energy application, e.g., using the vasculature of

the organ as conductive pathways, by varying the compo-
sition of intravascular fluids that function partially or wholly

as extensions of the energy application system and proto-

cols.
Moreparticularly, aspects of embodiments of the inven-

tion include the following aspects, or combinations thereof.
In a first aspect, included is a method of ablating cells

comprising: placing one or more electrode in, on, or near an
organ or tissue; mechanically perfusing the tissue or organ

with a perfusate; and administering an electrical field into

the tissue or organ for a sufficient time and at sufficient
powerto cause electroporation of target cells. In a second

aspect, such methods can comprise: inserting the
electrode(s) into vasculature of an organ or tissue; mechani-

cally perfusing the tissue or organ with a perfusate through
the vasculature; and administering an electrical field into the

vasculature for a sufficient time and at sufficient power to

cause electroporation oftarget cells.
In a third aspect, such methods can comprise inserting a

first electrode into an artery of the organ and a second
electrode into a vein of the organ and electroporating tissue

or cells between the electrodes through the vasculature of

the organ. Additionally or alternatively, other physiological
pathways, such as the ureter or common bile duct can be

used to apply energy. Such methods can comprise non-
thermal irreversible electroporation of target cells.

A fifth aspect includes any of aspects 1-4, further com-
prising removing cellular debris from the tissue or organ by

mechanical perfusion, physiological perfusion, or physical,

chemical, or enzymatic techniques, or any combination
thereof.

In a sixth aspect, a tissue scaffold formed from ablation of
target cells from a natural tissue source by administering

irreversible electroporation to the target cells during perfu-
sion of the tissue is provided by embodiments of the

invention. In a seventh aspect, such scaffold of aspect 6 can

comprise electroporation administered through vasculature
of the tissue. In an eighth aspect, the scaffold of aspect 6 or

7 can comprise an extracellular matrix and vascular structure
of a natural tissue source. In a ninth aspect, the scaffold of

any of aspects 6-8 can result in the tissue scaffold having a
thicknessin at least one dimension of about 1-8 cm, or 5-10

cm.
A tenth aspect includes an engineered tissue formed from

ablation of target cells from a natural tissue source by

administering irreversible electroporation to the target cells
during perfusion ofthe tissue to obtain a tissue scaffold, and

reseeding the scaffold with living cells under conditions that
permit growth of the living cells on or in the scaffold.

In an eleventh aspect, the engineered tissue of aspect 10

can comprise electroporation administered within vascula-
ture of the natural tissue. In a twelfth aspect, the engineered

tissue scaffold of aspect 10 or 11 can comprise a tissue
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scaffold from an animal (any animal including human) and
living cells from a human.A thirteenth aspect includes the

engineered tissue scaffold of any of aspects 10-12, wherein

the tissue scaffold comprises an extracellular matrix and
vascular structure of a natural tissue source. A fourteenth

aspect includes the engineered tissue scaffold of any of
aspects 10-13, wherein the engineered tissue scaffold has a

thickness in at least one dimension of about 1-10 cm. A
fifteenth aspect can comprise the engineered tissue scaffold

of any of aspects 10-14, which is a heart, a lung, a liver, a

kidney, a pancreas, a spleen, a gastrointestinal tract, a
urinary bladder, a prostate, an ovary, a brain, an ear, an eye,

or skin, or a portion thereof, or any other organ or portion
thereof.

In a sixteenth aspect of the invention, includedis a device
for ablating target cells of a tissue or organ comprising: a

perfusion system adapted for delivering a perfusate from an

artery to a vein of the tissue or organ vasculature;a first and
second electrode each adapted forinsertion respectively into

the artery and the vein ofthetissue or organ vasculature; and
a voltage source in operable communication with the elec-

trodes for applying a voltage between the first and second
electrodes during perfusion at a voltage and for a time

sufficient to perform electroporation of target cells disposed

between the first and second electrodes. In a seventeenth
aspect ofthe invention, the device of aspect 16 can comprise

electroporation that is non-thermalirreversible electropora-
tion. In an eighteenth aspect of the invention, the device of

aspect 16 or 17 can comprise electroporation that is revers-
ible in conjunction with adjuvant macromolecules in the

perfusate (either in vivo in a patient’s blood or ex vivo in a

synthetic perfusate) to promote secondary effects to the
electroporated cells.

In a nineteenth aspect, the electrodes can be inserted as
described in aspect 3 in living tissue where the electrical

energy parameters applied through the targeted region are

set to intentionally induce an increase in temperature to
inducetransport as in mild hyperthermia or thermal destruc-

tion of the tissue (radiofrequency ablation).
In a twentieth aspect of embodiments of the invention,

any aspect of the invention can be adapted to be performed
in a living animal or organ under mechanical perfusion

wherein electric pulses are administered to induce an elec-

trical field through the vasculature for a sufficient time and
at sufficient powerto cause electroporation of target cells to

facilitate the introduction of therapeutic gene constructs to
treat a disease occurring within the targeted region. Such

therapies would be helpful in terms of administering gene
therapy, e.g., for islets of pancreas in Type I diabetics to spur

production of insulin (diseased tissue, non-cancerous).

In a twenty-first aspect of the invention, any aspect of the
invention can be adapted to be performedin a living animal

or organ under mechanical perfusion wherein electric pulses
are administered to induce an electrical field through the

vasculature for a sufficient time and at sufficient power to
cause electroporation of target cells to facilitate the intro-

duction of gene constructs to alter the cells to treat a

systemic disease. Such therapies are applicable in the con-
text of immunomodulation by introducing genes into tissue

such as muscle to produce desired antibodies (healthy tissue
used as vessel for therapy).

In a twenty-secondaspect of the invention, any aspect of
the invention can be adapted to be performed in a living

animal or organ under mechanical perfusion wherein electric

pulses are administered to induceanelectrical field through
the vasculature for a sufficient time andat sufficient power

to cause electroporation of target cells to facilitate the
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introduction of therapeutic macromolecules to treat a dis-

ease, either within the targeted region or a systemic disease.

Such therapies are useful for increasing drug uptake to treat

any range of diseases—notjust to kill cancer cells, but also
any other drugs that could treat a non-cancerous disease.

This aspect is similar to aspects 20 and 21, but with drugs
instead of genes.

In a twenty-third aspect of the invention, any aspect ofthe

invention can be adapted to be performedin a living animal
or organ under mechanical perfusion wherein administration

of alternating electric fields through the vasculature pro-
duces thermal ablation of a targeted region or entirety of an

organ.
In a twenty-fourth aspect, any of the methods of aspects

1-23 can include a therapy selected from electrochemo-

therapy (ECT), electrogenetherapy (EGT), nanosecond
pulsed electric fields (nsPEF), High-frequency Irreversible

Electroporation (H-FIRE), radio frequency ablation, or
acute hyperthermia.

A twenty-fifth aspect includes methods of any other
aspect described herein, comprising or further comprising

administering an energy into the vasculature for a sufficient

time andat sufficient power to cause death of target cells.
A twenty-sixth aspect is a method of any other aspect

described herein, wherein a first electrode is inserted into a
blood vessel of the organ and a second electrode is inserted

into another blood vessel of the organ and electroporation is
administered between the electrodes through the vasculature

of the organ.

Likewise, a twenty-seventh aspect is a method of any
other aspect described herein, wherein a first electrode is

inserted into a blood vessel of the organ and a second
electrode is inserted into a fluid duct of the organ and

electroporation is administered between the electrodes

through the vasculature of the organ.
Even further, a twenty-eighth aspect of the invention is a

method of any other aspect described herein, wherein afirst
electrode is inserted into a blood vessel of the organ, a

second electrode is inserted into another blood vessel of the
organ, with a treatment region ofthe organ disposed between

the first and second blood vessel, and electroporation is

administered between the electrodes through the vasculature
of the organ.

A twenty-ninth aspect includes a method of any aspect
described herein, wherein a first electrode is inserted into a

blood vessel of the organ and a second external grounding
pad, plate electrode, or conductive gel external to the organ

is used as a second electrode and electroporation is admin-

istered between the electrodes through the vasculature ofthe
organ.

Aspects of the invention can comprise electroporation to
induce non-thermal irreversible electroporation of target

cells. Any aspect ofthe invention can be adapted to comprise
removing cellular debris from the tissue or organ by

mechanical perfusion, physiological perfusion, or physical,

chemical, or enzymatic techniques, or any combination
thereof. Even further, any aspect of the invention can be

adapted to further comprise monitoring through electrical
measurements to detect and monitor electroporation.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawingsillustrate certain aspects of

some of the embodiments of the present invention, and

should not be used to limit or define the invention. Together
with the written description the drawings serve to explain

certain principles of the invention.
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FIG. 1 is a schematic diagram of an embodimentof an

IRE-mechanical perfusion connection device according to

the invention.

FIG. 2 is a graph showing electric potential and electric

field contours developed in a numerical representation of

previous experiments.

FIGS. 3A-B are graphs showing numerical results of two

different simulations with lobule level details (Model 2)

where: (FIG. 3A) External Electrodes are charged with

either 1500V (top) or set to ground (bottom), and (FIG. 3B)

Central venula of each lobule is charged to 1500V while

external electrodes are grounded.

FIG. 4A is a diagram showing simulated electric field

distribution with a single lobule when a 50V 100 microsec-

ond pulse is administered to the bile duct and the central

venule, portal venule and portal arteriole are grounded.

FIG. 4B is a schematic representation of a liver lobule

illustrating the complex vascular network ofthese functional

units (see Slheman, T. A. The Digestive System, http://

tonyslieman.com/phgy_230_lecture_digestive.htm).

FIGS. 5A-B are drawings of (FIG. 5A) placement of the
electrodes on actively perfused liver tissue and (FIG. 5B) the

resultant lesion after treatment with 99, 100 us, 1500V/cm

pulses and 4 hours of perfusion, with the approximate area
of the electrode is outlined in black.

FIGS. 6A-C are schematic diagrams of the numerical
model used to determine treatment electric field thresholds,

with numerical results depicting an electric field of 379+142
V/cm within the treatment margin.

FIGS. 7A-B are graphs showing that lesions that devel-

oped after pulses applied at 1 Hz were statistically larger
(a=0.1) than lesions which developedat rates of 0.25 and 4

Hz.
FIGS. 8A-B are micrographs showinga histological com-

parison of untreated liver tissue to areas which have under-

gone mild IRE treatments showing preservation of connec-
tive tissue and blood vessels.

FIGS. 9A-C are micrographs showing (FIG. 9A) A sec-
tion of untreated liver after 24 hours of perfusion. Sections

of the sameliver treated with 90, 1500 V/cm, 100 us pulses
at 4 Hz using needle electrodes after 24 hours of perfusion

at (FIG. 9B) 10x and (FIG. 9C) 20x magnification.

FIGS. 10A-B are micrographs showing (FIG. 10A) A
section of untreated liver after 24 hours of perfusion and

(FIG. 10B) the sameliver treated with 100, 1500 V/cm, 100
us pulses at 1 Hz using needle electrodes after 24 hours of

perfusion at 20x magnification.
FIG.11 is a drawing of a perfusion electrode according to

the invention.

FIG. 12 is a drawing showing a kidney simultaneously
attachedto the prototype electrodes and perfusion system by

way ofthe renal vein andartery.
FIG. 13 is a graph showing impedance measurements

from the kidney prior to pulsing, which presented a signifi-
cant electrical resistance and capacitance.

FIG. 14 is a drawing of a monitor output showing a

resultant waveform from a 50 microsecond pulse with
amplitude of 1000V.

FIG. 15 is a graph showing the maximum current deliv-
ered and decay time for pulses delivered with amplitudes

between 100 and 2000 V.
FIG.16 is a drawing showing a kidney section 30 minutes

after pulsing, wherein area 80 indicates live tissue and area

84 indicates regions ablated by the IRE pulses.
FIG. 17 is a drawing depicting placement of one elec-

trode, where one device is disposed in an artery.
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FIG. 18 is a drawing depicting placement of one elec-

trode, where one device is disposed in a vein.

FIG. 19 is a drawing depicting placement of one elec-

trode, where one device is disposed in a bile duct.

