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SEM image of deep etched 190umx190um openings.
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FIG. 17
Nanochannel Ceiling & Floor Removal Solvent/Etchant
Placeholder (substrate & capping layer)
Tungsten Si0,, Sigh,, Si, SIC, SiCN, Au, BCB | Warm H.0,
Ge Si0,, Sip,, i, SIiC, SiCN, Au, BCB | Warm H.0,
Cu 5i0,, Si:N,, Si, SiC, SiCN Piranha
Au Si0,, Si:N,, Si, SiC, SiCN, BCB Aqua Regia
Cr Si0,, Si;N,, Si, SiC, SiCN, BCB Chrome Etchant
TiN Si0,, Sigh,, Si, SiC, SiCN, BCB Ammonia/Peroxide mix
Al Si0,, Si;N,, Si, SiC, SiCN H,PO,/HNQO,
Al Si0,, Si;N,, SiC, SiCN, BCB KOH
Phosphosilicate glass | SiN, W, SIC, SICN, Si Au, BCB | Dilute HF
§i0, SiN, W, SIC, Si; SICN, Au, BCB | BOE
Polymers Si, Sigh,, SiC, SICN, Oxide, Metal | Organic Solvents, Piranha
Sis, Si, Si0,, SiC, SICN Hot H,PO,
Si SigN,, Si0,, SiC, SIiCN Hot KOH
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NANOCHANNELED DEVICE AND RELATED
METHODS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a Continuation of U.S. patent appli-
cation Ser. No. 12/618,233, filed Nov. 13, 2009, now U.S.
Pat. No. 8,480,637, entitled “Nanochanneled Device and
Related Methods”, U.S. Provisional Patent Application Ser.
No. 61/114,687, filed Nov. 14, 2008, entitled “Nanochan-
neled Device and Method of Use”, and U.S. Provisional
Patent Application Ser. No. 61/168,844, filed Apr. 13, 2009,
entitled “Nanochanneled Device and Method of Use”, the
entire disclosures of which are specifically incorporated
herein by reference.

This invention was made with government support under
contract NNJO6HEOGA awarded by NASA. The government
has certain rights in this invention.

BACKGROUND INFORMATION

Considerable advances have been made in the field of
therapeutic agent (e.g. drug) delivery technology over the
last three decades, resulting in many breakthroughs in clini-
cal medicine. The creation of therapeutic agent delivery
devices that are capable of delivering therapeutic agents in
controlled ways is still a challenge. One of the major
requirements for an implantable drug delivery device is
controlled release of therapeutic agents, ranging from small
drug molecules to larger biological molecules. It is particu-
larly desirable to achieve a continuous passive drug release
profile consistent with zero order kinetics whereby the
concentration of drug in the bloodstream remains constant
throughout an extended delivery period.

These devices have the potential to improve therapeutic
efficacy, diminish potentially life-threatening side effects,
improve patient compliance, minimize the intervention of
healthcare personnel, reduce the duration of hospital stays,
and decrease the diversion of regulated drugs to abusive
uses.

Nanochannel delivery devices may be used in drug deliv-
ery products for the effective administration of drugs. In
addition, nanochannel delivery devices can be used in other
applications where controlled release of a substance over
time is needed.

SUMMARY

Embodiments of this invention comprise a nanochannel
delivery device having nanochannels within a structure
configured to yield high mechanical strength and high flow
rates. Various fabrication protocols may be used to form the
nanochannel delivery device. Embodiments of the fabricated
devices feature horizontal nanochannel lay-out (e.g., the
nanochannel is parallel to the primary plane of the device),
high molecule transport rate, high mechanical strength,
optional multilayered lay-out, amenability to select channel
lining materials, and possible transparent top cover. Based
on silicon microfabrication technology, the dimensions of
the nanochannel area as well as concomitant microchannel
areas can be precisely controlled, thus providing a predict-
able, reliable, constant release rate of drug (or other) mol-
ecules over an extended time period. In certain embodi-
ments, the nanochannel delivery device can be used to build
a multilayered nanochannel structure. Multilayered nano-
channel structures can extend the limit of release rate range
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of a single layer nanochannel delivery device or system, and
allow a wide range of pre-defined porosity to achieve an
arbitrary release rate using any preferred nanochannel size.

