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(57) ABSTRACT

The present invention relates to a nanoscale or microscale
container for encapsulation and delivery of materials or
substances, including, but not limited to, cells, drugs, tissue,
gels and polymers contained within the container, with
subsequent release of the therapeutic materials in situ,
methods of fabricating the container by folding a 2D pre-
cursor into the 3D container, and the use of the container in
in-vivo or in-vitro applications. The container can be in any
polyhedral shape and its surfaces can have either no perfo-
rations or nano/microscale perforations. The container is
coated with a biocompatible metal, e.g. gold, or polymer,
e.g. parylene, layer and the surfaces and hinges of the
container are made of any metal or polymer combinations.
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SELF-ASSEMBLED, MICROPATTERNED, AND
RADIO FREQUENCY (RF) SHIELDED
BIOCONTAINERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. provisional
application No. 60/701,903, filed Jul. 22, 2005, the entire
contents of which is incorporated herein by reference.

GOVERNMENT RIGHTS

[0002] This research was supported in part by the National
Institutes of Health (NIH P50 CA 103175). The government
of the United States may have rights to this invention.

FIELD OF THE INVENTION

[0003] The present invention relates to a microfabricated
nano or micro scale container for encapsulation and delivery
of materials or substances including, but not limited to,
biological media including cells, pharmaceutical agents,
compositions, drugs, tissue, gels and polymers contained
within the container, with subsequent release of the thera-
peutic materials in situ, methods of making the container and
methods of using the container in in vivo or in vitro
applications.

BACKGROUND OF THE INVENTION

[0004] In recent years, advances in regenerative medicine
have inspired therapies targeted at the cellular level. These
therapies seek to implant cells or cellular clusters, manipu-
late cellular pathways, and target the delivery of drugs. For
example, a wide range of cell lines have been enclosed
within semipermeable and biocompatible immobilization
devices that control the bidirectional diffusion of molecules
and cell release (R. P. Lanza, J. L.. Hayes, W. L. Chick, Nat.
Biotechnol. 14, 1107 (1996); G. Drive, R. M. Hernandez, A.
R. Gascon, M. Igartua, J. L. Pedraz, J. L., Trends in
Biotechnol. 20, 382 (2002); N. E. Simpson, S. C. Grant, S.
J. Blackband, 1. Constantinidis, Biomaterials 24, 4941
(2003)). Concurrent advances in microtechnology have
revolutionized medicine, as new implantable devices,
microarrays, biocapsules and microprobes are developed.
These devices have facilitated cellular encapsulation, on-
demand drug release, and early diagnosis of diseases (J. T.
Santini, M. J. Cima, R. Langer, Nature 397, 335 (1999); I.
Kost, R. Langer, Adv. Drug Delivery Rev. 6, 19 (1991); L.
Leoni, T. A. Desai, Adv. Drug Delivery Rev. 56, 211 (2004);
B. Ziaie, A. Baldi. M. Lei, Y. Gu, R. A. Siegel, Adv. Drug
Delivery Rev. 56, 145 (2004); T. A. Desai, T. West, M.
Cohen, T. Boiarski, A. Rampersaud, Adv. Drug Delivery
Rev. 56, 1661 (2004); J. T. Santini, A. C. Richards, R.
Scheidt, M. J. Cima, R. Langer, Angew. Chem. 39, 2396
(2000); Z. Fireman, E. Mahajna, E. Broide, M. Shapiro, L.
Fich, A. Sternberg, Y. Kopelman, E. Scapa, Gut 52, 390
(2003)). In contrast to polymeric, hydrogel, and sol-gel
based processes that have been used for encapsulation and
delivery, conventional silicon (Si) based microfabrication
has high reproducibility, provides mechanical and chemical
stability, and allows the incorporation of electronic and
optical modules within the device, thereby facilitating wire-
less telemetry, remote activation and communication, in
vivo. However, Si based microfabrication is inherently a two
dimensional (2D) process and it is extremely difficult to
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fabricate three-dimensional (3D) systems using conven-
tional microfabrication (M. Madou, Fundamentals of Micro-
fabrication (CRC, Boca Raton, Fla., 1997)). A 3D medical
device has several advantages over its 2D counterpart: (a) a
larger external surface area to volume ratio, thereby maxi-
mizing interactions with the surrounding medium, and pro-
viding space to mount different diagnostic or delivery mod-
ules, (b) a finite volume allowing encapsulation of cells and
drugs, and (c) a geometry that reduces the chances of the
device being undesirably lodged in the body.

