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INCREASED BOAVAILABILITY OF 
TRANSIDERMALLY DELVERED AGENTS 

RELATED APPLICATION 

0001. This application claims filing benefit of U.S. Provi 
sional Patent Application Ser. No. 61/552,046 having a filing 
date of Oct. 27, 2011, which is incorporated herein in its 
entirety. 

BACKGROUND 

0002 Targeted drug delivery in which a bioactive agent 
(e.g., a drug or a therapeutic) is provided in an active state to 
a Subject's system at effective concentrations is a long sought 
goal. Many difficulties must be overcome to reach this goal. 
For instance, an agent must first be successfully delivered 
internally, and the human body has developed many barriers 
to prevent the influx of foreign substances. Primary delivery 
methods presently used include oral delivery and injections. 
Both methods must overcome structural components that pre 
vent delivery including the dermal barrier and the gastrointes 
tinal lining. However, injections are painful, oral delivery 
often leads to gastrointestinal distress, and both methods tend 
to provide bursts of agents rather than a preferred steady-state 
delivery. 
0003 Transdermal delivery materials have been devel 
oped in an attempt to provide a painless route for Successful 
delivery of active agents over a sustained period. In order to be 
successful, a transdermal scheme must deliver an agent 
across the epidermis, which has evolved with a primary func 
tion ofkeeping foreign Substances out. The outermost layer of 
the epidermis, the stratum corneum, has structural stability 
provided by overlapping corneocytes and crosslinked keratin 
fibers held together by coreodesmosomes and embedded 
within a lipid matrix, all of which provides an excellent bar 
rier function. Beneath the stratum corneum is the stratum 
granulosum, within which tightjunctions are formed between 
keratinocytes. Tight junctions are barrier structures that 
include a network of transmembrane proteins embedded in 
adjacent plasma membranes (e.g., claudins, occludin, and 
junctional adhesion molecules) as well as multiple plaque 
proteins (e.g., ZO-1, ZO-2, ZO-3, cingulin, symplekin). Tight 
junctions are found in internal epithelium and endothelium 
(e.g., the intestinal epithelium, the blood-brain barrier) as 
well as in the stratum granulosum of the skin. Beneath both 
the Stratum corneum and the stratum granulosum lays the 
stratum spinosum. The stratum spinosum includes Langer 
hans cells, which are dendritic cells that may become fully 
functioning antigen-presenting cells and may institute an 
immune response and/or a foreign body response to an invad 
ing agent. 
0004 Beyond the structural barriers to delivery of a bio 
active agent, the body also has developed internal defense 
mechanisms, including the immune response and the foreign 
body response. Accordingly, even when a structural barrier 
has been breached, Successful delivery of an agent requires 
avoidance of the internal defense mechanisms. When the 
body institutes an immune response and/or a foreign body 
response in an attempt to protect itself, the body's natural 
defenses will attempt to remove and/or destroy what is per 
ceived as the invading agent. For Successful systemic deliv 
ery, the bioactive agent must Successfully enter the blood 
stream and pass through the lymph system, the liver, the 
spleen, etc. Identification of the bioactive agent as a foreign 
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substance by the body's defenses will lead to at least partial 
removal of the agent from circulation, leading to lower levels 
of the agent remaining available for the desired use, i.e., lower 
bioavailability of the agent. 
0005 What are needed in the art are devices and methods 
that provide higher bioavailability of bioactive agents. More 
specifically, what are needed are devices and methods that can 
deliver a bioactive agent so as to successfully deliver the 
bioactive agent to the cardiovascular system and prevent tar 
geting of the agent by the body's own defensive mechanisms. 

SUMMARY 

0006. According to one embodiment, disclosed is a 
method for delivering a bioactive agent to a subject. The 
method includes penetrating the stratum corneum of the Sub 
ject with a microneedle that is in fluid communication with 
the bioactive agent. In addition, the microneedle includes a 
plurality of nanostructures formed on a surface thereof in a 
pattern. The method also includes transporting the bioactive 
agent through the microneedle and delivering the bioactive 
agent to the Subject with a comparative bioavailability as 
compared to a subcutaneous delivery route is greater than 
about 20%. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0007. A full and enabling disclosure of the subject matter, 
including the best mode thereof, directed to one of ordinary 
skill in the art, is set forth more particularly in the remainder 
of the specification, which makes reference to the appended 
figures in which: 
0008 FIG. 1 illustrates one embodiment of a microneedle 
device. 
0009 FIG. 2 illustrates another embodiment of a micron 
eedle device. 
0010 FIG.3 illustrates one embodiment of a microneedle 
including a surface that defines a nanotopography that may 
interact with an extracellular matrix (ECM). 
0011 FIG. 4 illustrates one embodiment of a complex 
pattern that may be formed on a microneedle Surface. 
0012 FIG. 5 illustrates a pattern including multiple itera 
tions of the complex pattern of FIG. 4. 
0013 FIG. 6 illustrates a Sierpinski triangle fractal. 
0014 FIG. 7A illustrates a complex nanotopography. 
0015 FIG. 7B illustrates another complex nanotopogra 
phy. 
0016 FIG. 7C illustrates another complex nanotopogra 
phy. 
0017 FIG. 7D illustrates another complex nanotopogra 
phy. 
0018 FIG. 8 illustrates another complex pattern that may 
be formed on a microneedle surface. 
0019 FIG. 9A illustrates a square packing design as may 
be utilized for nano-sized structures as described herein. 
0020 FIG.9B illustrates a hexagonal packing design as 
may be utilized for nano-sized structures as described herein. 
0021 FIG.9C illustrates a circular packing design as may 
be utilized for nano-sized structures as described herein. 
0022 FIG. 10A schematically illustrates a first step in a 
nanoimprinting method as may be utilized in one embodi 
ment in forming a device. 
0023 FIG. 10B schematically illustrates a second step in a 
nanoimprinting method as may be utilized in one embodi 
ment in forming a device. 
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0024 FIG. 10C schematically illustrates a third step in a 
nanoimprinting method as may be utilized in one embodi 
ment in forming a device. 
0025 FIG. 11A illustrates an exploded view of a device as 
described herein. 
0026 FIG. 11B illustrates the device of 11A during use. 
0027 FIG. 12 is a perspective view of one embodiment of 
a transdermal patch prior to delivery of a drug compound. 
0028 FIG. 13 is a front view of the patch of FIG. 12. 
0029 FIG. 14 is a perspective view of the patch of FIG. 12 
in which the release member is partially withdrawn from the 
patch. 
0030 FIG. 15 is a front view of the patch of FIG. 14. 
0031 FIG. 16 is a perspective view of the transdermal 
patch of FIG. 12 after removal of the release member and 
during use. 
0032 FIG. 17 is a front view of the patch of FIG. 16. 
0033 FIG. 18 is a perspective view of another embodi 
ment of a transdermal patch prior to delivery of a drug com 
pound. 
0034 FIG. 19 is a front view of the patch of FIG. 18. 
0035 FIG.20 is a perspective view of the patch of FIG. 18 
in which the release member is partially peeled away from the 
patch. 
0036 FIG. 21 is a front view of the patch of FIG. 20. 
0037 FIG.22 is a perspective view of the patch of FIG. 18 
in which the release member is completely peeled away from 
the patch. 
0038 FIG. 23 is a perspective view of the transdermal 
patch of FIG. 18 after removal of the release member and 
during use. 
0039 FIGS. 24A-24E illustrate several nanotopography 
patterns as described herein. 
0040 FIG. 25 illustrates the effect of blocking the trans 
cellular delivery route on transport of a compound across an 
epithelial barrier according to disclosed methods. 
004.1 FIGS. 26A-26D illustrate a transdermal delivery 
device as described herein at increasing magnification. 
0042 FIG. 27 is graphically illustrates the PK profile of a 
protein therapeutic delivered with a device as described 
herein. 
0043 FIG.28 is a schematic diagram of a sample chamber 
utilized in the Example section. 
0044 FIG. 29 graphically compares the delivery of a high 
molecular weight biological agent across a multilayer of cells 
on a film defining a nanopatterned Surface as described herein 
and a multilayer of cells on a film with no nanostructures 
included on the surface. 