In certain embodiments, the nanochannel delivery device
is made of a “sandwich” of materials, composed of a thin top
layer, the horizontal nanochannels, and a thicker bottom
wafer. The thin top layer can house an array of microchan-
nels that offer an inlet or outlet for diffusing molecules. It
can also serve as the lid or ceiling for the nanochannels by
providing the channels’ top surface. The thicker bottom
wafer can house an array of microchannels that offer a
collateral outlet or inlet. Note that in the following, inlets are
indicated in the bottom wafer and outlets are indicated in the
top layer, but this is not a limit of the invention. In certain
embodiments, the nanochannels are fabricated by a sacrifi-
cial layer technique that provides smooth surfaces and
precisely controlled dimensions. The nanochannels can be
formed in between the two layers and connect the outlet
microchannels with the array of inlet microchannels formed
in the bottom wafer, additionally allowing thin surface
layers to be applied to both the top and the bottom surfaces
independently, in order to optimize channel properties such
as surface charge, hydrophobicity, wetting and conductivity.
Each inlet and outlet microchannel can be connected to one,
two, or more nanochannels. The height, width, and length of
the nanochannel can be used to maintain a constant (zero-
order) delivery. By the help of nanofabrication, a nanochan-
nel length of 10 nm or less is feasible.

In certain embodiments, the nanochannel delivery device
is designed to yield high strength. This can be achieved by
a supporting structure obtained in the bottom side of the
thick wafer. The structure can be composed by a regular
mesh of micrometric walls which create the side surfaces of
larger inlet macrochannels. Moreover, the top portion of the
bottom wafer (in or on which nanochannels may be fabri-
cated) can be engineered to provide good mechanical sta-
bility.

The thickness of the supporting layer underneath the
nanochannels can be optimized, and can be realized by
controlling the depth of the inlet microchannels and outlet
macrochannels or by selecting an SOI wafer with appropri-
ate depth of buried oxide layer. The materials and thickness
of'top layers is also optimized for the attributes noted above.

Certain embodiments include a nanochannel delivery
device comprising: an inlet microchannel; a nanochannel;
and an outlet microchannel, wherein the inlet microchannel
and the outlet microchannel are in direct fluid communica-
tion with the nanochannel. In specific embodiments, the
nanochannel is oriented parallel to the primary plane of the
nanochannel delivery device. In particular embodiments, a
flow path from the inlet microchannel to the nanochannel to
the outlet microchannel requires a maximum of two changes
in direction.

In specific embodiments, the inlet microchannel has a
length, a width, and a depth; the outlet microchannel has a
length, a width, and a depth; and the nanochannel has a
length, a width, and a depth. In certain embodiments, the
ratio of the nanochannel length to the inlet microchannel
length is between 0.01 and 10.0, and the ratio of the
nanochannel length to the outlet microchannel length is
between 0.01 and 10.0. In particular embodiments, the
nanochannel length is greater than the inlet microchannel
length and the nanochannel length is greater than the outlet
microchannel length. In specific embodiments, the ratio of
the nanochannel length to either the inlet microchannel
length or the outlet microchannel length is between 0.2 and
5.0, between 0.3 and 3.0, between 0.4 and 2.0, or between
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0.5 and 1.0. In certain embodiments, the nanochannel length
is greater than the length, width, and depth of the outlet
microchannel. In particular embodiments, the inlet micro-
channel is in direct fluid communication with the outlet
microchannel via a single nanochannel.

Certain embodiments include a nanochannel delivery
device comprising: an inlet microchannel; a nanochannel; an
outlet microchannel; and a fluid flow path from the inlet
microchannel to the outlet microchannel, where the fluid
flow path requires a maximum of two changes in direction.
In specific embodiments, the nanochannel is oriented par-
allel to the primary plane of the nanochannel delivery
device. In particular embodiments, the inlet microchannel
and the outlet microchannel are in direct fluid communica-
tion with the nanochannel.