DETAILED DESCRIPTION OF VARIOUS
EMBODIMENTSOF THE INVENTION

Reference will now be made in detail to various exem-

plary embodiments of the invention. It is to be understood

that the following discussion of exemplary embodimentsis
not intended as a limitation on the invention. Rather, the

following discussion is provided to give the reader a more
detailed understanding of certain aspects and features of the

invention.
According to embodiments of the invention, viable decel-

lularized tissue scaffolds can be attained using non-thermal

irreversible electroporation (N-TIRE) on organs under con-
tinuous perfusion. Electroporation (reversible and/or irre-

versible) can be delivered to tissues and organs using any
known techniques, including plate electrodes or needle

electrodes, or even delivering the electrical charge through
the vasculature of an organ ortissue.

Morespecifically, electroporation can be used as a therapy

to treat numerous medical conditions. Irreversible Elec-
troporation, including non-thermal IRE, is a method to kill

undesirable cells using electric fields in tissue while pre-
serving the ECM,blood vessels, and nerves. Certain elec-

trical fields, when applied across a cell, have the ability to
permeabilize the cell membrane through a process that has

come to be called “electroporation.” When electrical fields

permeabilize the cell membrane temporarily, after which the
cells survive, the process is known as “reversible electropo-

ration.” Reversible electroporation has become an important
tool in biotechnology and medicine. Other electrical fields

can cause the cell membrane to become permeabilized, after

which the cells die. This deadly process is known as
“irreversible electroporation.” Non-thermal irreversible

electroporation is a new, minimally invasive surgical tech-
nique to ablate undesirable tissue, for example, tumortissue.

The technique is easy to apply, can be monitored and
controlled, is not affected by local blood flow, and does not

require the use of adjuvant drugs. The minimally invasive

procedure involves placing needle-like electrodes into or
around the targeted area to deliver a series of short and

intense electric pulses that induce structural changes in the
cell membranes that promote cell death. The voltages are

applied in order to electroporate tissue without inducing
significant joule heating that would significantly damage

major blood vessels and the ECM.Fora specific tissue type

and set of pulse conditions, the primary parameter deter-
mining the volumeirreversibly electroporated is the electric

field distribution within the tissue. Recent JRE animal
experiments have verified the many beneficial effects result-

ing from this special mode ofnon-thermalcell ablation, such
as preservation of major structures including the extracel-

lular matrix, major blood vessels, and myelin sheaths, no

scar formation, as well as its promotion of a beneficial
immune response.

Electroporation is a non-linear biophysical process in
which the application of pulsed electric fields leads to an

increase in permeability of cells, presumably through the
creation ofnanoscale pores in the lipid bilayer. Weaver, J.C.,

Electroporation of biological membranes from multicellular

to nano scales, EEF Trns. Dielectr. Electr. Insul. 10, 754-
768 (2003). If the length and intensity of the pulses do not

exceed certain criteria, this permeability is reversible and



US 9,867,652 B2

15
cellular health and function is maintained. Oncea critical
electric field intensity threshold is surpassed (approx. 500 to

700 V/cm for a typical set of pulse parameters) the cell

membraneis unable to recover and cell death is induced. See
Garcia, P. et al. Intracranial nonthermal irreversible elec-

troporation: in vivo analysis. J Membr Biol 236, 127-136
(2010); Sel, D. et al. Sequential finite element model of

tissue electropermeabilization. Jeee Transactions on Bio-
medical Engineering 52, 816-827, doi:10.1109/

tbme.2005.845212 (2005); and Lee, E. W. et al. Advanced

Hepatic Ablation Technique for Creating Complete Cell
Death: Irreversible Electroporation. Radiology 255, 426-

433, doi:10.1148/radiol. 10090337 (2010) (“Lee 2010”).
The application of pulses that permanently destabilize the

membranes of the cells, inducing death in a precise and
controllable manner with sub-millimeter resolution (Edd, J.

F., Horowitz, L., Davalos, R. V., Mir, L. M. & Rubinsky, B.

In vivo results of a new focal tissue ablation technique:
Irreversible electroporation. [eee Transactions on Biomedi-

cal Engineering 53, 1409-1415, —doi:10.1109/
tmbe.2006.873745 (2006)) is a process referred to as non-

thermal irreversible electroporation (N-TIRE) (Davalos, R.
V., Mir, L. M. & Rubinsky, B. Tissue ablation with irrevers-

ible electroporation. Annals ofBiomedical Engineering 33,

223-231, doi:10.1007/s10439-005-8981-8 (2005) (“Davalos
2005”’)). The technique does not rely on thermal mecha-

nisms (Davalos 2005) and has been shown to preserve the
structure of the underlying extracellular matrix. Studies

show that nerve conduits and bile ducts are not damaged
within the ablation zones. Maor, E., Ivorra, A., Leor, J. &

Rubinsky, B. The effect of irreversible electroporation on

blood vessels. Technology in Cancer Research & Treatment
6, 307-312 (2007). Additionally, in vivo liver ablation

regions showed minimal damage and minor vasculitis in
small vessels. (Lee 2010).

Hypothermic oxygenated perfusion (HOPE), is a method

ofwhole organ preservation which mechanically delivers an
oxygenated, nutrient-rich blood substitute to an entire organ

at sub-physiological temperatures. See Dutkowski, P., de
Rougemont, O. & Clavien, P. A. Machine perfusion for

‘Marginal’ liver grafts. Am. J. Transplant. 8, 917-924, doi:
10.1111/j.1600-6143.2008.02165.x (2008); and Monbaliu,
D. & Brassil, J. Machine perfusion ofthe liver: past, present

and future. Curr Opin. Organ Transpl. 15, 160-166, doi:
10.1097/MOT.0b013e328337342b (2010). This method has
been successfully demonstrated to improve the preservation
quality and transplant success rates of kidneys which have

undergone warm ischemia (see Olschewski, P. et al. The
influence of storage temperature during machine perfusion

on preservation quality of marginal donorlivers. Cryobiol-

ogy 60, 337-343,  doi:10.1016/j.cryobiol.2010.03.005
(2010); and Stegemann,J., Hirner, A., Rauen, U. & Minor,

T. Use of a New Modified HTK Solution for Machine
Preservation of Marginal Liver Grafts. Journal ofSurgical

Research 160, 155-162, doi::10.1016/j.jss.2008.10.021
(2010)) with research striving to reach 72 hour preservation

times (Yamamoto, N.et al. 72-Hour Preservation of Porcine

Liver by Continuous Hypothermic Perfusion withUW Solu-
tion in Comparison with Simple Cold Storage, Journal of

Surgical Research 51, 288-292 (1991). Schon et al. and
Brockmann et al. have demonstrated the ability to prolong

organ quality using normothermic perfusion, a process in
which the perfused fluid is held at or near physiological

temperatures. See Schon, M.R.et al. Liver transplantation

after organ preservation with normothermic extracorporeal
perfusion. Annals of Surgery 233, 114-123 (2001); and

Brockmann, J. et al. Normothermic Perfusion A New Para-
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digm for Organ Preservation. Annals of Surgery 250, 1-6,
doi:10.1097/SLA.0b013e3181a63c10 (2009).

These methods of organ preservation can be used to

isolate N-TIRE tissue ablation effects from the immune
response observed in vivo and the natural degradation of

tissue post mortem. Recently, it has been determined
through the use of translational laboratory models that

capitalizing on the ability ofN-TIREto destroy cells without
destroying the extracellular matrix (Davalos, R.V. Irrevers-

ible Electroporation to Create Tissue Scaffolds. United

States patent (2009); and Phillips, M., Maor, E. & Rubinsky,
B. Non-Thermal Irreversible Electroporation for Tissue

Decellularization. J. Biomech. Eng, doi:10.1115/1.4001882
(2010)) renders N-TIRE a viable meansfor scaffold creation

by way of organ decellularization.
N-TIRE treatment outcomes can be predicted through

numerical modeling tissue ablation/decellularization, which

is clinically relevant and could be widely applied for tissue
engineering. See Davalos, R. V. & Rubinsky, B. Tempera-

ture considerations during irreversible electroporation.
International Journal ofHeat and Mass Transfer 51, 5617-

5622, doi:10.1016/j.1jheatmasstransfer.2008.04.046 (2008);
Edd, J. F. & Davalos, R. V. Mathematical Modeling of

irreversible Electroporation for treatment planning. 7echnol-

ogy in Cancer Research & Treatment 6, 275-286 (2007); and
Neal, R. E., II & Davalos, R. V., The Feasibility of Irrevers-

ible Electroporation for the Treatment of Breast Cancer and
Other Heterogeneous Systems. Annals ofBiomedical Engi-

neering 37, doi::10.1007/s10439-009-9796-9 (2009).
Engineered scaffolds could then be reseeded with a recipi-

ent’s cells, resulting in a functional organ construct. Such

methods oforgan regeneration might be used to decrease the
shortage in supply of organs for transplant.

Embodiments of the present invention relate to methods,
systems, and devices for the delivery of Irreversible Elec-

troporation (IRE) through the vasculature of organs. IRE

administered in this manner whether ex vivo or in vivo can
be used to treat tumors embedded deep within vascularized

organs. Applications of embodiments of the invention also
include use of IRE through the vasculature of tissues and

organs to decellularize organs and produce a scaffold from
existing tissue with the extracellular matrix intact and cel-

lular debris removed.

Generally, ablation procedures involve delivering a series
of low energy (intense but short) electric pulses to the

targeted tissue. These pulses irrecoverably destabilize the
cell membranes of the targeted tissue, thereby killing the

cells affected by the electrical field. The treatment is non-
thermal, essentially only affects the cell membranes of the

targeted tissue, and does not affect the nerves or blood

vessels within the treated tissue.
The present invention provides decellularized scaffolds,

which can be created using non-thermalirreversible elec-
troporation (IRE). The organ or tissue can be perfused

during and/or after the procedure, which is a routine tech-
nique in the medicalarts.

Following preparation of a scaffold, tissue engineering

can involve ex vivo seeding and attachment of humancells
onto a scaffold. To date, the most successful scaffolds for

tissue engineering have been natural and made by chemi-
cally and/or mechanically decellularizing organs of large

animals (e.g., pigs).
Embodiments of the invention provide methods of mak-

ing a decellularized tissue scaffold. In general, tissue com-

prising cells and an underlying scaffold can be treated in
vivo or ex vivo with an electrical field of sufficient power

and duration to kill cells of the tissue. The electrical field is
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administered directly into the vasculature of the organ. The
electrical field is guided through the vasculature of the organ

by the walls of the vascular system. Preferably, the electrical

pulses are administered in a mannerto avoid disruption to
the underlying scaffold and vasculature of the organ or

tissue.
The methods are suitable for producing a tissue scaffold

for use in tissue engineering. Although the source of the
tissue is not limited, in exemplary embodiments, the tissue

is from a relatively large animal or an animal recognized as

having a similar anatomy (with regard to the tissue of
interest) as a human,such as a pig, a cow, a horse, a monkey,

or an ape. In embodiments, the source ofthe tissue is human,
use of which can reduce the possibility of rejection of

engineered tissues based on the scaffold.
In preferred embodiments, the method leaves intact vas-

cular structures of the tissue, such as capillaries. In embodi-

ments, the method leaves intact neural tubes present in the
tissue before treatment with the electrical field. As used

herein, the term “intact” refers to a state of being whereby
an element is capable of performingits original function to

a substantial extent. Thus, for example, an intact capillary is
a capillary that is capable of carrying blood and an intact

neural tube is a tube that can accommodate a neuron. In

embodiments,cells ofthe vascular system and neural system
remain intact, as well as other glandularstructures, including

examples such as bile or lactiferous ducts. In such embodi-
ments, the cells can remain as part of the scaffold and

engineered tissue, or may be removedby suitable treatment
techniques or by cells that are seeded onto a scaffold or by

cells of a body that receives the engineeredtissue.