DETAILED DESCRIPTION OF 
REPRESENTATIVE EMBODIMENTS 

0.045 Reference now will be made in detail to various 
embodiments of the disclosed subject matter, one or more 
examples of which are set forth below. Each example is 
provided by way of explanation, not limitation. In fact, it will 
be apparent to those skilled in the art that various modifica 
tions and variations may be made in the present disclosure 
without departing from the scope or spirit of the subject 
matter. For instance, features illustrated or described as part 
of one embodiment may be used on another embodiment to 
yield a still further embodiment. Thus, it is intended that the 
present disclosure covers such modifications and variations 
as come within the scope of the appended claims and their 
equivalents. 
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0046 Methods are described herein that provide a route 
for delivering a bioactive agent, e.g., a drug or a therapeutic, 
across a dermal barrier of a subject with high bioavailability. 
More specifically, the methods can be used for transdermal 
delivery of a bioactive agent to the blood stream of a subject 
with little or none of the agent being removed from circula 
tion by tissues associated with immune and foreign body 
response. For instance, following delivery of a bioactive 
agent across a dermal barrier, the bioactive agent can have a 
high bioavailability in the system. In addition, little or none of 
the agent can be detected in lymph tissue, the liver, the spleen 
or other organs associated with the body's natural defense 
mechanisms against an invading agent. Moreover, the bioac 
tive agent can include high molecular weight bioactive 
agents, such as protein therapeutics having a molecular 
weight greater than about 100 kDa, which have proven very 
difficult in the past to deliver via transdermal delivery. 
0047 Subjects as may benefit from the methods can 
include any animal subject in need of delivery of a bioactive 
agent. For instance a subject can be a human or any other 
mammal or animal as may benefit from the delivery methods. 
0048. The delivery method utilizes a transdermal delivery 
device that includes one or more microneedles and a pattern 
of structures fabricated on a surface of at least one of the 
microneedles. In addition, at least a portion of the structures 
fabricated on a surface of the microneedle are fabricated on a 
nanometer scale. As utilized herein, the term fabricated 
generally refers to a structure that has been specifically 
designed, engineered, and/or constructed so as to exist at a 
Surface of a microneedle and is not to be equated with a 
surface feature that is merely an incidental product of the 
formation process. Thus, the transdermal delivery device will 
include a predetermined pattern of nanostructures on the Sur 
face of a microneedle. 
0049. Without wishing to be bound by any particular 
theory, it is believed that through interaction between the 
nanotopography on a surface of the microneedle and Sur 
rounding biological materials or structures, the microneedle 
as well as the bioactive agent delivered by the microneedle 
may avoid being targeted by the body's defense mechanisms. 
In addition, the fabricated pattern may regulate and/or modu 
late membrane potential, membrane proteins, and/or intercel 
lular junctions (e.g., tight junctions, gap junctions, and/or 
desmasomes) of and between cells in the area Surrounding the 
microneedle. More specifically, it is believed that interaction 
between the nanotopography of the microneedle and the Sur 
rounding biological materials can rearrange epithelial tight 
junctions of the dermal tissue and temporarily increase poros 
ity of the local barrier structures. In addition, it is believed that 
this effect can not only occur at cells in contact with the 
microneedle, but this effect can be perturbed to other cells in 
the area, including cells of different tissue types. This can 
effectively translate the increased porosity effect to nearby 
structures and tissue types, which can increase porosity of 
nearby vasculature. This can encourage transport of the bio 
active agent across not only the dermal barrier, but also across 
the vessel walls of the nearby vasculature and increase uptake 
of the bioactive agent by the cardiovascular system. More 
over, this transport can take place without triggering the 
defense mechanisms of the body, which can further increase 
bioavailability of the agent. 
0050. When a bioactive agent is delivered across the der 
mal barrier, it is delivered to connective tissue through which 
the vasculature passes. In order to reach the cardiovascular 
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system the bioactive agent must either pass directly into the 
local vasculature, which requires passage through the vessel 
walls, or first pass into the lymph system. The lymphatic 
capillaries have thinner walls than do blood capillaries, have 
no basement membrane, and the endothelial cells merely 
overlap, with no tight binding between them. Thus, it is nor 
mally much easier for an agent, particularly a high molecular 
weight agent, to pass into the lymph system from the inter 
Stitial fluid as compared to the cardiovascular system. Once in 
the lymph system, an agent must Successfully pass through 
the system, including the lymph nodes that include very high 
concentrations of lymphocytes, without being targeted as a 
pathogen. Upon Successful passage through the lymph sys 
tem, the agent will be dumped into the cardiovascular system, 
for instance at the thoracic duct or at the rightlymphatic duct. 
0051. Through utilization of the nanostructured transder 
mal delivery devices, the permeability of barrier tissue in the 
localized area of the device is increased. Significantly, this 
increased permeability is understood to be not limited to 
either tissue in direct contact with the device or to the dermal 
layers. While not wishing to be bound to any particular theory, 
it is believed that the interaction between the device and the 
contacting tissue leads to the rearrangement of epithelial tight 
junctions of the dermal tissue, and this instigates a cascade 
response that transfers a similar effect to the walls of the local 
blood vessels, for instance both the basement membrane and 
the endothelium of a local capillary. This can lead to fenes 
tration of the capillary wall, allowing entry of a bioactive 
agent directly to the cardiovascular system. Throughby-pass 
ing the lymph system, the bioavailability of the bioactive 
agent can be greatly increased. 
0052. In addition to improving direct delivery of a bioac 