Certain embodiments include a nanochannel delivery
comprising: a substantially planar body comprising a first
surface and a second surface opposing the first surface; a
nanochannel disposed within the substantially planar body;
an inlet microchannel in fluid communication with the
nanochannel; and an outlet microchannel in fluid commu-
nication with the nanochannel. In particular embodiments,
the inlet microchannel extends from the nanochannel to the
first surface and wherein the outlet microchannel extends
from the nanochannel to second surface.

Certain embodiments include a nanochannel delivery
device comprising: a plurality of inlet microchannels; a
plurality of nanochannels; and a plurality of outlet micro-
channels, where each inlet microchannel is in direct fluid
communication with an outlet microchannel via a single
nanochannel. In particular embodiments, the nanochannel is
oriented parallel to the primary plane of the nanochannel
delivery device, and/or an inlet microchannel and an outlet
microchannel are in direct fluid communication with a
common nanochannel. In particular embodiments, indi-
vidual inlet and outlet microchannels are arranged perpen-
dicular to a primary plane of the nanochannel delivery
device; the plurality of inlet microchannels form a first
array; the plurality of outlet microchannels form a second
array; and the first array and the second array are overlap-
ping so that individual inlet microchannels are distributed
between individual outlet microchannels when viewed along
a section taken perpendicular to the primary plane.

Certain embodiments include a nanochannel delivery
device comprising: a substantially planar body including: a
length, a width, and a thickness, wherein the length and the
width are each greater than the thickness; an inlet surface on
a first side of the substantially planar body, wherein the inlet
surface is bounded by the length and the width of the
substantially planar body; and an outlet surface on a second
side of the substantially planar body. In particular embodi-
ments, the outlet surface is bounded by the length and the
width of the substantially planar body, and the inlet surface
is substantially parallel with the outlet surface. Specific
embodiments comprise a nanochannel disposed within the
substantially planar body, where the nanochannel comprises
an inlet end and an outlet end; an inlet microchannel in fluid
communication with the nanochannel; and an outlet micro-
channel in fluid communication with the nanochannel,
where the inlet microchannel and nanochannel are config-
ured such that a first linear axis can extend between the inlet
surface and the inlet end of the nanochannel. In particular
embodiments, the outlet microchannel and nanochannel are
configured such that a second linear axis can extend between
the outlet surface and the outlet end of the nanochannel. In
certain embodiments, a primary axis of the inlet microchan-
nel is perpendicular to a plane that is parallel to the sub-
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stantially planar body. Particular embodiments comprise an
inlet macrochannel between the inlet surface and the inlet
microchannel, where the inlet macrochannel comprises
boundary walls that are generally perpendicular to the inlet
surface. In specific embodiments, the inlet macrochannel is
formed by deep reactive-ion etching. In particular embodi-
ments, a primary axis of the outlet microchannel is perpen-
dicular to a plane that is parallel to the substantially planar
body.

Certain embodiments comprise an apparatus comprising a
first nanochannel delivery device inserted into a capsule. In
particular embodiments, the first nanochannel delivery
device is installed perpendicular to the primary axis of the
capsule. In particular embodiments, the capsule comprises a
septum. In certain embodiments, the septum comprises a
self-sealing material. In specific embodiments, the septum
comprises silicone rubber. In certain embodiments, the sep-
tum is configured to receive an injection of a therapeutic
agent.

Particular embodiments comprise a cap covering the
septum. In certain embodiments, the cap comprises an
orifice configured to guide a needle towards the septum. In
specific embodiments, the capsule comprises a cover
extending over the first nanochannel delivery device. In
particular embodiments, the cover comprises one or more
orifices. In certain embodiments, the one or more orifices are
sized so that they do not limit diffusion of a therapeutic agent
from the capsule during use. In certain embodiments, the
cover is configured to protect the first nanochannel delivery
device from mechanical damage. In particular embodiments,
the cover is configured to protect the first nanochannel
delivery device from incursion by biological tissue struc-
tures after the capsule has been implanted in a living body.
In certain embodiments, the capsule comprises a first inner
reservoir. In specific embodiments, the first nanochannel
delivery device is in fluid communication with the first inner
reservoir.