According to method embodiments of the invention, a
tissue is exposed to an electrical field that is adequate in time

and power to cause killing of cells of the tissue, but not
adequate to significantly destroy the scaffolding upon and

within which the cells exist. Furthermore, in preferred

embodiments the electrical field does not cause irreversible
tissue damage as a result of heating of the tissue. Various

ways of providing such an electrical field are possible. In
typical embodiments, one or more electrical pulses are

applied to the tissue to cause cell membrane disruption as a
result of the electricity and not substantially as a result of

heat. Where two or more pulses are used, the pulses are

separated by a period of time that allows, among other
things, the tissue to cool so that thermal damage does not

occur to a significant extent. For example, one or more
electrical pulses can be appliedto the tissue ofinterest for a

duration in a range from about 5 microseconds(ts) to about
200 seconds and pulses may be applied at lower repetition

rates over periods of 1 to 24 hours. For convenience, a short

period of treatment might be desired. As such, in preferred
embodiments, electrical pulses are applied for a period of

about 1-10000 us. Further, although there is no limit on the
numberof pulses to be delivered to the tissues, in preferred

embodiments, from about 1 to about 100 pulses are applied
to the tissue. For example, in an exemplary embodiment,

about 10-1000 pulses of about 100 us each in duration are

applied to the tissue to cause cellular ablation.
Organs can then be treated to create a decellularized

scaffold by adjusting perfusion parameters to removecellu-
lar debris. Mechanical cleansing of cellular debris can be

performed for any amount of time necessary to achieve the
desired results of removal of the debris, for example, over

periods of 4, 12, 24, 48, or 72 hours. Perfusion parameters

including systolic pressure, diastolic pressure, and tempera-
ture can be manipulated to improvethe efficiency ofremoval

of cellular debris. Further, mild detergents may be added if
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necessary to enhance or facilitate removal of the cellular
debris. Preferred embodiments provide for perfusion proto-

cols which result in the removal of 99% of cellular debris

and DNAconstituents.
Embodiments of the invention provide methods wherein

the application of varying amounts of energy (both revers-
ible and irreversible electroporation) can be modulated to

produce a wide range of desirable tissue ablation effects,
including selective removal of normal and neoplastic cells.

According to the invention, the effects of energy appli-

cation can be controlled and manipulated by varying numer-
ous parameters including, e.g.: the voltage, amperage, dura-

tion, and frequency ofthe energy; the design andpositioning
of the energizing system; the design and use of sophisti-

cated, precision-controlled vascular perfusion systems; the
physiology-emulating characteristics of sophisticated, pre-

cision-controlled vascular perfusion systems; the conditions

of perfusion and preservation of ex vivo organs andtissues;
the conditions of perfusion and preservation of in vivo

organs and tissues; and/or the composition of intravascular
fluids that function partially or wholly as extensions of the

energy application system and protocols.
In this effort, there are several parameters that can be

monitored and adjusted in using non-thermal IRE for prepa-

ration oftissue scaffolds, or for treating tumors in vivo or ex
vivo, or for ensuring adequate macromolecule biotransport

in diseased or otherwise targeted tissues. For example,
embodiments of the invention can be used in gene therapy

for islets of pancreas in Type I diabetics to spur production
of insulin, i.e., a situation where there is non-cancerous

diseased tissue. The invention can also be applicable to

immunomodulation by introducing genes into tissue such as
muscle to produce desired antibodies, i.e., healthy tissue

used as vessel for therapy. Parameters that can be varied for
particular applications include voltage gradient. In embodi-

ments, the pulses produce a voltage gradient in a range of

from about 10 volt/em to about 10,000 volt/cm. Voltage
gradient(electric field) is a function of the distance between

electrodes and electrode geometry, which will vary depend-
ing on the size of the tissue sample, tissue properties, and

other factors. In some embodiments, two electrodes are
used, and they are placed about 5 mm to 10 cm apart. Typical

electrode diameters range from 0.25-1.5 mm andtypically 2

or 4 electrodes are used. In embodiments, one bipolar
electrode is used. Also, the “electrode” can have parts of it

insulating (including using a non-conductive sheath) and
parts of it conductive (e.g., at the tip) to ensure proper

application of the electrical current and to minimize pro-
duction of excessive heat in parts of the tissue.

Appropriate electrical fields and durations of exposure are

those that have been reported in the literature as being
suitable for medical treatment of tissues for tumorablation.

Exemplary exposure parameters include: ninety 90 micro-
second (us) pulses at 1.5 kV/cm at a frequency of 1 Hz or

4 Hz; eighty 100 us pulses at 2.5 kV/cm at a frequency of
1 Hz or 4 Hz; one 20 millisecond pulse at 400 V/cm; ten 100

us pulses at 3800 V/cm at a frequency of 10 pulses per

second; ninety 100 us pulses ranging from 1000 to 1667
V/cm at a frequency of about 1 Hz or 4 Hz; and eighty pulses

of 100 us ranging from 1000 to 3000 V/cm at about 1 Hz or
4 Hz. In general, the frequency of pulsing can be as low as

half the pulse width and can be quite a bit farther apart. Any
suitable frequency that allows for electroporation without

significant thermal damage to the tissue is acceptable. Elec-

trical current can be supplied as either DC or AC. Indeed, it
is within the skill of the art to adjust these parameters as

applicable to achieve a particular desired result. Any number
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of pulses can be administered, for example, from 1-1000.

The pulses can have a duration of any amount of time, such

as from 1 microsecond to 1 second. The voltage can be any

amount to achieve reversible or irreversible electroporation

depending on the desired effect and can include for example

from 500 V/cm to 5000 V/cm, e.g., 1500 V/cm. Indeed, to

achieve IRE at the capillary bed, much less voltage is

required, e.g., on the order of about 1 V/cm up to about 1000

V/cm.

The shape and size of the electrodes are not critical to

practice ofthe invention. Thoseof skill in the art may choose

any shape and size that is suitable for transmitting the

desired electrical field into the tissue. For example, the

electrodes may be plate type, wire type, or needle type and

may be circular in shape, ovoid, square, rectangular, dia-

mond-shaped, hexagonal, octagonal, etc. For wire type

electrodes, a diameter smaller than the vasculature in which

the wire is to be inserted is desired, such that the electrode

does not occlude vasculature. In some designs and mani-

festations, it may be desirable to use electrodes that are part

of an occlusive device providing isolation of a portion of the
circulation of an organ or tissue. Likewise, the surface area

of the electrodes is not critical to practice of the invention.

Thus, for example, the surface area may be about 0.5 square
centimeter, about 1 square centimeter, or greater. For elec-

trodes inserted directly into the vasculature of an organ or
tissue, preferably the electrodes are elongated wire type

electrodes of a sufficient length to provide the electrode a
sufficient distance within the vasculature. The diameter of

the wire type electrode can also be adapted for insertion into

various types of organ vasculature such that the electrode
preferably avoids contact or has minimal contact with the

interior walls of the vasculature. In some embodiments,
there is at least some separation between the electrodes and

the walls of the vasculature. In the wire type electrode, it is

possible to temporarily occlude the vessels “upstream” and
“downstream”of the targeted region to reduce the potential

for electrical current and associated energy losses traveling
beyond the bounds of the targeted region between the

electrodes. Such an embodiment performed in vivo should
deliver the pulses within a time period that will not induce

unacceptable ischemic effects to the targeted and any

“downstream” regions. More particularly, such techniques
can include clamping the vessels above and below the

targeted organ ortissue so that the rest of the vessels do not
conduct the current (as clamping with the insulating vessel

walls should “open” the circuit). This is more relevant for
geneor drug delivery applications, where killing cells is not

the goal, and there should be a suitable window to perform

this without damaging the tissue. Such methods of the
invention can be employed, for example, for plaque

removal, e.g., occlude the carotid artery for about 10 min-
utes while removing plaque therefrom.

Exposingtissue to electrical fields in some circumstances
generates heat. To ensure that tissue damage dueto heat is

avoided, the amountofenergy transmittedto the tissue is set

below a threshold level per unit time. Time and temperature
parameters are known in the art for IRE, and any suitable

combination may be used. For example, the temperature of
the tissue can be monitored during treatment for ablation,

and the electrical pulses adjusted to maintain the tempera-
ture at 100° C. or less, such as 60° C. or less, or at body

temperature. In embodiments, the temperature can be main-

tained at a physiological temperature normalto a particular
organ or subject. In some embodiments, the temperature is

maintained at 50° C.orless.
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In some embodiments, the method includes adjusting the

applied voltage, length of the pulses, and/or number of

pulses to obtain irreversible electroporation averaged over

the biological cells of the tissue, thereby achieving irrevers-
ible electroporation of the biological cells in the tissue at a

level that minimizes damage to non-target tissue. Protocols
may include the same or varied parameters throughout

administration of the electrical charge. Likewise, in some

embodiments, the duration of the applied voltage is adjusted
in accordance with the current-to-voltage ratio to achieve

irreversible electroporation of identified tissue cells,
whereby cell membranesare disrupted in a mannerresulting

in cell death. Additional exemplary parameters are disclosed
below.

Example I—Multiphysics Modeling

Preliminary multiphysics modeling was conducted to
establish the feasibility of using the vascular system as a

pathway for electrical pulse delivery. The electric field
distribution, which is the key factor for the development of

pores (reversible or irreversible) in the cell membrane, was
modeled using a finite element method. Three liver tissue

models were developed representing the liver structure with

different levels of detail. The Comsol Multiphysics was used
to solve for the electric potential (@) which obeys the

Laplace Equation:

V-(oVe)=0

where ois the electrical conductivity.

Model1:
Initially, the liver was modeled as a 2 cm thick homog-

enousstructure with 1 cm diameter plate electrodes on either
side of the tissue. This model was used to correlate experi-

mental lesions to electric field intensities. A single 10

microsecond 1500 V/cm pulse was delivered to the top
electrode while the bottom electrode was grounded. As

shownin FIG.2, the results of this model show that for the
electrical parameters used, simulated electric field strength

of approximately 400 V/cm is required to generate a lesion
of similar width to experimental results.

TABLE1
 

Electrical conductivity values for elements used in all models.

 

Element Conductivity (S/m)

Liver 4,10E-01

Connective tissue 4,10E-02

Perfusate 1.40E+00

External Electrodes 5.998E+07
 

Model2:
Theliver is a complex organ populated by numeroussets

of vasculature branches, lymph andbile ducts. Branches of
the hepatic portal vein and hepatic artery deliver blood to

basic functional units, lobules which are structurally func-

tioned to filter blood, remove bacteria, and produce bile.
Blood driven through the lobules eventually reach a large

central venula which drain into the hepatic vein and return
blood to the circulatory system. While under perfusion, a

perfusate replaces blood as the fluid traveling through the
vasculature. It is noted, however, that bile production has

been observed to continue for up to 24 hours. A second

multi-scale model was produced to understand how the
complex vasculature affects the electric field distribution

when two different modalities of voltage application are
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used. The first modality used traditional electrodes placed

outside of the tissue, while the second used the central

venula as the voltage source and external electrodes as

grounds. Each lobule was modeled as a hexagon with an

equivalent radius of 1 mm surrounded by a 5 micron

connective tissue layer and a 200 micron diameter central

venula which is consistent with swine histology. A single 10

microsecond 1500 V/cm pulse was again simulated.

The electric field distribution within the tissue did not

vary significantly with the additional inhomogeneity caused

by the lobule epithelial layers when external electrodes are

used. The most significant alterations occurred in proximity

to the more highly conductive central venula. When the

central venula of each lobule is charged to 1500V, a signifi-

cantly different electric field distribution is formed. Regions

oftissue which reach a high enoughelectric field to become

irreversibly electroporated extend only approximately 0.5

cm into the tissue. Though this modality of electric field

application is not sufficient for total decellularization, it may

be an effective means by which tumorsclose to the surface

of highly vascularized organs may be treated. The model

presented in FIG. 3A showsthe external electrodes charged

with either 1500V (top) or set to ground (bottom), which

demonstrated that the electric field distribution using this

modality did not significantly change with the added inho-

mogeneity. The model presented in FIG. 3B shows the

central venula of each lobule charged to 1500V while

external electrodes are grounded. It is noted that the models

presented in FIGS. 3A-B are not completely physiologically

exact as fluid readily flows from the portal arterioles and

venules through the lobule into the central venula.