tive agent to the cardiovascular system, the methods can also 
prevent recognition and targeting of a bioactive agent as an 
invading pathogen. When a foreign body crosses the dermal 
barrier and is recognized as such, extracellular matrix mate 
rial or plasma proteins can aggregate to the foreign body. 
Depending upon the specific materials that aggregate to the 
foreign body, these materials can instigate various reactions 
including containment of the body and/or neutralization of 
the foreign body. For instance, when a delivery device, e.g., a 
microneedle of a device, is held in contact with a dermal 
barrier and is recognized as a foreign body, certain defense 
responses will ensue. 
0053) One of the initial responses upon recognition of a 
foreign body is increased blood flow to the local area resulting 
in inflammation. A consequence of inflammation is increased 
recruitment of immune cells and related extracellular mate 
rials to the local site. These materials can include proteins that 
can mark a body, e.g., a molecular body associated with the 
primary instigator of the response, as a foreign body. Accord 
ingly, when a first body such as a microneedle is recognized 
as a foreign body, a cascade of initial responses ensues. 
Among these initial responses are those that can instigate a 
second response directed against the bioactive agent that is 
delivered by the device that has been recognized as a second 
foreign body. 
0054 Natural defense mechanisms directed to a bioactive 
agent delivered by a transdermal delivery device can include 
binding of proteins to the bioactive agent, thereby marking it 
as a foreign particle. When these marked particles travel 
through the body, for instance following entrance to the lym 
phatic vessels as a component of the interstitial fluid, they will 
be recognized as an antigen by lymphocytes, for instance 
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during passage through the lymph nodes. Stimulation of the 
lymphocytes by the antigen can accelerate the migration of 
antibody-producing plasma cells to the medullary cord of the 
lymph node, which results in the characteristic swelling of the 
lymph nodes during infection. In addition, the recognition 
and marking of the bioactive agent can lead to accumulation 
of the bioactive agent in the lymph tissue as the marked agent 
is filtered and removed from circulation. When defense 
mechanisms are initiated due to the presence of a delivery 
device, a bioactive agent delivered by that device can be 
marked as a pathogen and can be removed from circulation 
and accumulate in lymph nodes as well as in organs that 
include a large amount of lymph tissue, e.g., a large amount of 
lymphoid follicles. 
0055 When bioactive agents marked as pathogen enter 
blood vessels rather than lymph vessels, they can initiate an 
immune response in the spleen or be marked for removal by 
hepatic clearance. Thus, the recognition of a delivery device 
as a foreign body can also lead to accumulation of bioactive 
agent in the spleen as well as in the liver, both of which 
contain a large number of immunologically active cells and 
filter and remove pathogens from the blood stream. 
0056 By use of the transdermal delivery method utilizing 
nanostructured microneedles, direct delivery of a bioactive 
agent to the cardiovascular system can be improved, particu 
larly in the case of high molecular weight agents. In addition, 
the methods can prevent the targeting of the bioactive agent 
by the body's defense mechanisms as a pathogen. As a result, 
less of the bioactive agent will be lost through collection or 
destruction of the agent in the body's defense system and the 
bioavailability of the bioactive agent can be greatly increased. 
0057. In general, the term bioavailability refers to the frac 
tion of an administered dose that reaches systemic circula 
tion. A numerical value for the bioavailability can be the area 
under the pharmacokinetic curve, i.e., the integral of the curve 
defined by the change in serum concentration with respect to 
time, divided by the dose of the bioactive agent. For instance, 
the bioavailability can be characterized by the following rela 
tionship: 

A UC 
F = Dos X 100% 

0.058 Wherein AUC is the integral of the pharmacokinetic 
curve, and Dose is the dosage amount. 
0059. In one embodiment, the bioavailability can be 
reported as a comparative bioavailability (F), for instance 
the ratio of the bioavailability of an agent delivered according 
to the methods described herein compared to the bioavailabil 
ity of the same agent delivered according to another method. 
When the second method is intravenous delivery, the com 
parative bioavailability is generally referred to as the absolute 
bioavailability, F. 

AUCN 
AU Cy 

DoSey 
x 100% bs F 

ES DOSe MN 

0060. Wherein IV refers to the intravenous delivery 
method and MN refers to the second method, e.g., the micron 
eedle delivery method. 
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0061. In one embodiment, the comparative bioavailability 
can compare the bioavailability according to the methods 
described herein as compared to a subcutaneous delivery 
route, i.e.: 

AUCN DOSesabo 
X 

AUCsubo 
Fcon = x 100% 

DoSe MN 

0062. Wherein MN is the nanostructured microneedle 
method and SubQ is the subcutaneous method. 
0063. By utilization of the transdermal delivery method 
described herein, the comparative bioavailability as com 
pared to a subcutaneous delivery route can be greater than 
about 20%, greater than about 30%, or greater than about 
35%. 
0064. In conjunction with high bioavailability, the concen 