[0005] In one aspect of the present invention, biocontain-
ers have been fabricated by a strategy that combines the
advantages of three-dimensionality with the desirable
aspects of Si based microfabrication to facilitate the delivery
of therapeutic agents in situ. For example, the containers are
loaded with microbeads or cells embedded in a gel, and thus
can be used either in conjunction with present day immo-
bilization systems used in cell encapsulation technology, or
they can be used independently. In another aspect, the
biocontainers also can be used for encapsulation of func-
tional cells within the porous containers for in vitro and in
vivo release of therapeutic agents with, or without, immu-
nosuppression. For example, the containers can be used for
encapsulation and delivery of insulin secreting cells for
implantation in patients with diabetes, for placing tumor
innocula in animal models where constraining cells within a
small region is necessary, and for delivery of functional
neuronal PC12 cells. In some embodiments, the faces of the
container are patterned with microscale perforations, allow-
ing control over perfusion and release of its contents with the
surrounding medium. In another aspect, the containers of the
present invention are easily detected and non-invasively
tracked using conventional magnetic resonance imaging
(MRI) and do not require the presence of a contrast agent.

SUMMARY OF THE INVENTION

[0006] The present invention provides nanoscale or
microscale containers for encapsulation and delivery of
materials or substances, including, but not limited to, cells,
drugs, tissue, gels and polymers contained within the con-
tainer, with subsequent release of the therapeutic materials
in situ, methods of fabricating the container by folding a 2D
precursor into the 3D container, and the use of the container
in in-vivo or in-vitro applications. In one embodiment of the
present invention, a three-dimensional container comprises
a multitude of two-dimensional faces that form a hollow,
polyhedral shape and containing a fillable center chamber,
wherein a size of the container is microscale or nanoscale.
In another embodiment, the two-dimensional faces of the
container are patterned with perforations or pores. In another
embodiment, the perforations or pores are created photo-
lithographically. In another embodiment, the perforations or
pores have a size from about 0.1 nm to about 100 microns.
In another embodiment, the container is fabricated from at
least one material selected from the group consisting of a
metal, a polymer, a glass, a semiconductor, an insulator, and
combinations thereof. In another embodiment, the metal is
copper or nickel. In another embodiment, the container is a
Faraday cage. In another embodiment the container is coated
with a biocompatible material. In another embodiment, the
biocompatible material is a metal, a polymer, or a combi-
nation thereof. In another embodiment, the fillable center
chamber of the container is filled with at least one substance
comprising contents of the container. In another embodi-
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ment, perforations or pores in the two-dimensional faces of
the container allow release of the contents of the container.
In another embodiment, at least one substance is a thera-
peutic agent. In another embodiment, the therapeutic agent
is selected from the group consisting of a cell, a pharma-
ceutical agent, a composition, a tissue, a gel, and a polymer.
In another embodiment, the container is administered to a
subject and location of the container in the subject is
non-invasively tracked by magnetic resonance imaging. In
another embodiment, the container is imaged with negative
contrast relative to background or positive contrast relative
to background.

[0007] The present invention also provides a method of
fabricating a three-dimensional container comprising a mul-
titude of two-dimensional faces that form a hollow polyhe-
dral shape and containing a fillable center chamber, the
method comprising the steps: (a) fabricating a multitude of
two dimensional faces; (b) patterning the fabricated two-
dimensional faces; (c) patterning at least one hinge on the
patterned two dimensional face to form a hinged edge; (d)
joining a hinged edge of a first patterned two dimensional
face to a hinged edge of a second patterned two dimensional
face to form a hinged joint; (e) repeating step (d) to form a
two dimensional precursor template having hinged joints
between adjacent two dimensional faces; (f) liquefying the
hinges of the two-dimensional template using heat; and (g)
self-assembling the three-dimensional container. In another
embodiment, the hinges of step (c¢) of the method comprise
a material that can be liquefied. In another embodiment, the
material is a solder, a metallic alloy, a polymer or a glass. In
another embodiment, step (a) of the method further com-
prises the steps (i) spinning a sacrificial film on a substrate
to form a first layer; (ii) layering a conductive second layer
on the first layer; and (iii) patterning the layered substrate by
photolithography. In another embodiment, the container has
a size that is microscale or nanoscale. In another embodi-
ment, in step (b) of the method, the two-dimensional faces
are patterned with perforations or pores. The perforations or
pores are created photolithographically. In another embodi-
ment, the perforations or pores have a size from about 0.1
nm to about 100 microns. In another embodiment, the
container is a Faraday cage.