Model 3:

Model3 incorporates the portal arterioles, portal venules,
and bile ducts at the vertices of a single lobule. The central

vein is surrounded by bulk livertissue. The magnitude of the
applied 10 microsecond pulse was varied until an electric

field distribution, in the range of that seen in bulk liver

tissue, developed.
Results from this simulation are shown in FIG. 4A. The

results from this simulation show that the developmentofan
IRE inducing electric field within a single lobule is feasible

using the organ’s vasculature. Additionally, it was found that
a 50V pulse is significant enoughto raise the electric field to

IRE inducing levels. This is far below the 1500V pulse

necessary to induce IRE whentheelectric field is applied
across the entire tissue construct. It can be seen from FIG.

4B and histological samples that there is a complex micro-
vasculature network which connects the portal arterioles and

venules from the central vein. Between the vasculature there
are hepatocytes which secrete bile into the bile ducts.

Models 1 and 2 assume that these microvasculature net-

workspresent a significant resistance to the flow of current
and the internal constituents of the lobule can be modeled as

a heterogeneous tissue. This is a reasonable assumption to
make where vascular occlusion mayoccuriferythrocytes (in

vivo) or epithelial cells are damaged bytheelectric field.

TABLE 2
 

Resistance of vessels of decreasing diameter with a 10:1

length to diameter ratio and a fluid conductivity of 1.4 S/m. 

 

Diameter (m) Area (m7?) Length (m) Resistance (ohms)

1.0E-02 7.85E-05 1.0E-01 9.09E+02
1.0E-03 7.85E-07 1.0E-02 9.09E+03
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TABLE 2-continued
 

Resistance of vessels of decreasing diameter with a 10:1

length to diameter ratio and a fluid conductivity of 1.4 S/m. 

 

Diameter (m) Area (m7?) Length (m) Resistance (ohms)

1.0E-04 7.85E-09 1.0E-03 9.09E+04
1.0E-05 7.85E-11 1.0E-04 9.09E+05
 

An approximationofthe resistance (R) ofvasculature and
microvasculature can be easily achievedif the fluid conduc-
tivity (p) is known by solving the constitutive relation:

where L andA are the length of the vessel andthe vessel’s
cross sectional area respectively. The results presented in

Table 2 show that the resistance of a 10 um diameter vessel
100 um long can be as high as 90 kQ whenthe vesselisfilled

with phosphate buffered solution. While significant, this
resistance is not high enoughto prevent current flow through

microvasculature. Additionally, the immense number of

microvessels which are connectedin parallel throughout the
organ should drastically reduce the overall electrical resis-

tance.

One embodiment of the invention is the preparation of

scaffolds by administering IRE during active perfusion of
the organ or tissue. Electrodes can be placedinto or near the

vicinity of the tissue with the application of electrical pulses

causing irreversible (or reversible) electroporation of the
cells through the target region. One way to administer the

electrical pulses is through the vasculature of the organ
itself. Placementofthe electrodes defines the treated region;

thus, the treated region may be only a portion of an entire

tissue or organ that is used as the starting material. The
electric pulses irreversibly or reversibly permeate the mem-

branes of treated cells, thereby invoking cell death af
irreversible). The length of time of theelectrical pulses, the

voltage applied, and the resulting membrane permeability
are all controlled within defined ranges. Application of

electric pulses that result in cell death can still preserve some

or all of the vascular structures of the organ, preferably
including those involved in microcirculation and macrocir-

culation. In some embodiments, microcirculation structures
maybe partially or totally damaged, but larger structures

maintained.
For in vitro and ex vivo practice of embodiments of the

invention, secondary techniques for removing cellular mate-

rial can be used. For example, any of the knownphysical,
chemical, or enzymatic techniques can be used to remove

cellular debris from the irreversibly permeabilized cells.
Likewise, the treated tissue can be attached to an artificial

perfusion system, which can pump a liquid composition
(e.g., a detergent-containing aqueous composition) through

the treated tissue, resulting in removalof cell debris from the

scaffold. Importantly, such secondary treatments, where
applied, can be applied underrelatively gentle conditions,

which allow for removalof cellular debris but also retention
of the scaffolding structure (including vascular and neural

structures). The use of non-thermal IRE allows for such
gentle procedures, and improves the scaffold that is ulti-

mately produced, as compared to procedures not relying on

non-thermal IRE.
For in vivo practice of the method, the debris remaining

from the irreversibly permeabilized cells may be left in situ
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and may be removed by natural processes, such as the

body’s own circulation and immune system.

The concept ofirreversible electroporation to decellular-

ize tissues is different from other forms decellularization

used in theart. Irreversible electroporation is different from

chemical and physical methods orcell lysis using osmotic

imbalance because it uses electricity to kill the cells. Irre-

versible electroporation is a more benign method because it

destroys only the cell membrane of cells in the targeted

tissue and does not damage to the underlying extracellular

matrix (ECM). In contrast, chemical and physical methods

can damagevital structures, such as the ECM,bloodvessels,

and nerves. IRE of the type described here, uses electrical

pulses to serve as the active means for inducing cell death by

a specific means, i.e., by fatally disrupting the cell mem-

brane.

Irreversible electroporation may be used for the decellu-

larizing tissue in a minimally invasive procedure that does

not or does not substantially affect the ECM. Its non-

selective mode of decellularization is acceptable in the field

of tissue engineering and providesresults that in some ways
are comparable to sonication, inducing an osmotic imbal-

ance, freezing, or chemical decellularization.

One exemplary embodiment of the invention includes a
method whereby cells of tissue are irreversibly electropo-

rated by applying pulses of very precisely determined length
and voltage during active perfusion of the organ ortissue.

This may be done while measuring and/or observing
changes in electrical impedance in real time and noting

decreases at the onset of electroporation and adjusting the

current in real time to obtain irreversible cellular damage
without thermal damage. The method thus may include use

of a computing device and sensors to monitor the effects of
the electrical treatment. In embodiments where voltage is

applied, the monitoring of the impedance affords the user

knowledge of the presence or absence of pores. This mea-
surement shows the progress of the pore formation and

indicates whetherirreversible pore formation, leadingto cell
death, has occurred.

Yet another embodiment includes a method whereby the
onset and extent of electroporation of cells in tissue can be

correlated to changes in the electrical impedance (which

term is used herein to mean the voltage over current) of the
tissue. At a given point, the electroporation becomes irre-

versible. A decrease in the resistivity of a group of biological
cells occurs when membranesofthe cells become permeable

due to pore formation. By monitoring the impedance of the
biological cells in a tissue, one can detect the average point

in time in which pore formation of the cells occurs, as well

as the relative degree of cell membrane permeability due to
the pore formation. By gradually increasing voltage and

testing cells in a given tissue, one can determine a point
whereirreversible electroporation occurs. This information

can then be usedto establish that the cells of the tissue have
undergoneirreversible electroporation. This information can

also be used to control the electroporation process by

governing the selection of the voltage magnitude. Other
imaging techniques can be employed to monitor how much

area has been treated (e.g., ultrasound, MRI, CT,etc.).
The invention provides the simultaneousirreversible elec-

troporation of multitudes of cells providing a direct indica-
tion of the actual occurrence of electroporation and an

indication of the degree of electroporation averaged overthe

multitude. The discovery is likewise useful in the irrevers-
ible electroporation of biological tissue (masses of biologi-

cal cells with contiguous membranes) for the same reasons.
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The benefits of this process include a high level of control
over the beginning point of irreversible electroporation.

One feature of embodiments of the invention is that the

magnitude of electrical current during electroporation of the
tissue becomes dependent on the degree of electroporation

so that current and pulse length are adjusted within a range
predetermined to obtain irreversible electroporation oftar-

geted cells ofthe tissue while minimizing cellular damage to
surrounding cells and tissue. Yet another feature of embodi-

ments of the invention is that pulse length and current are

precisely adjusted within ranges to provide more than mere
intracellular electro-manipulation whichresults in cell death

and less than that which would cause thermal damagesto the
surrounding tissues. Another feature of embodimentsis that

measuring current (in real time) through a circuit gives a
measurement of the average overall degree of electropora-

tion that the cells in the tissue achieve.

Yet other features ofembodiments include that the precise
electrical resistance of the tissue can be calculated from

cross-time voltage measurement with probe electrodes and
cross-current measurement with the circuit attached to elec-

troporation electrodes; the precise electrical resistance of the
tissue is calculated from cross-time voltage measurement

with probe electrodes and cross-current measurement with

the circuit attached to electroporation electrodes; and elec-
trical measurements of the tissue can be used to map the

electroporation distribution of the tissue. It is noted that, in
irreversible electroporation it is possible and perhaps even

preferred to perform the current or EIT measurements a
substantial time (several minutes or more) after the elec-

troporation to verify that it is indeed irreversible.

In embodiments of the method,it is preferred to remove
cellular debris from the decellularized scaffolding after

primary cell destruction with non-thermal IRE. In such
embodiments, any known technique for doing so may be

used, including any of the knownphysical, chemical, and/or

enzymatic methods. In one exemplary embodiment, removal
of cellular material is accomplished, at least in part, through

perfusion of the tissue scaffolding with an appropriate agent
(e.g., water, pH-adjusted water, an aqueous solution of one

or more chelating agents, etc.), using general diffusion,
transmittal via remaining intact vasculature, or a mixture of

the two.

For in vitro methods, it is preferred that the scaffold be
sterilized, especially where the scaffold is to be used to

prepare engineered tissues and organs for implantation into
a host. Sterilization and/or removal of debris after decellu-

larization is usually conducted for scaffolds that will be used
as implants to reduce the risk of patient rejection (for

example, due to DNA fragments). When a scaffold requires

some type of sterilization, methods published in the litera-
ture for sterilization of scaffolds can be employed.

For in vitro methods, the method of making a decellular-
ized tissue scaffold results in a decellularized tissue scaffold

that is isolated from its natural environment. For in vivo
methods, the method of making a decellularized tissue

scaffold results in a tissue scaffold that is devoid of normal

cellular material. Thus, in an aspect of the invention, an
engineeredtissue scaffold is provided. The engineeredtissue

scaffold comprises a natural scaffold that is removed from its
natural environment and/or from which cellular material has

been removed. The engineered tissue scaffold of the inven-
tion contains at least some, preferably most, and more

preferably substantially all or all, of the vascular structures

(i.e., arteries, veins, capillaries) and conducting structures
(i.e., ducts) present in the tissue in its natural state. In

embodiments, the tissue scaffold comprises at least some,



US 9,867,652 B2

25
preferably most, and more preferably substantially all or all
of the neural structures present in the tissue in its natural

state. In embodiments, the scaffold further comprises the

cells that constitute these vascular structures and/or these
neural structures. Preferably, the engineeredtissue scaffold

contains a reduced numberofthe cells naturally populating
the scaffold. A majority of the original cells, more preferably

substantially all of the original cells, and most preferably all
of the original cells, are absent from the engineered scaffold.

In embodiments, the remaining cells are cells that comprise

vascular or neural structures. In preferred embodiments,
some, most, or all of the cellular debris from the cells is

absent from the engineered scaffold. Likewise, in embodi-
ments, the tissue scaffold contains someorall of the neurons

originally present in the tissue. However, in embodiments,
the neurons are destroyed but the neural tubes in which the

neurons existed remain intact.

In some embodiments, the engineered scaffold comprises
cell debris from cells originally (i.e., naturally) populating

the scaffold. As discussed above, in such embodiments, the
cell debris can be removed using known means. Alterna-

tively, someorall of the cell debris may beleft in and on the
scaffold. In embodiments where cell debris is left on the

scaffold, it can be later removed bythe action of new cells

seeded onto the scaffold and/or during the process of seed-
ing, infiltration, and growth of new cells. For example,

where new cells are seeded onto a scaffold comprising cell
debris, the action of the new cells infiltrating and growing,

alone or in combination with a perfusion means for feeding
and supporting the new cells, can result in removal of the

cell debris.