In specific embodiments, the capsule comprises a second
inner reservoir in fluid communication with a second nano-
channel delivery device. In certain embodiments, the first
and second inner reservoir are not in fluid communication
with each other. In particular embodiments, the first and
second inner reservoir are separated by a wall. In specific
embodiments, the first inner reservoir contains a first thera-
peutic agent and the second inner reservoir comprises a
second therapeutic agent. In particular embodiments, the
first nanochannel delivery is configured to diffuse a first
therapeutic agent at a first diffusion rate and the second
nanochannel delivery device is configured to diffuse the
second therapeutic agent a second diffusion rate.

In certain embodiments the volume of the first inner
reservoir can be modified by replacing a first removable
component of the capsule with a larger removable compo-
nent. In particular embodiments, the first inner reservoir
comprises a coating compatible with a therapeutic sub-
stance. In specific embodiments, the capsule comprises an
outer coating configured to prevent deleterious tissue encap-
sulation. In particular embodiments, the capsule comprises a
cylindrical shape. In certain embodiments, the capsule com-
prises a disc shape. In certain embodiments, the capsule
comprises a rectangular surface and an arched surface. In
specific embodiments, the capsule comprises a uniform
cross-section.

In certain embodiments, the capsule comprises one or
more of the following materials: stainless steel, titanium,
polyetheretherkeytone, polysulfone, epoxy, silicone rubber,
polyetherketoneketone, and thermoplastic polyurethane. In
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particular embodiments, the capsule comprises an anchor
member. In certain embodiments, the anchor member is
configured to receive a suture. In specific embodiments, the
capsule comprises a color coding to indicate a characteristic
of the capsule or the nanochannel delivery device. In par-
ticular embodiments, the color coding indicates a character-
istic of a therapeutic agent contained within the capsule. In
specific embodiments the capsule comprises a translucent or
transparent cover extending over the first nanochannel deliv-
ery device.

Certain embodiments include a method of fabricating a
nanochannel delivery device. In particular embodiments, the
method comprises: providing a first substrate; forming a
plurality of nanochannels in the first substrate; forming a
plurality of inlet microchannels in the nanochannels of the
first substrate; providing a second substrate; forming a
plurality of outlet microchannels in the second substrate; and
coupling the second substrate to the first substrate, wherein
each inlet microchannel is in direct fluid communication
with a nanochannel.

In particular embodiments of the method, the first sub-
strate comprises a silicon-on-insulator wafer. In certain
embodiments, the height of each nanochannel is between
approximately one and ten nanometers. In specific embodi-
ments, the height of each nanochannel is between approxi-
mately ten and twenty nanometers, between approximately
twenty and thirty nanometers, between approximately thirty
and fifty nanometers, between approximately fifty and one
hundred nanometers, or between approximately one hundred
and two hundred nanometers. In certain embodiments the
second substrate comprises a sacrificial release layer of
indium tin oxide film on silicon. Particular embodiments
further comprise depositing a glass film on the second
substrate prior to forming the plurality of inlet microchan-
nels in the second substrate. In specific embodiments, the
second substrate comprises a glass wafer and the glass wafer
is bonded to the first substrate and the glass wafer is ground
to reduce the thickness prior to forming the plurality of
outlet microchannels.

Certain embodiments include a method of fabricating a
nanochannel delivery device where the method comprises:
providing first substrate; forming a plurality of nanochannels
on the first substrate; filling in the plurality of nanochannels
with a first sacrificial material; forming a plurality of inlet
microchannels in the first substrate; filling in the plurality of
inlet microchannels with a second sacrificial material; form-
ing a capping layer that covers the plurality of nanochannels;
forming a plurality of outlet microchannels in the capping
layer; removing the first sacrificial material from the plu-
rality of nanochannels; and removing the second sacrificial
material from the plurality of inlet microchannels.