[0008] The present invention further provides a method of
imaging a three-dimensional container comprising a multi-
tude of two-dimensional faces that form a hollow polyhedral
shape and containing a fillable center chamber that has been
implanted into a subject, the method comprising the steps of:
(1) loading the fillable center chamber of the container with
at least one substance to form a loaded container; (ii)
administering the loaded container to the subject; and (iii)
noninvasively tracking the container of step (ii) in the
subject by magnetic resonance imaging. In another embodi-
ment, perforations or pores in the two-dimensional faces of
the container allow release of the substance in the fillable
center chamber. In another embodiment, the at least one
substance of step (i) is a therapeutic agent. In another
embodiment, the therapeutic agent is selected from the
group consisting of a cell, a pharmaceutical agent, a com-
position, a tissue, a gel, and a polymer.

BRIEF DESCRIPTION OF THE FIGURES

[0009] FIG. 1 is a schematic diagram of the process flow
used to fabricate the 3D containers of the present invention.
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[0010] FIG. 2.(A) Optical image showing a collection of
containers. (B-D) Optical and Scanning electron microscopy
(SEM) images of micropattemed containers at different
stages of the fabrication process; (B) the 2D precursor with
electrodeposited faces, (C) the precursor with faces and
hinges, and (D) the folded container.

[0011] FIG. 3.(A) SEM image of a hollow, open-faced
container. (B) SEM image of a container loaded with glass
microbeads. (C) Optical image of a biocontainer loaded with
MDAMB-231 breast cancer cells embedded than extra-
cellular matrix (ECM) gel. (D) Release of the cells by
immersion of the container in warm cell culture medium. (E)
Optical image of a container loaded with a cell-ECM-
agarose suspension stained with the fluorescent cell viability
stain, Calcein-AM. (F) Release of the viable cells from the
container on immersion in warm cell culture medium.

[0012] FIG. 4. MRI images of an open faced (A) non-
magnetic Cu container and (B) ferromagnetic Ni container.
(C-D) Finite element simulation results of the near magnetic
field in the region of a Cu container, in the (C) xy and (D)
yz central planes. The excitation comprised a linear polar-
ized 500 MHz plane wave of 1 V/m, with the E and H fields
in the z and y direction respectively. The magnetic field
distortions and the shielding effect caused by the wire frame
are evident.

[0013] FIG. 5. MR tracking of a container in a fluidic
channel. MR images of the container at different time points
taken under pressure driven flow of the fluid.

DETAILED DESCRIPTION OF THE
INVENTION

[0014] The term “colloid” or “colloidal” as used herein
refers to a substance made up of a system of particles
dispersed in a continuous medium.

[0015] Materials can react quite differently in the presence
of an external magnetic field. Their reaction is dependent on
a number of factors, including, but not limited to, the
material’s molecular structure, its atomic structure, and the
net magnetic field associated with the atoms. Most materials
can be classified as ferromagnetic, diamagnetic, or paramag-
netic.

[0016] The term “diamagnetic” as used herein refers to
materials having a very weak form of magnetism exhibited
only in the presence of an external magnetic field, which is
the result of changes in the orbital motion of electrons due
to the external magnetic field. The induced magnetic
moment in a diamagnetic material is very small and in a
direction opposite to that of the applied field. Examples of
diamagnetic materials include, but are not limited to, copper,
silver and gold.

[0017] The term “ferromagnetic” refers to materials hav-
ing large and positive susceptibility to an external magnetic
field. Ferromagnetic materials have some unpaired electrons
so their atoms have a net magnetic moment. They exhibit a
strong attraction to magnetic fields and are able to retain
their magnetic properties after the external field has been
removed. Examples of ferromagnetic materials include, but
are not limited to, iron, nickel and cobalt.

[0018] The term “paramagnetic” refers to materials having
a small and positive susceptibility to magnetic fields, which
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are slightly attracted by a magnetic field. Paramagnetic
materials do not retain magnetic properties when the exter-
nal field is removed. These paramagnetic properties are due
to the presence of some unpaired electrons and the realign-
ment of the electron orbits caused by the external magnetic
field. Examples of paramagnetic materials include, but are
not limited to, magnesium, molybdenum, and lithium.

[0019] The term “Faraday cage” as used herein refers to an
enclosure designed to block the effects of an electric field,
while allowing free passage to magnetic fields. (See E. M.
Purcell, Electricity and Magnetism, Berkeley Physics
Course Volume 2 (McGraw Hill, Ma., 1985)). Such an
enclosure also is called a Faraday shield, Faraday shielding,
Faraday screen, Faraday electrostatic shield, or shielded
room.

[0020] The term “gel” as used herein refers to an appar-
ently solid, jellylike material formed from a colloidal solu-
tion. By weight, gels are mostly liquid, yet they behave like
solids. The term “solution” refers to a homogeneous mixture
of one or more substances (the solutes) dissolved in another
substance (the solvent).