The present invention provides engineered tissue scaf-
folds that comprise vascular structures that can function in

providing nutrients and gases to cells growing on andin the
scaffolds. The use of non-thermal IRE to create the engi-

neered scaffolds permits retention of these important struc-

tures, and thus provides for improved scaffolds for use in
medical, veterinary, and research activities. The invention

thus provides engineered scaffolds capable of having rela-
tively large dimensions. That is, because re-seeded cells

growing within the inventive scaffolds need not be close
(i.e., within 1 mm) to an external surface in order to obtain

nutrients and gas, the engineered scaffolds may be thicker

than scaffolds previously known in the art. Engineered
scaffolds may have thicknesses of any desirable range, the

only limitation being the ability to generate the appropriate
electrical field to cause decellularization. However, such a

limitation is not a significant physical constraint, as place-
ment of electrodes to affect IRE is easily adjusted and

manipulated according to the desires of the practitioners of

the invention.
Engineered scaffolds of the invention can have thick-

nesses that approach or mimic the thicknesses of the tissues
and organs from which they are derived. Exemplary thick-

nesses range from relatively thin (i.e., 1 mm or less) to
moderately thick (i.e., about 5 mm to 1 cm) to relatively

thick (i.e., 5 cm or more, such as 10-20 cm or more).

Examples of providing engineered scaffolds from IRE of
tissues during active perfusion according to methods of the

invention are provided below. Ideally IRE performed ex
vivo should be doneas the tissue is perfused in a bioreactor.

Perfusion of tissue in a bioreactor has been published in the
literature, and the parameters disclosed therein can be gen-

erally applied within the present context. IRE is a special

modeforcell ablation perfectly suitable to creating scaffolds
because it kills the cells in the targeted area while sparing

major blood vessels, connective tissue, nerves, and the
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surrounding tissue. Typically, mild enzymes or chemicals

(non-ionic detergents, zwitterionic detergents, chelating

agents, enzymatic methods) can be usedto facilitate removal

of DNA fragments after decellularization (for IRE in vivo,
the removal of cells can be accomplished by the body’s

natural system).
One approach to implementing IRE ex vivo with a

bioreactor perfusion system includes: (a) attaching a freshly

excised organ to a bioreactor perfusion system to maintain
physiological environment or under other temperature con-

ditions to achieve a particular result; (b) inserting electrodes
into targeted area, such as within the vasculature of the

organ; (c) subjecting the organ to perfusion with saline or
another appropriate perfusate; and (d) administering electri-

cal pulses through one or more electrode to administer

reversible or irreversible electroporation through the vascu-
lature. Once undesired cells are ablated, the cellular debris

can be removedusing chemical(e.g., non-ionic detergent) or
physical techniques to removecellular content/debris (espe-

cially if ex vivo). The scaffold can then be seeded with seed
cells into the targeted/treated area. Additional perfusion of

the organ can be performed to administer nutrients and/or

growth media to the seeded cells (demonstration of perfu-
sion during IRE in Edd et al., 2006) and the bioreactor

perfusion system can be maintained at optimal conditions
for cell growth (37° C.). Any one or more of these method

steps can be performed and in anyorderto achieve a desired
volumeoftreated tissue. For example, to treat several areas

of an organ orto treat the entire organ, electroporation can

be repeated over several smaller areas of the organ and
intermittent with substantial resting periods where perfusion

is allowedto flush cell debris from the organ, or a substantial
period of perfusion without IRE can be allowedto take place

after IRE is performed. Likewise, if using plate or needle

type electrodes, perfusion can be allowedto take place prior
to placementofor insertion of the electrodes, whereas with

wire type electrodes placed within the vasculature, it may be
desired to place the electrodes appropriately then begin the

active perfusion. Indeed, any one or morethese steps can be
omitted, modified, rearranged with other steps, or substi-

tuted for other steps as appropriate.

Example HIRE During Active Perfusion

Young mixed breed pigs were sacrificed by way of

barbiturate overdose. Livers were harvested and placed on
ice within 15 minutes of death. Vascular anastomosis with

the perfusion system was created by inserting Luer lock
syringe connections into the portal vein, hepatic artery, and

major hepatic vein, which were then secured with zip ties.

The livers were flushed with lactated Ringer’s solution
(LRS) to remove blood/clots before placement on the per-

fusion system.
The VasoWave™ Perfusion System (Smart Perfusion,

Denver, N.C.) was used to perfuse the livers for 4 and 24
hours. This system produces a cardioemulating pulse wave

to generate physiological systolic and diastolic pressures and

flow rates within the organ. The system is capable of
controlling the oxygen content of the perfusate above and

below physiological norms. A perfusate, consisting ofmodi-
fied LRS, was delivered to the portal vein and hepatic artery

and recycled back into the system through the hepatic vein.
All livers were under active machine perfusion within one

hour post-mortem.

While under perfusion, the ECM 830 Square Wave BTX
Electroporation System (Harvard Apparatus, Cambridge,

Mass.) was used to deliver low-energy pulses to the liver
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tissue. Two metal plate electrodes, 2 cm in diameter, were
attached to a pair of ratcheting vice grips (38 mm, Irwin

Quick-Grips) using Velcro. High voltage wire was used to

connectthe electrodes to the BTX unit. The electrodes were
clamped gently to the liver and the center-to-center distance

between the electrodes was measured. The voltage output on
the BTX unit was adjusted such that the approximate applied

electric field was 1000 V/cm.
Ninety-nine individual 100-us square pulses were admin-

istered at repetition rates of 0.25, 0.5, 1.0 and 4.0 Hz.

Repetition rates trials were performed at random and
repeated a minimum of three times. Sham controls were

performedby placing the electrodes over the tissue without
delivering any pulses. Two additional trials were performed

using needle electrodes placed on a 0.5 cm gap using a
voltage-to-distance ratio of 1500 V/cm at rates of 1 Hz and

4 Hz. Theset up for this protocol is found in FIG. 5A. All

N-TIRE treatments were completed within two hours post
mortem. The surface lesion created at each treatment site

was measured at the end of the 24 hour perfusion period.
FIGS. 5A-B are drawings of (FIG. 5A) placement of the

electrodes (one of which is shown by reference number 50)
on actively perfused liver tissue 55 and (FIG. 5B) the

resultant lesion 64 after treatment with 99, 100 us, 1500V/

cm pulses and 4 hours of perfusion, with the approximate
area of the electrode outlined by region 60.

Following N-TIRE treatment and machine perfusion,
livers were disconnected from the VasoWave™ system,

sectioned to preserve lesions, and tissues were fixed by
immersion in 10% neutral buffered formalin solution. After

fixation, tissues were trimmed and processed for routine

paraffin embedding, then sectioned at 4 micrometers, and
stained with hematoxylin-eosin (H&E)andtrichromestains.

Tissue sections were evaluated by a veterinary pathologist
who had no knowledge ofthe N-TIRE treatment parameters.

Numerical modeling can be used to predict the electric

field distribution, and thus provide insight into the N-TIRE
treatment regions in tissue. Edd, J. F. & Davalos, R. V.

Mathematical modeling of irreversible electroporation for
treatment planning. Technology in Cancer Research and

Treatment 6, 275-286 (2007) (“Edd 2007”). This has been
chosen as the method to correlate lesion volume with an

effective electric field threshold for the lesions created in the

liver. The methods for predicting N-TIRE areas are similar
to the ones described by Edd and Davalos. (Edd 2007). In

order to understand the effective electric field threshold to
induce N-TIREintheliver, finite element simulations were

conducted using Comsol Multiphysics 3.5a (Comsol, Stock-
holm, Sweden). The numerical model was constructed using

2 cm diameter plates, each 1 mm thick, placed above and

below the tissue. The model was solved as prescribed by
Garcia et al. (Garcia, P. et al. Intracranial nonthermalirre-

versible electroporation: in vivo analysis. JMembr Biol 236,
127-136 (2010)). The electric field distribution is given by

solving the Laplace equation:

V-(oVe)=0

where o is the electric conductivity of the tissue and is
the potential.

The electrical boundary condition along the tissue thatis
in contact with the energized electrode is g=V,,. The elec-

trical boundary condition at the interface of the other elec-
trode is =0. The boundaries where the analyzed domainis

not in contact with an electrode are treated as electrical

insulation. The electrical boundary condition along the tis-
sue that is in contact with the energized electrode is g=V,.

The electrical boundary condition at the interface of the
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other electrode is ~=0. The boundaries where the analyzed

domain is not in contact with an electrode are treated as

electrically insulative.

Conductivity changes due to electroporation and tempera-

ture have been modeled to calculate the dynamic conduc-

tivity according to the following equation:

(normE_dc)=0,[1+fle2hs(normE_dc-Ejerry

E,-ange)]
Sanamie'

where 0, is the baseline conductivity. fic2hs is a smoothed

heavyside function with a continuous second derivative that

ensures convergence of the numerical solution. This func-

tion is defined in Comsol, and it changes from zero to one

when normE_de-E,,;,,-0 over the range E,,,,2.. In the

function, normE_decis the magnitude of the electric field,

and E21. 18 the magnitude of the electric field at which the

transition occurs over the range, E,,,,,¢-- In the simulations,

the following were used: E4.7,=500 V/cm and E,.,¢¢=100

V/cm. The baseline tissue conductivity was of 0.286 S/m,

and N-TIREaffected tissue was considered to double as used

by Selet al., reaching a final conductivity of 0.572 S/m. (See

Boone, K., Barber, D. & Brown, B. Review—Imaging with

electricity: report of the European Concerted Action on

Impedance Tomography. J. Med. Eng. Technol. 21, 201-232

(1997); Sel, D., Lebar, A. M. & Miklaveic, D. Feasibility of

employing model-based optimization of pulse amplitude

and electrode distance for effective tumor electropermeabi-

lization. IEEE Trans Biomed Eng 54, 773-781 (2007); Sel,

D.et al. Sequential finite element model of tissue electrop-

ermeabilization. IEEE Trans Biomed Eng 52, 816-827,

doi:10.1109/TBME.2005.845212 (2005); and Pavselj, N.et
al. The course of tissue permeabilization studied on a

mathematical model of a subcutaneous tumor in small

animals. EEE Trans Biomed Eng 52, 1373-1381 (2005)).

This numerical model wassolvedfor the pulse parameters

used on the livers in order to obtain a simulation of the

electric field to which the tissue was exposed. The N-TIRE

electric field thresholds were then found by measuring lesion

dimensions and determining the electric field value at this
region in the model.

Surface lesions develop during perfusion within 30 min-

utes initiating of treatment. The area of these on the liver
surface created by plate electrodes were larger than, but the

sametype as that from the needle electrodes. In FIG. 5B, a
3.3 cm surface lesion produced from an applied voltage of

1500 V maybeseen, taken 4 hours after treatment. Numeri-
cally modeled, this lesion size was produced within the

region of tissue experiencing an electric field of 3794142

V/cm or greater. The results of the numerical model forthis
trial may be seen in FIGS. 6A-C.

The average applied voltage to distance ratio between the
plates for the frequency trials was 962 V/cm. Lesions from

these trials developed over 22 hours post-treatment, and
were 2.5 cm in diameter on average (125% electrode diam-

eter); with a minimum lesion of 2 cm occurring at 0.25 Hz

and 936 V/cm, and maximum lesion of 3.2 cm occurring at
1.0 Hz and 950 V/cm. Thoughnotdramatically significant,

the results suggest that lesion sizes were on average greatest
at 1 Hz and decreased as the frequency increased or

decreased. The lesions which developed after treatments
applied at 0.25 and 4 Hz werestatistically smaller (a=0.1)

than those which developed for treatments applied at 1 Hz

(FIGS. 7A-B).
Analysis of the treated tissue reveals a uniform treatment

region that extended cylindrically through the tissue. This



US 9,867,652 B2

29
resulted in calculated treated volumes between 1.97 cm* and
6.37 cm? for corresponding tissue thicknesses of 0.628 and

0.792 cm.

On histological examination from 24 hours post-treat-
ment, the treated regions exhibit cell death (FIG. 8B)

compared to controls (FIG. 8A). More specifically, FIGS.
8A-B show the histological comparison of untreated liver

tissue to areas which have undergone mild IRE treatments
showing preservation of connective tissue and blood vessels.

Samples stained with H&E from (FIG. 8A) untreated and

(FIG. 8B) ninety nine, 100 us, 1000 V/cm pulses using plate
electrodes 24 hours of cardio emulation perfusion at 10x.