tration of a bioactive agent lost from circulation, e.g., seques 
tered in an organ of the body, and particularly organs associ 
ated with defense mechanisms, can be quite low. By way of 
example, the concentration of a bioactive agent found in the 
lateral aortic lymph nodes can be less than about 50 nano 
grams per gram of tissue (ng/g), less than about 40 ng/g, less 
than about 20 ng/g, less than about 10 ng/g, less than about 1 
ng/g, or less than about 0.6 ng/g following delivery of the 
agent, for instance about 72 hours following delivery. 
0065. The concentration of a bioactive agent found in the 
spleen following delivery of the agent can be less than about 
5 ng/g, less than about 3 ng/g, or less than about 1 ng/g and the 
concentration of a bioactive agent found in the liver can be 
less than about 50 ng/g, less than about 40 ng/g, less than 
about 20 ng/g, less than about 10 ng/g, or less than about 1 
ng/g. 
0066. Moreover, even in organs not directly associated 
with the body's natural defense mechanisms, due to the 
improved bioavailability of a bioactive agent and associated 
improved circulation of the agent within the cardiovascular 
system, the concentration of a bioactive agent within the 
organs can be low. For instance, the concentration of a bio 
active agent within an organ following administration of the 
agent can be less than about 50 ng/g, less than about 25 ng/g, 
or less than about 15 ng/g. Organs for determination of con 
centration can include any organs of the body including, 
without limitation, the pancreas, the skin, the lung, the bones 
(e.g., the bone marrow, and the kidney. 
0067. Following application of the transdermal delivery 
device to the skin, generally in the form of a patch, a subject 
can exhibit a PK profile that reflects a rapid rise in blood 
serum concentration up to between about 500 and about 1000 
nanograms of the bioactive agent per milliliter per square 
centimeter of patch area, for instance between about 750 and 
about 850 nanograms bioactive agent per milliliter per square 
centimeter patch area, within about 1 to about 4 hours of 
administration. This initial rapid rise in blood serum level, 
which reflects rapid uptake of the bioactive agent across the 
dermal barrier, can be followed by a less rapid decline of 
blood serum concentration over between about 20 and about 
30 hours, for instance over about 24 hours, down to a negli 
gible blood serum concentration of the bioactive agent. 
0068. There is no particular limitation to bioactive agents 
as may be delivered by use of the methods. Bioactive agents 
can encompass natural or synthetic agents, Small molecule 
agents, and so forth. In one embodiment, methods may be 
utilized for delivery of high molecular weight bioactive 
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agents (e.g., non-proteinaceous synthetic or natural bioactive 
agents defining a molecular weightgreater than about 400 Da. 
greater than about 10 kDa, greater than about 20 kDa, or 
greater than about 100 kDa, e.g., about 150 kDa). 
0069. In one particular example, a bioactive agent deliv 
ered according to the methods can be a high molecular weight 
protein therapeutic. As utilized herein, the term protein 
therapeutics generally refers to any biologically active pro 
teinaceous compound including, without limitation, natural, 
synthetic, and recombinant compounds, fusion proteins, chi 
meras, and so forth, as well as compounds including the 20 
standard amino acids and/or synthetic amino acids. By way of 
example, a protein therapeutic having a molecular weight of 
greater than about 100 kDa, or greater than about 125kDa, for 
instance from about 125kDa to about 200kDa, or from about 
150 kDa to about 200 kDa, can be delivered transdermally via 
the methods. 