In particular embodiments of the method, an inlet micro-
channel is arranged perpendicular to a primary plane of the
first substrate. In specific embodiments, an outlet micro-
channel is arranged perpendicular to a primary plane of the
first substrate. In certain embodiments of the method, an
inlet microchannel is in direct fluid communication with a
nanochannel. In particular embodiments, an outlet micro-
channel is in direct fluid communication with a nanochan-
nel.

In certain embodiments of the method, the first substrate
comprises a silicon-on-insulator wafer comprising an inter-
nal oxide layer. In particular embodiments, the inlet and
outlet microchannels are patterned using a photolithography
process. In certain embodiments, forming the plurality of
inlet microchannels comprises etching material from the first
substrate, and the etching is terminated at the internal oxide
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layer. In particular embodiments of the method, forming a
plurality of inlet macrochannels comprises etching material
from a back side of the first substrate, and the etching is
terminated at the internal oxide layer.

In certain embodiments the removal of the internal oxide
layer after etching material to form the inlet microchannel
and inlet macrochannels opens a pathway between the inlet
microchannels and inlet macrochannels. In particular
embodiments of the method, each nanochannel is between
approximately one and ten nanometers deep, between
approximately ten and twenty nanometers deep, between
approximately twenty and thirty nanometers deep, between
approximately thirty and forty nanometers deep, or between
approximately forty and two hundred nanometers deep.

In certain embodiments of the method, the first sacrificial
material can be subsequently removed by selective etching.
In particular embodiments, the first sacrificial material is
tungsten. In specific embodiments, the second sacrificial
material can be subsequently removed by selective etching.
In certain embodiments of the method, the second sacrificial
material is selected from the group consisting of: tungsten,
copper, doped glass, and undoped glass. In particular
embodiments, the second sacrificial material is filled into the
plurality of inlet microchannels so that the second sacrificial
material extends above the top of the inlet microchannels
and is planarized by chemical-mechanical planarization
(CMP).

In particular embodiments of the method, the capping
layer is selected from silicon nitride, silicon oxide, silicon
carbonitride, silicon carbide, and silicon. In certain embodi-
ments, the capping layer comprises multiple depositions of
materials comprising tensile and compressive stresses such
that the net capping layer stress is tensile. In certain embodi-
ments of the method, the capping layer is between approxi-
mately 0.5 and 1.0 microns thick, between approximately
1.0 and 2.0 microns thick, between approximately 2.0 and
4.0 microns thick, or between approximately 4.0 and 10.0
microns thick. In specific embodiments, the capping layer is
greater than 10.0 microns thick.

Particular embodiments comprise a method of fabricating
a nanochannel delivery device, where the method com-
prises: providing a first substrate; forming a plurality of
nanochannels on a first side of the first substrate; filling in
the plurality of nanochannels with a sacrificial material;
coupling an initial capping layer to the first side of the first
substrate; forming a plurality of inlet microchannels in the
capping layer; preparing a second substrate with a bonding
layer; coupling the second substrate to a second side of the
first substrate; removing a first portion of the second sub-
strate; providing an additional capping layer to the second
substrate; forming a plurality of outlet microchannels in the
second substrate; and removing the sacrificial material to
open the plurality of nanochannels.

In certain embodiments of the method, the second sub-
strate comprises a release layer, and the release layer can be
selectively removed to cause separation of the second sub-
strate from the first substrate. In particular embodiments of
the method, an outlet microchannel is in direct fluid com-
munication with the a nanochannel. In certain embodiments,
the first substrate comprises a silicon-on-insulator wafer
comprising an internal oxide layer. In specific embodiments,
forming the plurality of inlet microchannels comprises etch-
ing material from the capping layer, and the etching is
terminated at the internal oxide layer.