Hepatic acini in pigs are bordered by connective tissue,
which contains blood vessels and biliary structures, and

have a prominent cord architecture terminating in a hepatic
venule. In areas adjacent to energy delivery, hepatic cell

cords were well preserved, with mildly vacuolated hepato-

cytes (an expected finding at 24-hour ex vivo machine
perfusion cycle). Sinusoidal structure in untreated areas is

open,reflecting the flow of perfusate between hepatic artery/
portal vein and hepatic vein. N-TIRE treatment disrupts

hepatic cords and induces cell degeneration (FIG. 8B).
Preservation of major acinar features, including connective

tissue borders and bloodvessels, is seen. In zones ofN-TIRE

treatment, cell cords were indistinct and membranes lining
sinusoids are fragmented to varying degrees.

Pigs, like humans, have substantial septation ofliver acini
by thin bandsoffibrous connective tissue that run between

portal triads. This macrostructure had an effect on the
distribution of lesions induced by electroporation. Lesions

are confined within structural acini in a mannerthat at the

edges of the electroporation field, acini with lesions could
border normal or nearly normal acini. Thus, the bands of

connective tissue act as insulation for the electrical pulsing,
an important observation when considering procedures for

treating focal liver lesions with electroporation or for evolv-

ing an intact connective tissue/duct/vascular matrix for
subsequent tissue engineering.

FIGS. 9A-C are micrographs showing (FIG. 9A) A sec-
tion of untreated liver after 24 hours of perfusion. Sections

of the sameliver treated with 90, 1500 V/cm, 100 us pulses
at 4 Hz using needle electrodes after 24 hours of perfusion

at (FIG. 9B) 10x and (FIG. 9C) 20x magnification.

FIG. 9A showsa portion of untreated porcine liver with
normal sinusoidal cell cords arrayed from portal tracts to

central vein. Cell morphology is well preserved. Some
vascular congestion with red blood cells is noted and there

is also mild centrilobular biliary stasis. Mildly damaged
porcine acini are observed in regions subjected to plate

electroporation (FIG. 9B). The center of the acinus shows

disruption of cord architecture and some cell degeneration
and clumping. A higher magnification view of this area is

shown in FIG. 9C, where cellular changes are more readily
appreciated. These treated regions display mild lesions con-

sisting of hepatocytic cord disruption and cells delaminating
from cord basal laminae. Mild biliary stasis is noted (dark

pigment).

Administration of N-TIRE treatment, either with needle
electrodes or with plate electrodes produced lesions in some

hepatic acini that are distinctive. The severity of lesions
within individual acini ranges from mild to moderately

severe. Mild lesions consisted of small clumps of hepato-
cytes that detach from basal membranes. These cells show a

loss of organization of fine intracellular structure and clump-

ing of cytoplasm/organelles (FIGS. 9A-C).
Moderately severe lesions are readily discerned (FIGS.

10A-B). Cells affected by the N-TIRE procedure show
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varying degrees of cell swelling and karyolysis (FIG. 10B).

Within individual acini, most cells are affected. In some

acini, frank nuclear pyknosis and cellular degeneration is

seen, with small clumps of hyperchromic cells unattached

from basal membranes. In some acini, centrilobular biliary

stasis is noted, with aggregation of bile pigments in distal

sinusoidal spaces. In all cases, as noted, bridging bands of

connective tissue, with intact bile ducts and vascular struc-

tures are seen, even immediately bordering acini with sig-

nificant N-TIRE-induced tissue damage.

This work reports the effect of non-thermal irreversible

electroporation in an actively perfused organ for use in

creating decellularized tissue scaffolds for organ transplan-

tation. The results reported here were localized to volumes

oftissue up to 6.37 cm? for a single N-TIREtreatment. This

can readily be expanded into much larger volumes by

performing multiple treatments with the goal of creating

decellularized structures for partial and full livertransplants.

After 24 hours of perfusion, a quantity of cellular debris

usually remained within the tissue construct. Removal of

this debris is essential in minimizing immune response of
recipients and can be accomplished through longer and more

efficient perfusion protocols and/or using the body’s own

mechanisms of perfusion to maximize the removal ofcel-
lular constituents.

In addition to producing decellularized tissue scaffolds,
these methods provide an ideal platform to study the effects

of pulse parameters such as pulse length, repetition rate, and
field strength on whole organ structures. Additionally, since

there is direct control over the electrical properties of the

perfusate, this could serve as a model for examining the
effects of N-TIRE on diseased or cancerous organs with

unique electrical or physical properties. Methods of the
invention can be applied to treat portions of diseased tissue

or organs to remove unwanted or diseased tissue, then

re-seeding of the organ or tissue can be performed. For
example, a patient with liver disease could be treated to

address just the damaged regions of the liver through the
vasculature and allow the body to decellularize and reseed

that section on its own.
The resulting scaffolds from N-TIREplus perfusion main-

tain the vasculature necessary for perfusion into structures

far beyond the nutrient diffusion limit that exists for non-
vascularized structures. Since the temperature of the per-

fusate used can be as low as 4° C., thermal aspects associ-
ated with Joule heating are negligible. This provides an ideal

platform in which to explore the effects on the cells and
tissue of electric fields in isolation from the effects of

thermal damage. Additionally, the low temperature of the

organ compared to in vivo applications may allow for the
application of much higher voltages to attain appropriate

electric fields for decellularizing thicker structures without
inducing thermal damage. This is important since the thick-

ness of a human liver can exceed 10 cm in someregions.
As shown and described herein, when planning to decel-

lularize tissues and organs undergoing active perfusion, the

treatment region of decellularized tissue may be predicted
through numerical modeling. From the lesion sizes and

numerical model used here, when decellularizing an entire
organ for a transplantable scaffold, the protocol should

exposeall of the tissue to an electric field of 3794142 V/cm.
This will ensure complete cell death, allowing comprehen-

sive reseeding of the scaffold with the desired cells, thus

minimizing the effects of recipient rejection. It is noted that
the threshold found here is slightly lower than ones in

previous investigations, which maybe a result of the unique
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pulse parameters used or an inherent increased sensitivity of

the cells to the pulses when under perfusion.

Continuous active machine perfusion in the decellular-

ization process may also be advantageous for recellulariza-
tion. Once the decellularization process is complete, it

should be possible to reseed the scaffold without risking
damage attendant with removing the newly-created scaffold

from the perfusion system. Since the arterial and venous

supplies are individually addressable, multiple cell types can
be delivered simultaneously to different regions ofthe organ.

Sunilarly, retrograde perfusion through the biliary system
maybethe ideal pathway in whichto deliver hepatocytes for

the reseeding process.
Lesions seen microscopically are clearly indicative of a

mechanism and morphology for cellular stripping using

electroporation. It is very interesting that even at 24 hours,
when using the electroporation parameters described here,

there is only a modest loss of acinar architecture. More
stringent conditions of energy delivery could likely alter

this, but this might induce damage to important connective
tissue and vascular structures. Addition of adjuvant cyto-

toxic agents, enzymes, and detergents in the perfusion fluid

also might modulate the severity and temporal nature ofcell
stripping. Logically, it is much better to build on mild

conditions, preserving important architecture for tissue engi-
neering purposes, than to rapidly obliterate cells and stroma.

The ability to manage the period ofperfusion and conditions
of perfusion with the cardioemulation system has clear

advantagesfor this gradual, evolutionary approachto decel-

lularization and eventual recellularization of liver.

Example H]—Vasculature Administered IRE with
Active Perfusion

A normal kidney was procured, through standard and

approved means, from a pig after death. When obtained, the

renal artery and vein of the kidney were isolated and
connected with fittings to allow anastomosis to a cardiovas-

cular emulation system (CVES) (VasoWave 2.3™, Smart
Perfusion LLC, Denver, N.C.). The organ was connected to

the CVES and the kidney was flushed with 1.5 liters of
Krebs-Hensleit/Glutathione physiologic solution over a

period of 5 minutes.

The kidney was then anastomosed on the arterial and
vascular connectors to the CVESandperfusion wasstarted

(arterial systolic pressure: 110 mm Hg,diastolic pressure 60
mm Hg,with a physiologic pulse train delivered at 60 beats

per minute). Perfusion was performed at 25° C. The renal
vein was left disconnected but the end of the tubing was

elevated to generate a low backpressure (this approximated

1 mm Hg). Perfusion was stabilized over a 15 minute
interval. The Krebs solution conductivity was measured at

0.72 S/m.
As shown in FIG. 11, customized energy application

electrodes can be fabricated for a particular application. In
this example, an electroporation device 70 was created by

piercing a small section of flexible tubing 72 near its center

point, inserting an insulated wire electrode 78 with an
exposedtip 78A (e.g., some portion of bare wire or enamel

coated wire with an exposed tip) through the hole and
sealing the site with adhesive. The enamel on ends of the

Wire was removedto create electrical connections within the
tubing and externally while providing an insulating coating

around the majority ofthe wire for safety. In addition, shrink

wrap tubing was applied along the length of the tubing for
further electrical insulation. Luer lock connections 74, 76

were then inserted into the ends of the tubing to facilitate
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connection to the perfusion system. This electrode configu-
ration presented less than 1 ohm of resistance between the

pulse generation system and the perfused fluid. As shown in

FIG. 11, a small diameter wire is situated inside the tubing
and is accessible from the outside, which allows for pulses

to be delivered simultaneous with perfusion.
FIG. 12 is a drawing showing a kidney 80 simultaneously

attachedto the prototype electrodes 70 and perfusion system
by way of the renal vein and artery. One electrode was

placed in-line between the arterial supply from the CVES

and the kidney vascular connector. The venous electrode
was connected to the renal vein vascular connector on one

end, while the other end ofthe electrode tubing was propped
up with a syringe to create the backpressure. This also

prevented the electrical current from finding a path of least
resistance through the perfusate backwards through the

CVESor sending a partial current through the system and

the kidney.
The resistance and capacitance of the vascular network

was measured with an LCR meter. At low frequencies (100
Hz) the resistance and capacitance values measured were

372.6 k Ohms and 0.248 nano-Farads, respectively. This
yields an RC time constant of 92.4 micro-seconds and a

complete decay time (5*RC) of approximately 462 micro-

seconds.
As demonstrated in FIG. 13, which provides impedance

measurements from the kidney prior to pulsing, the organ
presented a significant electrical resistance and capacitance.

The trend observed between 100 and 10,000 Hz (FIG. 13)
indicates that for square wave pulses which have a large

direct current DC component, the RC time constant should

be larger. A single 50 micro-second pulse was delivered
through the vasculature at voltages of 100, 500, 750, 1000,

1500, and 2000 V using a BTX pulse generator (Harvard
Apparatus). The current delivered and the decay time of the

pulse wasrecorded.In all cases, the decay time was less than

predicted.
The resultant waveform is shown in FIG. 14. More

particularly, FIG. 14 provides the resultant waveform from
a 50 microsecond pulse with amplitude of 1000V. Decay of

the pulse is characteristic of a tissue with both resistive and
capacitive components. A representative pulse voltage and

current plots can be seen in FIG. 14. The decay time

decreased significantly between 100 V and 500 V and
remained relatively constant at voltages between 500 and

2000 V. In all cases, the delivered current was (23-53%)
greater than expected based on calculations.

FIG. 15 is a graph showing the maximum current deliv-
ered and decay time for pulses delivered with amplitudes

between 100 and 2000 V. Trends indicate that for pulses of

500 V and above, the resistance of the tissue has decreased
due to electroporation. The organ was then subjected to 200

pulses at 1000 V, with a repetition rate of one pulse every
second.

TTC stain (2% in Krebs solution) was administered by
perfusion for 15 minutes after pulsing was completed and

the organ remained on the perfusion system for another 30

minutes. The TTC stain is used to delineate viable and
non-viable tissue, via the formation of a colored reaction

product (a red formazan) through the activity of tissue
dehydrogenases. Viable tissue, capable of oxidative respi-

ration, is shown at 80; devitalized or ischemic tissue is pale
in comparison, shownat 84. As shownin FIG.16, a kidney

section 30 minutes after pulsing showsareas indicative of

live tissue, region 80, and areas indicative of regions ablated
by the IRE pulses, region 84. The sectioned organ was

placed in formalin for fixation and histology. It is obvious
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from this figure that a large volumeofthe kidney underwent
irreversible electroporation. Blood clots in the vasculature

may have prevented the entire organ from undergoing elec-

troporation. This issue can be resolved by flushing the
vasculature of the organ immediately after surgical resec-

tion.
FIGS. 17-20 are drawings showing that electroporation

devices and systems of the invention can be disposed in
communication with blood vessels and conductance struc-

tures of organs, such as the liver. FIG. 17 shows device 70

(with electrode 78 comprising an exposed tip 78A) placed in
hepatic artery 56 of liver 55. For reference, portal vein 57

and bile duct 58 are also shown. FIG. 18 is a drawing
depicting one electroporation device 70 disposed in portal

vein 57 of liver 55. FIG. 19 is a drawing depicting one
device with electrode placed into the bile duct 58 of a liver.