0070 Agents may include proteinaceous agents such as 
insulin, immunoglobulins (e.g., IgG, IgM, IgA, IgE). TNF-C. 
antiviral medications, and so forth; polynucleotide agents 
including plasmids, siRNA, RNAi nucleoside anticancer 
drugs, vaccines, and so forth; and Small molecule agents such 
as alkaloids, glycosides, phenols, and so forth. Agents may 
include anti-infection agents, hormones, drugs that regulate 
cardiac action or blood flow, pain control, and so forth. Still 
other substances which may be delivered in accordance with 
the present disclosure are agents useful in the prevention, 
diagnosis, alleviation, treatment, or cure of disease. A non 
limiting listing of agents includes anti-Angiogenesis agents, 
anti-depressants, antidiabetic agents, antihistamines, anti-in 
flammatory agents, butorphanol, calcitonin and analogs, 
COX-II inhibitors, dermatological agents, dopamine agonists 
and antagonists, enkephalins and other opioid peptides, epi 
dermal growth factors, erythropoietin and analogs, follicle 
stimulating hormone, glucagon, growth hormone and analogs 
(including growth hormone releasing hormone), growth hor 
mone antagonists, heparin, hirudin and hirudin analogs such 
as hirulog, IgE Suppressors and other protein inhibitors, 
immunosuppressives, insulin, insulinotropin and analogs, 
interferons, interleukins, leutenizing hormone, leutenizing 
hormone releasing hormone and analogs, monoclonal or 
polyclonal antibodies, motion sickness preparations, muscle 
relaxants, narcotic analgesics, nicotine, non-steroid anti-in 
flammatory agents, oligosaccharides, parathyroid hormone 
and analogs, parathyroid hormone antagonists, prostaglandin 
antagonists, prostaglandins, Scopolamine, sedatives, seroto 
nin agonists and antagonists, sexual hypofunction, tissue 
plasminogen activators, tranquilizers, vaccines with or with 
out carriers/adjuvants, vasodilators, major diagnostics Such 
as tuberculin and other hypersensitivity agents as described in 
U.S. Pat. No. 6,569,143 entitled “Method of Intradermally 
Injecting Substances', the entire content of which is incorpo 
rated herein by reference. Vaccine formulations may include 
an antigen or antigenic composition capable of eliciting an 
immune response against a human pathogen or from other 
viral pathogens. 
0071. In one embodiment, methods may be utilized in 
treatment of a chronic condition, such as rheumatoid arthritis, 
to deliver a steady flow of an agent, to a subject in need 
thereof. RA drugs that can be delivered can include symptom 
Suppression compounds, such as analgesics and anti-inflam 
matory drugs including both steroidal and non-steroidal anti 
inflammatory drugs (NSAID), as well as disease-modifying 
antirheumatic drugs (DMARDs). 
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0072 RA drugs can include, without limitation, one or 
more analgesics, anti-inflammatories, DMARDs, herbal 
based drugs, and combinations thereof. Specific compounds 
can, of course, fall under one or more of the general categories 
described herein. For instance, many compounds function as 
both an analgesic and an anti-inflammatory; herbal-based 
drugs can likewise function as a DMARD as well as an 
anti-inflammatory. Moreover, multiple compounds that can 
fall under a single category can be delivered. For instance, 
methods can be utilized to deliver multiple analgesics, such as 
acetaminophen with codeine, acetaminophen with hydroc 
odone (vicodin), and so forth. 
0073. A transdermal delivery device may be constructed 
from a variety of materials, including metals, ceramics, semi 
conductors, organics, polymers, etc., as well as composites 
thereof. By way of example, pharmaceutical grade stainless 
steel, titanium, nickel, iron, gold, tin, chromium, copper, 
alloys of these or other metals, silicon, silicon dioxide, and 
polymers may be utilized. Typically, the device is formed of a 
biocompatible material that is capable of carrying a pattern of 
structures as described herein on a surface. The term “bio 
compatible generally refers to a material that does not sub 
stantially adversely affect the cells or tissues in the area where 
the device is to be delivered. It is also intended that the 
material does not cause any Substantially medically undesir 
able effect in any other areas of the living subject. Biocom 
patible materials may be synthetic or natural. Some examples 
of suitable biocompatible materials, which are also biode 
gradable, include polymers of hydroxy acids such as lactic 
acid and glycolic acid polylactide, polyglycolide, polylac 
tide-co-glycolide, copolymers with polyethylene glycol, 
polyanhydrides, poly(ortho)esters, polyurethanes, poly(bu 
tyric acid), poly(Valeric acid), and poly(lactide-co-caprolac 
tone). Other suitable materials may include, without limita 
tion, polycarbonate, polymethacrylic acid, ethylenevinyl 
acetate, polytetrafluorethylene, and polyesters. The device 
may likewise be non-porous or porous in nature, may be 
homogeneous or heterogeneous across the device with regard 
to materials, geometry, Solidity, and so forth, and may have a 
rigid fixed or a semi-fixed shape. 
0074 FIG. 1 illustrates a typical microneedle transdermal 
delivery device 10. As may be seen, the device includes an 
array of individual needles 12; each formed to a size and 
shape So as to penetrate a biological barrier withoutbreakage 
of the individual microneedles. Microneedles may be solid, as 
in FIG. 1, porous, or may include a hollow portion. A micron 
eedle may include a hollow portion, e.g., an annular bore that 
may extend throughout all or a portion of the needle, extend 
ing parallel to the direction of the needle or branching or 
exiting at a side of the needle, as appropriate. For example, 
FIG. 2 illustrates an array of microneedles 14 each including 
a channel 16 in a side of the needles as may be utilized for, 
e.g., delivery of an agent to a Subdermal location. For 
instance, a channel 16 may be in at least partial alignment 
with an aperture in base 15 so as to form a junction between 
the aperture and channel 16 allowing the passage of a Sub 
stance through the channel 16. 
0075. The dimensions of the channel 16, when present, 
can be specifically selected to induce capillary flow of a 
composition including a bioactive agent. Capillary flow gen 
erally occurs when the adhesive forces of a fluid to the walls 
of a channel are greater than the cohesive forces between the 
liquid molecules. Specifically, capillary pressure is inversely 
proportional to the cross-sectional dimension of the channel 
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16 and directly proportional to the surface tension of the 
liquid, multiplied by the cosine of the contact angle of the 
fluid in contact with the material forming the channel. Thus, 
to facilitate capillary flow in the patch, the cross-sectional 
dimension (e.g., width, diameter, etc.) of the channel 16 may 
be selectively controlled, with smaller dimensions generally 
resulting in higher capillary pressure. For example, in some 
embodiments, the cross-sectional dimension of the channel 
typically ranges from about 1 micrometer to about 100 
micrometers, in some embodiments from about 5 microme 
ters to about 50 micrometers, and in some embodiments, from 
about 10 micrometers to about 30 micrometers. The dimen 
sion may be constant or it may vary as a function of the length 
of the channel 16. The length of the channel may also vary to 
accommodate different volumes, flow rates, and dwell times 
for the drug compound. For example, the length of the chan 
nel may be from about 10 micrometers to about 800 microme 
ters, in some embodiments from about 50 micrometers to 
about 500 micrometers, and in some embodiments, from 
about 100 micrometers to about 300 micrometers. The cross 
sectional area of the channel may also vary. For example, the 
cross-sectional area may be from about 50 square microme 
ters to about 1,000 square micrometers, in some embodi 
ments from about 100 square micrometers to about 500 
square micrometers, and in some embodiments, from about 
150 square micrometers to about 350 square micrometers. 
Further, the aspect ratio (length/cross-sectional dimension) of 
the channel may range from about 1 to about 50, in some 
embodiments from about 5 to about 40, and in some embodi 
ments from about 10 to about 20. In cases where the cross 
sectional dimension (e.g., width, diameter, etc.) and/or length 
vary as a function of length, the aspect ratio can be determined 
from the average dimensions. 
0076. It should be understood that the number of micron 
eedles shown in the figures is for illustrative purposes only. 
The actual number of microneedles used in a microneedle 
assembly may, for example, range from about 500 to about 
10,000, in some embodiments from about 2,000 to about 
8,000, and in some embodiments, from about 4,000 to about 
6,000. 
0077. An individual microneedle may have a straight or a 
tapered shaft. In one embodiment, the diameter of a micron 
eedle may be greatest at the base end of the microneedle and 
taper to a point at the end distal the base. A microneedle may 
also be fabricated to have a shaft that includes both a straight 
(untapered) portion and a tapered portion. 
0078. A microneedle may be formed with a shaft that is 
circular or non-circular in cross-section. For example, the 
cross-section of a microneedle may be polygonal (e.g., star 
shaped, square, triangular), oblong, or any other shape. The 
shaft may have one or more bores and/or channels. 
007.9 The size of individual needles may be optimized 
depending upon the desired targeting depth, the strength 
requirements of the needle to avoid breakage in a particular 
tissue type, etc. For instance, the cross-sectional dimension of 
a transdermal microneedle may be between about 10 nanom 
eters (nm) and 1 millimeter (mm), or between about 1 
micrometer (um) and about 200 micrometers, or between 
about 10 micrometers and about 100 micrometers. The outer 
diameter may be between about 10 micrometers and about 
100 micrometers and the inner diameter of a hollow needle 
may be between about 3 micrometers and about 80 microme 
ters. The tip typically has a radius that is less than or equal to 
about 1 micrometer. 
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0080. The length of a microneedle will generally depend 
upon the desired application. For instance, a microneedle 
may be from about 1 micrometer to about 1 millimeter in 
length, for instance about 500 micrometers or less, or from 
about 10 micrometers to about 500 micrometers, or from 
about 30 micrometers to about 200 micrometers. 