In certain embodiments, forming a plurality of inlet
macrochannels comprises etching material from a back side
of the first substrate, and the etching is terminated at the
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internal oxide layer. In particular embodiments, the removal
of the internal oxide layer after etching material to form the
inlet microchannel and inlet macrochannels opens a pathway
between the inlet microchannels and inlet macrochannels.

In certain embodiments, each nanochannel is formed
between approximately one and ten nanometers deep,
between approximately ten and twenty nanometers deep,
between approximately twenty and thirty nanometers deep,
between approximately thirty and forty nanometers deep, or
between approximately forty and two hundred nanometers
deep.

In particular embodiments, the sacrificial material can be
subsequently removed by selective etching. In specific
embodiments, the sacrificial material is tungsten. In certain
embodiments, the initial capping layer is silicon nitride
deposited by plasma enhanced chemical vapor deposition. In
certain embodiments of the method, the initial capping layer
is between approximately 0.01 and 0.5 microns thick,
between approximately 0.5 and 1.0 microns thick, between
approximately 1.0 and 2.0 microns thick, between approxi-
mately 2.0 and 4.0 microns thick, or between approximately
4.0 and 10.0 microns thick. In specific embodiments of the
method, the initial capping layer is greater than 10.0 microns
thick. In certain embodiments of the method, the initial
capping layer is selected from silicon nitride, silicon oxide,
silicon carbonitride, silicon carbide, and silicon. In particu-
lar embodiments, the initial capping layer comprises mul-
tiple depositions of materials comprising tensile and com-
pressive stresses such that the net capping layer stress is
tensile. In certain embodiments of the method, the bonding
layer is selected from the group consisting of benzocy-
clobutene, silicon oxide, copper, doped glass, gold and gold
alloys.

In certain embodiments, the method of coupling the
second substrate to the first substrate is selected from the
group consisting of anodic bonding, fusion bonding, and
thermocompression bonding.

Particular embodiments include a nanochannel delivery
device comprising: a plurality of inlet microchannels, where
each of the inlet microchannels has a length, a width, and a
depth, and where the inlet microchannel length is greater
than the inlet microchannel width and depth; a plurality of
outlet microchannels, where each of the outlet microchan-
nels has a length, a width, and a depth; and a plurality of
nanochannels in fluid communication with the plurality of
inlet microchannels and outlet microchannels. In certain
embodiments, the plurality of inlet microchannels are
arranged so that the inlet microchannel width and depth
define a first plane that is parallel to the primary plane of the
nanochannel delivery device; and the plurality of outlet
micro channels are arranged so that the outlet micro channel
width and depth define a second plane that is parallel to the
primary plane of the nanochannel delivery device.

Particular embodiments include a method of treating a
condition of a person, the method comprising: providing a
nanochannel delivery device as described herein; providing
a reservoir in fluid communication with the nanochannel
delivery device; providing a substance in the reservoir,
where the substance is configured to treat the condition; and
administering the substance to the person via the nanochan-
nel delivery device. In particular embodiments of the
method, the substance is selected from the group consisting
of: leuprolide, letrozole, laptinib, buprenorphine, interferon,
and zidovudine. In certain embodiments, the condition is
selected from the group consisting of: prostate cancer, breast
cancer, opiate dependencey, giant cell angioblastoma and
HIV. In particular embodiments of the method, administer-
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ing the substance to the person via the nanochannel delivery
device comprises subcutaneously inserting the nanochannel
delivery device into the person.

In the following, the term “coupled” is defined as con-
nected, although not necessarily directly, and not necessarily
mechanically.

The use of the word “a” or “an” when used in conjunction
with the term “comprising” in the claims and/or the speci-
fication may mean “one,” but it is also consistent with the
meaning of “one or more” or “at least one.” The term
“about” means, in general, the stated value plus or minus
5%. The use of the term “or” in the claims is used to mean
“and/or” unless explicitly indicated to refer to alternatives
only or the alternative are mutually exclusive, although the
disclosure supports a definition that refers to only alterna-
tives and “and/or.”

The terms “comprise” (and any form of com