The vasculature and microvasculature of an organ can be

used to deliver brief but intense electrical pulses to bulk
tissue resulting in non-thermal cell death while maintaining

the structure and function of the underlying extracellular
matrix. Histological staining will be used to evaluate the

overall health of the tissue (H&E), damage and removal of
endothelial cells (vWF), and the structure ofthe extracellular

matrix (trichrome) and the resultant decellularization of

these preliminary experiments. The 4 hourtotal perfusion
protocol can be used as a baseline for decellularization

protocols and has extensions outside of tissue engineering,
such asto treat solid tumors which are embedded deep inside

vascularized organs.
Once engineered scaffolds are prepared, the scaffolds can

be further engineered to regenerate within a living body or

engineered into tissues and organs acceptable for transplan-
tation into a living body. Methods of making engineered

tissues can comprise: seeding an engineered scaffold accord-
ing to the invention with a cell of interest, and exposing the

seeded scaffold to conditions whereby the seeded cells can

infiltrate the scaffold matrix and grow. Seeding of the
scaffold can be by any technique knownin the art. Likewise,

exposing the seeded scaffold to conditions wherebythecells
can infiltrate the scaffold and grow can be any technique

knownin the art for achieving the result. For example, it can
comprise incubating the seeded scaffold in vitro in a com-

mercial incubator at about 37° C. in commercial growth

media, which can be supplemented with appropriate growth
factors, antibiotics, etc., if desired. Those of skill in the art

are fully capable of selecting appropriate seeding and pro-
liferation techniques and parameters without a detailed

description herein. In other words, with respect to seeding
and growth of cells, the scaffolds of the present invention

generally behave in a similar manner to other natural scaf-

folds knownin the art. Although the present scaffolds have
beneficial properties not possessed by other scaffolds, these

properties do not significantly affect seeding and growth of
cells.

Engineered tissues have been developed as replacements
for injured, diseased, or otherwise defective tissues. An

importantgoalin thefield oftissue engineering is to develop

tissues for medical/therapeutic use in human health. In view
of the difficulty andethical issues surrounding use ofhuman

tissues as a source of scaffolds, tissues from large animals
are typically used for the source material for natural scaf-

folds. The xenotypic scaffolds are then seeded with human
cells for use in vivo in humans. While the presently dis-

closed engineered tissues are not limited to human tissues

based on animalscaffolds, it is envisioned that a primary
configuration of the engineered tissues will have that make-

up. Thus, in embodiments, the engineered tissues of the
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invention are tissues comprising human cells on and within
a scaffold derived from an animaltissue other than human

tissue.

Forcertain in vivo uses, animaltissue is subjected in vivo
to non-thermal IRE, and the treated tissue cleared of cell

debris by the host animal’s body. Thus, in certain in vivo
embodiments, no secondary cell debris removal step is

required, as the host animal’s bodyitself is capable of such
removal(this concept applies to in vivo creation of scaffolds

in humansas well). The treated tissue is then seeded in vivo,

for example with humancells, and the seeded cells allowed
to infiltrate the scaffold and grow. Upon suitable infiltration

and growth, the regenerated tissue is removed, preferably
cleaned of possible contaminating host cells, and implanted

into a recipient animal, for example a human. In such a
situation, it is preferred that the host animal is one that has

an impaired immune system that is incapable or poorly

capable of recognizing the seeded cells as foreign cells. For
example, a genetically modified animal having an impaired

immune system can be used as the host animal. Alterna-
tively, for example, the host animal can be given immune-

suppressing agents to reduce or eliminate the animal’s
immuneresponseto the seeded cells.

The recipient or host animal can be any animal, including

humans, companion animals (i.e., a pet, such as a dog or
cat), a farm animals (e.g., a bovine, porcine, ovine), or

sporting animals (e.g., a horse). The invention thus has
applicability to both human and veterinarian health care and

research fields.
Whetherin vivo or in vitro or ex vivo, the choice of cells

to be seeded will beleft to the practitioner. Many cell types

can be obtained, and those of skill in the tissue engineering
field can easily determine which type of cell to use for

seeding of tissues. For example, one may elect to use
fibroblasts, chondrocytes, or hepatocytes. In embodiments,

embryonic or adult stem cells, such as mesenchymal stem

cells, are used to seed the scaffolds. The source of seeded
cells is not particularly limited. Thus, the seeded cells may

be autologous, syngenic or isogenic, allogenic, or xeno-
genic. Because a feature of the present invention is the

production of scaffolds andtissues that have reduced immu-
nogenicity (as compared to scaffolds and tissues currently

known in the art), it is preferred that the seeded cells be

autologous (with relation to the recipient of the engineered
tissue). In certain embodiments, it is preferred that the

seeded cells be stem cells or other cells that are able to
differentiate into the proper cell type for the tissue of

interest.
Alternatively or additionally, the in vivo method of cre-

ating a scaffold and the in vivo method of creating an

engineered tissue can include treating tissue near the non-
thermalIREtreated cells with reversible electroporation. As

part of the reversible electroporation, one or more genetic
elements, proteins, or other substances (e.g., drugs) may be

inserted into the treated cells. The genetic elements can
include coding regions or other information that, when

expressed, reduces interaction of the cells with the seeded

cells, or otherwise produces anti-inflammatory or other
anti-immunity substances. Short-term expression of such

genetic elements can enhancethe ability to grow engineered
tissues in vivo without damage or rejection. Proteins and

other substances can have an effect directly, either within the
reversibly electroporated cells or as products released from

the cells after electroporation.

Certain embodiments of the invention relate to use of
humanscaffolds for use in preparation of engineered human

tissues. As with other engineered tissues, such engineered
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tissues can be created in vitro, in vivo, or partially in vitro
and partially in vivo. For example, tissue donors may have

part or all of a tissue subjected to non-thermal IRE to

producea scaffold for tissue engineering for implantation of
a recipient’s cells, then growth of those cells. Upon infil-

tration and growth of the implanted cells, the tissue can be
removed and implanted into the recipient in need of it. Of

course, due to ethical concerns, the donor tissue should be
tissue that is not critical for the life and health of the donor.

For example, the tissue can be a portion of a liver. The

engineered tissue, upon removal from the host and
implanted in the recipient, can regenerate an entire func-

tional liver, while the remaining portion of the host’s liver
can regenerate the portion removed.

Upto this point, the invention has been described in terms
of engineered tissue scaffolds, engineered tissues, and meth-

ods ofmaking them.It is important to note that the invention

includes engineered organs and methods of making them as
well. It is generally regarded that organs are defined portions

of a multicellular animal that perform a discrete function or
set of functions for the animal. It is further generally

regarded that organs are made from tissues, and can be made
from multiple types of tissues. Because the present invention

is generally applicable to both tissues and organs, and the

distinction between the twois not critical for understanding
or practice of the invention, the terms “tissue” and “organ”

are used herein interchangeably and with no intent to
differentiate between the two.

Among the many concepts encompassed by the present
invention, mention may be made of several exemplary

concepts relating to engineered tissues. For example, in

creating engineered organs, the initial organ can be com-
pletely removed of cells using irreversible electroporation

prior to reseeding (this is especially relevant for organs
having at least one dimension that is less than 1 mm); the

organ can be irreversibly electroporated in sections and

reseeded to allow the human cells to infiltrate small sections
at a time; the organ can be irreversibly electroporated in

incremental slices introducing the cells in stages, so that no
human viable cells are in contact with the viable animalcells

they are replacing; the organ can be irreversibly electropo-
rated entirely or in sections and the human cells can be

injected into targeted locations in the organ; the entire organ

can be irreversibly electroporated to kill the animalcells,
then human cells can be replanted on top of the organ to

infiltrate the scaffold and replace the other cells (as the
animal cells die, the human cells will fill in and substitute,

thereby creating a new organ.)
Having provided isolated engineered tissues and organs,it

is possible to provide methods of using them. The invention

contemplates use of the engineered tissues in both in vitro
and in vivo settings. Thus, the invention provides for use of

the engineered tissues for research purposes and for thera-
peutic or medical/veterinary purposes. In research settings,

an enormous number ofpractical applications exist for the
technology. One example of such applications is use of the

engineered tissues in an ex vivo cancer model, such as one

to test the effectiveness of various ablation techniques
(including, for example, radiation treatment, chemotherapy

treatment, or a combination) in a lab, thus avoiding use ofill
patients to optimize a treatment method. For example, one

can attach a recently removedliver (e.g., pig liver) to a
bioreactor or scaffold and treat the liver to ablate tissue. In

addition, due to the absence of significant numbers of

immunecells, tumors can be grown in the removed organs
either by spontaneous means(carcinogens)or the introduc-

tion of tumorigenic cell lines into the tissue. These tumors
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maythen be treated to improve understanding and promote
optimization of a therapeutic technique in a more physi-

ologically relevant, orthotopic setting. Another example of

an in vivo use is for tissue engineering.
The engineered tissues of the present invention have use

in vivo. Among the various uses, mention can be made of
methods of in vivo treatment of subjects (used interchange-

ably herein with “patients”, and meant to encompass both
human and animals). In general for certain embodiments,

methods of treating subjects comprise implanting an engi-

neered tissue according to the invention into or on the
surface of a subject, where implanting of the tissue results in

a detectable change in the subject. The detectable change
can be any change that can be detected using the natural

senses or using man-made devices. While any type of
treatment is envisioned by the present invention (e.g., thera-

peutic treatmentof a disease or disorder, cosmetic treatment

of skin blemishes, etc.), in many embodiments, the treatment
will be therapeutic treatment of a disease, disorder, or other

affliction of a subject. As such, a detectable change may be
detection of a change, preferably an improvement, in at least

one clinical symptom ofa disease or disorder affecting the
subject. Exemplary in vivo therapeutic methods include

regeneration of organs after treatment for a tumor, prepara-

tion of a surgical site for implantation of a medical device,
skin grafting, and replacement of part or all of a tissue or

organ, such as one damaged or destroyed by a disease or
disorder (e.g., the liver). Exemplary organs or tissues

include: heart, lung, liver, kidney, urinary bladder, spleen,
pancreas, prostate, ovary, brain, ear, eye, or skin. In view of

the fact that a subject may be a humanor animal, the present

invention has both medical and veterinary applications.
For example, the method of treating may be a method of

regenerating a diseased or dysfunctional tissue in a subject.
The method can comprise exposing a tissue to non-thermal

IRE to kill cells of the treated tissue and create a tissue

scaffold. The method can further comprise seeding the tissue
scaffold with cells from outside of the subject, and allowing

the seededcells to proliferate in and on the tissue scaffold.
Proliferation produces a regenerated tissue that contains

healthy and functional cells. Such a method does not require
removal of the tissue scaffold from the subject. Rather, the

scaffold is created from the original tissue, then is re-seeded

with healthy, functional cells. The entire process of scaffold
creation, engineered tissue creation, and treatment of the

subject is performed in vivo, with the possible exception of
expansionofthe cells to be seeded, which can be performed,

if desired, in vitro.
In yet another exemplary embodiment,a tissue scaffoldis

created using non-thermal IREto ablate a tissue in a donor

animal. The treated tissue is allowed to remain in the donor’s
body to allow the body to clear cellular debris from the

tissue scaffold. After an adequate amountoftime,the treated
tissue is removed from the donor’s body and implanted into

the recipient’s body. The transplanted scaffold is not
reseeded with external cells. Rather, the scaffold is naturally

reseeded by the recipient’s body to produce a functional

tissue.
In yet another embodiment of the invention, the wire

electrodes may be used to facilitate pulsed or continuous
electric fields to induce reversible electroporation or thermal

damageto a targeted region, either in vivo or ex vivo. Where
it was shown in this example that irreversible electropora-

tion was possible to a majority of the organ undergoing

active perfusion, it has been proven that a tissue/organ’s
native vasculature serves as an adequate electrical conduit

for delivery of the electric pulses to the tissue. Where
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reversible electroporation is a phenomenon that occurs at
lower energy pulse parameters than irreversible electropo-

ration, it is clear that reversible electroporation through the

vasculature is also possible. This technique may be very
useful whenthe practitioner desires notto ablate the targeted

region, but introduce therapeutic macromolecules, such as
genes or drugs, to the targeted region. The macromolecule

used and desired therapeutic effect is left up to the practi-
tioner. Furthermore, radiofrequency ablation is a commonly

used thermal focal ablation technique which uses continuous

alternating electric fields to heat tissue, whose utility in
medicine may be enhanced and invasiveness reduced by

incorporating the vascular electrode techniques described in
this invention.