0081. An array of microneedles need not include micron 
eedles that are all identical to one another. An array may 
include a mixture of microneedles having various lengths, 
outer diameters, inner diameters, cross-sectional shapes, 
nanostructured surfaces, and/or spacings between the 
microneedles. For example, the microneedles may be spaced 
apart in a uniform manner, such as in a rectangular or square 
grid or in concentric circles. The spacing may depend on 
numerous factors, including height and width of the micron 
eedles, as well as the amount and type of any substance that is 
intended to be moved through the microneedles. While a 
variety of arrangements of microneedles is useful, a particu 
larly useful arrangement of microneedles is a "tip-to-tip 
spacing between microneedles of about 50 micrometers or 
more, in some embodiments about 100 to about 800 
micrometers, and in some embodiments, from about 200 to 
about 600 micrometers. 
0082 Referring again to FIG.1, microneedles may be held 
on a substrate 20 (i.e., attached to or unitary with a substrate) 
Such that they are oriented perpendicular or at an angle to the 
Substrate. In one embodiment, the microneedles may be ori 
ented perpendicular to the Substrate and a larger density of 
microneedles per unit area of substrate may be provided. 
However, an array of microneedles may include a mixture of 
microneedle orientations, heights, materials, or other param 
eters. The substrate 20 may be constructed from a rigid or 
flexible sheet of metal, ceramic, plastic or other material. The 
substrate 20 can vary in thickness to meet the needs of the 
device, such as about 1000 micrometers or less, in some 
embodiments from about 1 to about 500 micrometers, and in 
some embodiments, from about 10 to about 200 micrometers. 
0083. A microneedle surface may define a nanotopogra 
phy thereon in a random or organized pattern. FIG. 3 sche 
matically illustrates the ends of two representative micron 
eedles 22. Microneedles 22 define a central bore 24 as may be 
used for delivery of an agent via the microneedles 22. The 
surface 25 of microneedles 22 define nanotopography 26. In 
this particular embodiment, the nanotopography 26 defines a 
random pattern on the surface 25 of the microneedle 22. 
0084. A microneedle may include a plurality of identical 
structures formed on a surface or may include different struc 
tures formed of various sizes, shapes and combinations 
thereof. A predetermined pattern of structures may include a 
mixture of structures having various lengths, diameters, 
cross-sectional shapes, and/or spacings between the struc 
tures. For example, the structures may be spaced apart in a 
uniform manner, Such as in a rectangular or square grid or in 
concentric circles. In one embodiment, structures may vary 
with regard to size and/or shape and may form a complex 
nanotopography. For example, a complex nanotopography 
may define a fractal or fractal-like geometry. 
I0085. As utilized herein, the term “fractal” generally 
refers to a geometric or physical structure having a frag 
mented shape at all scales of measurement between a greatest 
and a smallest scale Such that certain mathematical or physi 
cal properties of the structure behave as if the dimensions of 
the structure are greater than the spatial dimensions. Math 
ematical or physical properties of interest may include, for 

Apr. 24, 2014 

example, the perimeter of a curve or the flow rate in a porous 
medium. The geometric shape of a fractal may be split into 
parts, each of which defines self-similarity. Additionally, a 
fractal has a recursive definition and has a fine structure at 
arbitrarily small scales. 
I0086. As utilized herein, the term “fractal-like generally 
refers to a geometric or physical structure having one or more, 
but not all, of the characteristics of a fractal. For instance, a 
fractal-like structure may include a geometric shape that 
includes self-similar parts, but may not include a fine struc 
ture at an arbitrarily Small scale. In another example, a fractal 
like geometric shape or physical structure may not decrease 
(or increase) in scale equally between iterations of scale, as 
may a fractal, though it will increase or decrease between 
recursive iterations of a geometric shape of the pattern. A 
fractal-like pattern may be simpler than a fractal. For 
instance, it may be regular and relatively easily described in 
traditional Euclidean geometric language, whereas a fractal 
may not. 
I0087. A microneedle surface defining a complex nanoto 
pography may include structures of the same general shape 
(e.g., pillars) and the pillars may beformed to different Scales 
of measurement (e.g., nano-scale pillars as well as micro 
scale pillars). In another embodiment, a microneedle may 
include at a surface structures that vary in both scale size and 
shape or that vary only in shape while formed to the same 
nano-sized scale. Additionally, structures may be formed in 
an organized array or in a random distribution. In general, at 
least a portion of the structures may be nanostructures formed 
on a nano-sized scale, e.g., defining a cross-sectional dimen 
sion of less than about 500 nanometers, for instance less than 
about 400 nanometers, less than about 250 nanometers, or 
less than about 100 nanometers. The cross sectional dimen 
sion of the nanostructures can generally be greater than about 
5 nanometers, for instance greater than about 10 nanometers, 
or greater than about 20 nanometers. For example, the nano 
structures can define a cross sectional dimension between 
about 5 nanometers and about 500 nanometers, between 
about 20 nanometers and about 400 nanometers, or between 
about 100 nanometers and about 300 nanometers. In cases 
where the cross sectional dimension of a nanostructure varies 
as a function of height of the nanostructure, the cross sec 
tional dimension can be determined as an average from the 
base to the tip of the nanostructures, or as the maximum cross 
sectional dimension of the structure, for example the cross 
sectional dimension at the base of a cone-shaped nanostruc 
ture 

I0088 FIG. 4 illustrates one embodiment of a complex 
nanotopography as may be formed on a Surface. This particu 
lar pattern includes a central large pillar 100 and Surrounding 
pillars 102, 104, of smaller dimensions provided in a regular 
pattern. As may be seen, this pattern includes an iteration of 
pillars, each of which is formed with the same general shape, 
but vary with regard to horizontal dimension. This particular 
complex pattern is an example of a fractal-like pattern that 
does not include identical alteration in Scale between Succes 
sive recursive iterations. For example, while the pillars 102 
are first nanostructures that define a horizontal dimension that 
is about one third that of the larger pillar 100, which is a 
microstructure, the pillars 104 are second nanostructures that 
define a horizontal dimension that is about one half that of the 
pillars 102. 
I0089. A pattern that includes structures of different sizes 
can include larger structures having a cross-sectional dimen 
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sion formed on a larger Scale, e.g., microstructures having a 
cross-sectional dimension greater than about 500 nanometers 
in combination with Smaller nanostructures. In one embodi 
ment, microstructures of a complex nanotopography can have 
a cross-sectional dimension between about 500 nanometers 
and about 10 micrometers, between about 600 nanometers 
and about 1.5 micrometers, or between about 650 nanometers 
and about 1.2 micrometers. For example, the complex nano 
topography of FIG. 4 includes micro-sized pillars 100 having 
a cross sectional dimension of about 1.2 micrometers. 

0090 When a pattern includes one or more larger micro 
structures, for instance, having a cross-sectional dimension 
greater than about 500 nanometers, determined either as the 
average cross sectional dimension of the structure or as the 
largest cross sectional dimension of the structure, the com 
plex nanotopography will also include nanostructures, e.g., 
first nanostructures, second nanostructures of a different size 
and/or shape, etc. For example, pillars 102 of the complex 
nanotopography of FIG. 4 have a cross-sectional dimension 
of about 400 nanometers, and pillars 104 have a cross-sec 
tional dimension of about 200 nanometers. 