[0021] The term “magnetic field” as used herein refers to
the region in space surrounding a magnetic body or entity,
such as a permanent magnet or a conductor carrying a
current, where an appreciable magnetic force is present.
Such a field is represented by magnetic lines of force. In an
electromagnetic field, for example, the magnetic field is
perpendicular to the electrical field.

[0022] The term “magnetic field strength” or “magnetic
field intensity” (“H”) refers to the intensity of a magnetic
field at a given point. Magnetic field strength is a vector
quantity usually expressed in amperes per meter or in
oersteds.

[0023] The term “magnetic resonance imaging: or “MRI”,
refers to a noninvasive imaging technique that uses the
interaction between radio frequency pulses, a strong mag-
netic field, and an subject to construct images in slices/
planes from the nuclear magnetic resonance (NMR) signal
obtained from the hydrogen atoms inside the subject. The
principle behind all MRI is the resonance equation,

v=yB, (Equation 1)

which shows that the resonance frequency v of a spin is
proportional to the magnetic field B, it is experiencing,
where v is the gyromagnetic ratio.

[0024] As used herein, the term “microscale” refers to
particles that measure from about 1 um or 1x1075 meters to
about 999 um in at least one dimension. As used herein the
term “‘nanoscale” refers to particles that measure from about
1 nanometer or 1x10™° meters to about 999 nanometers.

[0025] The term “magnetic field gradient” refers to a
variation in the magnetic field with respect to position. A
one-dimensional magnetic field gradient is a variation with
respect to one direction, while a two-dimensional gradient is
a variation with respect to two directions. The most useful
type of gradient in magnetic resonance imaging is a one-
dimensional linear magnetic field gradient. A one-dimen-
sional magnetic field gradient along the x axis in a magnetic
field, B, indicates that the magnetic field is increasing in the
x direction. The symbols for a magnetic field gradient in the
X, ¥, and z directions are G,, G, and G,
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[0026] In physics, the term “magnetic moment” or “dipole
moment” refers to the pole strength of a magnetic source
multiplied by the distance between the poles (u=pd), and is
a measure of the strength of the magnetic source. The
magnetic moment in a magnetic field is a measure of the
magnetic flux set up by gyration of an electron charge in a
magnetic field.

[0027] The term “micropattern” or “micropatterned” as
used herein refers to any arbitrary two-dimensional pattern
having microscale features. The term ‘“nanopattern” or
“nanopatterned” as used herein refers to any arbitrary two-
dimensional pattern having microscale features. According
to the present invention, the containers are patterned with
perforations or pores ranging in size from about 0.1 nm to
about 100 microns.

[0028] The term “oscillating magnetic field” or “oscilla-
tory magnetic field” refers to a magnetic field that periodi-
cally increases and decreases its intensity, m, or which
otherwise varies over time.

[0029] The containers of the present invention may be in
any polyhedral shape. The term “polyhedral” as used herein
refers to of or relating to or resembling a polyhedron. The
term “polyhedron” refers to a three dimensional object
bounded by plane polygons or faces. The term “polygon”
refers to a multisided geometric figure that is bound by many
straight lines, such as a triangle, a square, a pentagon, a
hexagon, a heptagon, an octagon, and the like. For example,
the containers of the present invention may be a cube or a
tetrahedral.

[0030] The term “radiofrequency” as used herein refers to
a frequency or interval of frequencies within the electro-
magnetic spectrum used for communications, usually
defined as spanning from about 3 kHz to about 300 GHz,
which corresponds to wavelengths of about 100 km to about
1 mm respectively.

[0031] The term “resistance” refers to a measure of the
degree to which an object opposes the passage of an electric
current as represented by the equation, R=V/I, where R is the
resistance of the object (usually measured in ohms, equiva-
lent to J s/C?); V is the potential difference across the object,
usually measured in volts, and I is the current passing
through the object, usually measured in amperes).

[0032] The presence of any substance in a magnetic field
alters that field to some extent. The term “susceptibility
effect” refers to the degree to which a substance’s inherent
magnetic moment produces polarization when placed in a
magnetic field.

[0033] The terms “two-dimensional” or “2D” are used
interchangeably herein to refer to a figure, object or area that
has height and width, but no depth, and is therefore flat or
planar.

[0034] The terms “three-dimensional” or “3D” are used
interchangeably herein to refer to a figure, object or area that
has height, width, and depth.

[0035] The containers of the present invention are fabri-
cated using at least one material selected from the group
consisting of a metal (meaning an element that is solid, has
a metallic luster, is malleable and ductile, and conducts both
heat and electricity), a polymer, a glass (meaning a brittle
transparent solid with irregular atomic structure), a semi-


