The present invention eliminates some of the major
problems currently encountered with transplants. The meth-

ods described herein reduce the risk of rejection (as com-

pared to traditional organ transplants) because the only cells
remaining from the donororgan, if any, are cells involved in

forming blood vessels and nerves. Yet at the same time,
vascular, neural, and glandular structures are maintained.

The present invention provides a relatively rapid, effective,
and straightforward way to produce engineered tissues hav-

ing substantially natural structure and function, and having

reduced immunogenicity. As such, the engineered tissues of
the present invention are highly suitable for therapeutic and

cosmetic use, while having a relatively low probability of
rejection. In embodiments where human organsare used as

the source of the scaffold (e.g., from live organ donors or
cadavers), the risk of rejection is very small.

In summary, the inventors have demonstrated a novel

process, using newly-fabricated tools (electrodes and perfu-
sion systems), that can be used for highly selective ablation

of unwanted soft tissue, including cells, tissues and organs.
Unique embodiments include application of pulsed electri-

cal energy in fluids contained within tubing or vascular beds,

control of perfusion fluid content and flow parameters,
schemesofpulsed energy delivery, and use of other manipu-

lations to confine and define therapeutic effects. It has
further been demonstrated that cellular removal from intact

tissues is possible and that this may be useful for creation of
novel tissue matrices for a variety of uses. The results

presented here are based on experiments conducted ex-vivo.

However, the perfused fluid was similar in composition and
conductivity to blood. This indicates that these experimental

results are indicative of the responses which will be seen
in-vivo.

The methods of energy delivery described in this speci-
fication, e.g., directly through the vasculature of the organ,

can also be used to induce other therapeutic responses.

Sub-lethal electric pulses (reversible electroporation) can be
used to introduce genes or drugs into a specific organ or

region of an organ to treat localized diseases. Similarly,
radiofrequency ablation techniques could use the vascula-

ture to deliver radiofrequency energy to destroy diseased
tissue or tumors through acute hyperthermia. These modali-

ties could be enhanced by delivering physiologically accept-

able fluids (by way of co-perfusion) with different electrical
properties to enhance these effects.

Because this energy is applied through the vasculature,
large, yet controllable treatment volumes can be achieved.

The overall structure of the organs is not disturbed because
the energy is not being delivered by needle electrodes and

organ puncture is not necessary. In addition, as predicted

theoretically and validated experimentally, the delivered
energy is being dissipated directly across the vascular or

capillary bed rather than across bulk tissue. Typical treat-
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ments using needle or plate electrodes use similar voltages,

deliver currents in excess of 1 Amp, and affect small

volumes. In contrast, delivery of energy using vascular

network of kidney results in currents on the order of 50 mA

(200 times less power) while treating significantly larger

volumes.

Example IV—Measuring Vascular Capability to

Conduct Electric Current

Rationale: Accurate measurement of vasculature resis-

tance to electrical current can play an important role in the

development of accurate models and treatment protocols.

Exemplary Design: Sixteen porcine livers are harvested

from mixed breed young pigs within two minutes of eutha-

nasia induced via overdose of barbiturates. These tissues are

immediately flushed with University of Wisconsin (UW)

solution at 8° C. and placed on ice. Vascular anastomosis
with a cardioemulation perfusion system (VasoWave™ 2.0,

Smart Perfusion, Denver, N.C.) can be achieved by inserting
Luer lock connectors into the portal vein (PV) hepatic artery

(HA), and major hepatic vein (MHV) within 15 minutes of

euthanasia. Accessto the biliary system can be achieved by
attaching a similar connection to the common bile duct

(CBD). The livers can be perfused for one hour prior to
experimentation to guarantee homogeneous distribution of

the perfusedfluid (perfusate) and complete removal ofblood
cells and other plasma constituents. The complex impedance

(Z) of the vasculature can be measured by applying small

sine-wave voltage signals with frequencies oscillating
between 3 and 25 kHz. The voltage drop across the driving

electrodes and current through a known resistor in the
current path can be measured. The complex impedance

between the following pairs can be calculated through
Ohm’s Law

=F)
1) PV-HA 2) PV-MHV 3) HA-MHV 4) PV-CBD 5)
HA-CBD 6) MHV-CBD.

Overall Summary and Significance: The results from
these experiments can provide the electrical characteristics

of the vasculature system and the ability of each constituent
to deliver charge. Impedance between the portal vein and

hepatic artery is expected to be the least significant since
these pathways merge at the lobule level. Impedance

between the portal vein-major hepatic vein and hepatic

artery major hepatic vein pairs is expected to be greater since
the microvasculature which connects these structures at the

lobule level should provide significant resistances individu-
ally. The impedance between each of the vasculature tracts

and the commonbile duct is expected to be the greatest since
there should be no direct fluid path between these systems.

The present invention has been described with reference

to particular embodiments having variousfeatures.It will be
apparentto those skilled in the art that various modifications

and variations can be made in the practice of the present
invention without departing from the scope or spirit of the

invention. One skilled in the art will recognize that these
features may be used singularly or in any combination based

on the requirements andspecifications of a given application

or design. Other embodiments of the invention will be
apparentto those skilled in the art from consideration of the

specification and practice of the invention. Where a range of
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values is provided in this specification, each value between
the upper and lowerlimits of that range is also specifically

disclosed. The upper and lower limits of these smaller

ranges may independently be included or excluded in the
range as well. As used in this specification, the singular

forms “a,”“an,” and“the” include plural referents unless the
context clearly dictates otherwise. Thus, for example, ref-

erence to “a pulse” includes a plurality of such pulses and
reference to “the sample” includes reference to one or more

samples and equivalents thereof known to those skilled in

the art. It is intended that the specification and examples be
considered as exemplary in nature andthat variations that do

not depart from the essence of the invention are intended to
be within the scope of the invention. Further, the references

cited in this disclosure are incorporated by reference herein
in their entireties.

The invention claimedis:
1. A method of ablating target tissue cells comprising:

inserting a first device with afirst electrode into an artery
such that the first electrode is in contact with fluid

inside the artery;
inserting a second device with a second electrode into a

vein such that the second electrode is in contact with

fluid inside the vein;
and

applying electrical energy betweenthefirst electrode and
the secondelectrode so as to deliver ablation energy to

target tissue cells using the fluid inside the artery and
the fluid inside the vein as an electrical conduit.

2. The method of claim 1, wherein the step of applying

includes applyingelectrical energy in an amountsufficient to
ablate the target tissue cells by irreversible electroporation

(IRE).
3. The method ofclaim 1, wherein the first electrode is not

in contact with the artery or the second electrode is not in

contact with the vein.
4. The method of claim 1, wherein thefirst electrode is in

contact with the artery or the second electrode is in contact
with the vein.

5. The method of claim 1, wherein the methodis per-
formed in vivo.

6. The method of claim 1, wherein the method is per-

formed ex vivo.
7. A methodof ablating target tissue cells by irreversible

electroporation (IRE) comprising:
inserting a first device with afirst electrode into an artery

associated with the target tissue cells such thatthefirst
device is disposed in the artery and thefirst electrode is

in contact with fluid inside the artery;

inserting a second device with a second electrode into a
vein associated with the target tissue cells such that the

second device is disposed in the vein and the second
electrode is in contact with fluid inside the vein; and

applying a plurality of electrical pulses betweenthefirst
electrode of the first device disposed in the artery and

the second electrode of the second device disposed in

the vein so as to deliver ablation energy to the target
tissue cells using the fluid inside the artery and the fluid

inside the vein as an electrical conduit, the plurality of
electrical pulses being sufficient to ablate the target

tissue cells by IRE.
8. The method of claim 7, prior to the step of applying a

plurality of electrical pulses, further comprising occluding at

least oneofthe artery and the vein to isolate the target tissue
cells and preserve existing fluid inside the artery and inside

the vein as an electrical conduit.
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9. The method of claim 7, prior to the step of applying a

plurality of electrical pulses, further comprising:

applying a sine wave voltage signal of varying frequen-

cies through the first electrode of the first device
disposed in the artery and the second electrode of the

second device disposed in the vein;
determining electrical characteristics of vasculature asso-

ciated with the target tissue cells based on the applied
sine wave voltage signal.

10. The method of claim 7, further comprising perfusing

the target tissue cells with a perfusate through vasculature
associated with the target tissue cells while the plurality of

electrical pulses are being applied.
11. The methodof claim 7, further comprising removing

cellular debris from a region containing the target tissue
cells, thereby creating a tissue scaffold.

12. The method ofclaim 11, wherein the target tissue cells

are from a tissue selected from the group consisting of a
heart, a lung, a liver, a kidney, a pancreas, a spleen, a

gastrointestinal tract, a urinary bladder, a prostate, an ovary,
a brain, an ear, an eye, and skin.

13. The method of claim 11, wherein the tissue scaffold
has a thickness in at least one dimension of about 1-10 cm.

14. The method of claim 11, wherein the tissue scaffold

comprises a preserved extracellular matrix and preserved
vascular structures of a natural tissue source.

15. The method of claim 14, wherein the preserved
vascular structures comprise vascular structures involved in

macrocirculation.
16. The method of claim 14, wherein the preserved

vascular structures comprise vascular structures involved in

microcirculation.
17. The method of claim 11, further comprising reseeding

the tissue scaffold with living cells under conditions that
permit growth ofthe living cells on or in the tissue scaffold

to create an engineered tissue.

18. The method of claim 17, wherein thetissue scaffold is
from an animalandthe living cells are from a human.

19. The methodofclaim 17, wherein the engineeredtissue
is a heart, a lung, a liver, a kidney, a pancreas, a spleen, a

gastrointestinal tract, a urinary bladder, a prostate, an ovary,
a brain, an ear, an eye, or skin, or a portion thereof.

20. The methodofclaim 17, wherein the reseeding step is

performed in vivo, in vitro, or ex vivo.
21. The method of claim 17, wherein the living cells are

autologous, syngenic, isogenic, allogenic, or xenogenic.
22. The method of claim 11, wherein the method is

performed in vivo.
23. The method of claim 11, wherein the method is

performed ex vivo.

24. The method of claim 11, wherein the cellular debris is
removed through one or more chemical techniques, one or

more enzymatic techniques, and/or one or more physical
techniques.

25. The method of claim 7, further comprising providing,
in communication with the artery or the vein, a mechanical

perfusion connection device having a one-way valve

adaptedto electrically isolate the target tissue cells between
heart beats and preserve existing fluid inside the artery and

inside the vein as an electrical conduit.
26. The method of claim 7, wherein the method is

performed in vivo.
27. The method of claim 7, wherein the method is

performed ex vivo.

28. A method of ablating target tissue cells comprising:
inserting a first device with a first electrode into an artery

and a second device with a secondelectrodeinto a vein;
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administering fluid into the artery and vein in a manner

such that the first and second electrodes are in contact

with the fluid; and

applying electrical energy betweenthefirst electrode and
the secondelectrode so as to deliver ablation energy to

target tissue cells using the fluid as an electrical con-
duit.

29. The method of claim 28, wherein the method is
performed in vivo.

30. The method of claim 28, wherein the method is

performed ex vivo.
31. The method of claim 28, wherein the electrode is

inserted coaxially into the tubular device.

* * * * *
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