0091. A nanotopography can be formed of any number of 
different elements. For instance, a pattern of elements can 
include two different elements, three different elements, an 
example of which is illustrated in FIG. 4, four different ele 
ments, or more. The relative proportions of the recurrence of 
each different element can also vary. In one embodiment, the 
Smallest elements of a pattern will be present in larger num 
bers than the larger elements. For instance in the pattern of 
FIG.4, there are eight pillars 104 for each pillar 102, and there 
are eight pillars 102 for the central large pillar 100. As ele 
ments increase in size, there can generally be fewer recur 
rences of the element in the nanotopography. By way of 
example, a first element that is about 0.5 times, for instance 
between about 0.3 times and about 0.7 times in cross-sec 
tional dimension as a second, larger element can be present in 
the topography about five times or more than the second 
element. A first element that is approximately 0.25 times, or 
between about 0.15 times and about 0.3 times in cross-sec 
tional dimension as a second, larger element can be present in 
the topography about 10 times or more than the second ele 
ment. 

0092. The spacing of individual elements can also vary. 
For instance, center-to-center spacing of individual structures 
can be between about 50 nanometers and about 1 micrometer, 
for instance between about 100 nanometers and about 500 
nanometers. For example, center-to-center spacing between 
structures can be on a nano-sized scale. For instance, when 
considering the spacing of nano-sized structures, the center 
to-center spacing of the structures can be less than about 500 
nanometers. This is not a requirement of a topography, how 
ever, and individual structures can be farther apart. The cen 
ter-to-center spacing of structures can vary depending upon 
the size of the structures. For example, the ratio of the average 
of the cross-sectional dimensions of two adjacent structures 
to the center-to-center spacing between those two structures 
can be between about 1:1 (e.g., touching) and about 1:4, 
between about 1:1.5 and about 1:3.5, or between about 1:2 
and about 1:3. For instance, the center to center spacing can 
be approximately double the average of the cross-sectional 
dimensions of two adjacent structures. In one embodiment, 
two adjacent structures each having a cross-sectional dimen 
sion of about 200 nanometers can have a center-to-center 
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spacing of about 400 nanometers. Thus, the ratio of the aver 
age of the diameters to the center-to-center spacing in this 
case is 1:2. 
0093 Structure spacing can be the same, i.e., equidistant, 
or can vary for structures in a pattern. For instance, the Small 
est structures of a pattern can be spaced apart by a first 
distance, and the spacing between these Smallest structures 
and a larger structure of the pattern or between two larger 
structures of the pattern can be the same or different as this 
first distance. 
0094 For example, in the pattern of FIG. 4, the smallest 
structures 104 have a center-to-center spacing of about 200 
nanometers. The distance between the larger pillars 102 and 
each surrounding pillar 104 is less, about 100 nanometers. 
The distance between the largest pillar 100 and each sur 
rounding pillar 104 is also less than the center-to-center spac 
ing between to smallest pillars 104, about 100 nanometers. Of 
course, this is not a requirement, and all structures can be 
equidistant from one another or any variation in distances. In 
one embodiment, different structures can be in contact with 
one another, for instance atop one another, as discussed fur 
ther below, or adjacent one another and in contact with one 
another. 
0.095 Structures of a topography may all be formed to the 
same height, generally between about 10 nanometers and 
about 1 micrometer, but this is not a requirement, and indi 
vidual structures of a pattern may vary in size in one, two, or 
three dimensions. In one embodiment, some or all of the 
structures of a topography can have a height of less than about 
20 micrometers, less than about 10 micrometers, or less than 
about 1 micrometer, for instance less than about 750 nanom 
eters, less than about 680 nanometers, or less than about 500 
nanometers. For instance the structures can have a height 
between about 50 nanometers and about 20 micrometers or 
between about 100 nanometers and about 700 nanometers. 
For example, nanostructures or microstructures can have a 
height between about 20 nm and about 500 nm, between 
about 30 nm and about 300 nm, or between about 100 nm and 
about 200 nm, though it should be understood that structures 
may be nano-sized in a cross sectional dimension and may 
have a height that may be measured on a micro-sized scale, 
for instance greater than about 500 nm. Micro-sized struc 
tures can have a height that is the same or different from 
nano-sized structures of the same pattern. For instance, 
micro-sized structures can have a height of between about 
500 nanometers and about 20 micrometers, or between about 
1 micrometer and about 10 micrometers, in another embodi 
ment. Micro-sized structures may also have a cross sectional 
dimension on a micro-scale greater than about 500 nm, and 
may have a height that is on a nano-sized scale of less than 
about 500 nm. 

0096. The aspect ratio of the structures (the ratio of the 
height of a structure to the cross sectional dimension of the 
structure) can be between about 0.15 and about 30, between 
about 0.2 and about 5, between about 0.5 and about 3.5, or 
between about 1 and about 2.5. For instance, the aspect ratio 
of the nanostructures may fall within these ranges. 
0097. The device surface may include a single instance of 
a pattern, as shown in FIG. 4, or may include multiple itera 
tions of the same or different patterns. For example, FIG. 5 
illustrates a surface pattern including the pattern of FIG. 4 in 
multiple iterations over a surface. 
0098. The formation of nanotopography on a surface may 
increase the Surface area without a corresponding increase in 
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Volume. Increase in the Surface area to Volume ratio is 
believed to improve the interaction of a surface with sur 
rounding biological materials. For instance, increase in the 
Surface area to Volume ratio is believed to encourage 
mechanical interaction between the nanotopography and Sur 
rounding proteins, e.g., extracellular matrix (ECM) proteins 
and/or plasma membrane proteins. 
0099. In general, the surface area to volume ratio of the 
device may be greater than about 10,000 cm, greater than 
about 150,000 cm, or greater than about 750,000 cm. 
Determination of the surface area to volume ratio may be 
carried out according to any standard methodology as is 
known in the art. For instance, the specific Surface area of a 
Surface may be obtained by the physical gas adsorption 
method (B.E.T. method) with nitrogen as the adsorption gas, 
as is generally known in the art and described by Brunauer, 
Emmet, and Teller (J. Amer. Chem. Soc., vol. 60, February, 
1938, pp. 309-319), incorporated herein by reference. The 
BET surface area can be less than about 5 m/g, in one 
embodiment, for instance between about 0.1 m/g and about 
4.5 m/g, or between about 0.5 m/g and about 3.5 m/g. 
Values for Surface area and Volume may also be estimated 
from the geometry of molds used to form a surface, according 
to standard geometric calculations. For example, the Volume 
can be estimated according to the calculated Volume for each 
pattern element and the total number of pattern elements in a 
given area, e.g., over the Surface of a single microneedle. 
0100 For a device that defines a complex pattern nanoto 
pography at a Surface, the nanotopography may be character 
ized through determination of the fractal dimension of the 
pattern. The fractal dimension is a statistical quantity that 
gives an indication of how completely a fractal appears to fill 
space as the recursive iterations continue to Smaller and 
Smaller scale. The fractal dimension of a two dimensional 
structure may be represented as: 

logN(e) 
D = log(e) 

0101 where N(e) is the number of self-similar structures 
needed to cover the whole object when the object is reduced 
by 1/e in each spatial direction. 
0102 For example, when considering the two dimensional 
fractal known as the Sierpenski triangle illustrated in FIG. 6, 
in which the mid-points of the three sides of an equilateral 
triangle are connected and the resulting inner triangle is 
removed, the fractal dimension is calculated as follows: 

logN(e) 
D = I, 

log3 
D= 
D is 1.585 

0103) Thus, the Sierpenski triangle fractal exhibits an 
increase in line length over the initial two dimensional equi 
lateral triangle. Additionally, this increase in line length is not 
accompanied by a corresponding increase in area. 
0104. The fractal dimension of the pattern illustrated in 
FIG. 4 is approximately 1.84. In one embodiment, nanoto 

Apr. 24, 2014 

pography of a surface of the device may exhibit a fractal 
dimension of greater than about 1, for instance between about 
1.2 and about 5, between about 1.5 and about 3, or between 
about 1.5 and about 2.5. 
0105 FIGS. 7A and 7B illustrate increasing magnification 
images of another example of a complex nanotopography. 
The nanotopography of FIGS. 7A and 7B includes an array of 
fibrous-like pillars 70 located on a substrate. At the distal end 
of each individual pillar, the pillar splits into multiple smaller 
fibers 60. At the distal end of each of these smaller fibers 60, 
each fiber splits again into multiple filaments (not visible in 
FIGS. 7A and 7B). Structures formed on a surface that have 
an aspect ratio greater than about 1 may be flexible, as are the 
structures illustrated in FIGS. 7A and 7B, or may be stiff. 
0106 FIGS. 7C and 7D illustrate another example of a 
complex nanotopography. In this embodiment, a plurality of 
pillars 72 each including an annular hollow therethrough 71 
are formed on a substrate. At the distal end of each hollow 
pillar, a plurality of smaller pillars 62 is formed. As may be 
seen, the pillars of FIGS. 7C and 7D maintain their stiffness 
and upright orientation. Additionally, and in contrast to pre 
vious patterns, the smaller pillars 62 of this embodiment 
differ in shape from the larger pillars 72. Specifically, the 
smaller pillars 62 are not hollow, but are solid. Thus, nanoto 
pography including structures formed to a different scale 
need not have all structures formed with the same shape, and 
structures may vary in both size and shape from the structures 
of a different scale. 
01.07 FIG. 8 illustrates another pattern including nano 
sized structures as may be formed on the device Surface. As 
may be seen, in this embodiment, individual pattern struc 
tures may be formed at the same general size, but with dif 
ferent orientations and shapes from one another. 
0108. In addition to or alternative to those methods men 
tioned above, a surface may be characterized by other meth 
ods including, without limitation, Surface roughness, elastic 
modulus, and Surface energy. 
0109 Methods for determining the surface roughness are 
generally known in the art. For instance, an atomic force 
microscope process in contact or non-contact mode may be 
utilized according to standard practice to determine the Sur 
face roughness of a material. Surface roughness that may be 
utilized to characterize a microneedle can include the average 
roughness (R), the root mean square roughness, the skew 
ness, and/or the kurtosis. In general, the average surface 
roughness (i.e., the arithmetical mean height of the Surface 
are roughness parameter as defined in the ISO 25178 series) 
of a surface defining a fabricated nanotopography thereon 
may be less than about 200 nanometers, less than about 190 
nanometers, less than about 100 nanometers, or less than 
about 50 nanometers. For instance, the average Surface 
roughness may be between about 10 nanometers and about 
200 nanometers, or between about 50 nanometers and about 
190 nanometers. 

0110. The device may be characterized by the elastic 
modulus of the nanopatterned Surface, for instance by the 
change in elastic modulus upon the addition of a nanotopog 
raphy to a surface. In general, the addition of a plurality of 
structures forming nanotopography on a surface can decrease 
the elastic modulus of a material, as the addition of nano 
sized structures on a Surface will lead to a reduction in con 
tinuity of the Surface and a related change in Surface area. As 
compared to a similar Surface formed according to the same 
process and of the same materials, but for a pattern of nano 
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topography on the Surface, the device including nanotopog 
raphy thereon can exhibit a decrease in elastic modulus of 
between about 35% and about 99%, for instance between 
about 50% and about 99%, or between about 75% and about 
80%. By way of example, the effective compression modulus 
of a nanopatterned surface can be less than about 50 MPa, or 
less than about 20 MPa. In one embodiment the effective 
compression modulus can be between about 0.2 MPa and 
about 50 MPa, between about 5 MPa and about 35 MPa, or 
between about 10 MPa and about 20 MPa. The effective shear 
modulus can be less than about 320 MPa, or less than about 
220 MPa. For instance, the effective shear modulus can be 
between about 4 MPa and about 320 MPa, or between about 
50 MPa and about 250 MPa, in one embodiment. 
0111. The device including nanotopography thereon may 
also exhibit an increase in Surface energy as compared to a 
similar microneedle that does not have a surface defining a 
pattern of nanotopography thereon. For instance, a micron 
eedle including a nanotopography formed thereon can exhibit 
an increase in Surface energy as compared to a similar 
microneedle of the same materials and formed according to 
the same methods, but for the inclusion of a pattern of nano 
topography on a surface. For instance, the water contactangle 
of a Surface including a nanotopography thereon can be 
greater than about 80°, greater than about 90°, greater than 
about 100°, or greater than about 110°. For example, the water 
contactangle of a surface can be between about 80° and about 
150°, between about 90° and about 130°, or between about 
100° and about 120°, in one embodiment. 
0112. When forming nanostructures on the surface of the 
device, the packing density of the structures may be maxi 
mized. For instance, square packing (FIG. 9A), hexagonal 
packing (FIG.9B), or some variation thereof may be utilized 
to pattern the elements on a Substrate. When designing a 
pattern in which various sized elements of cross sectional 
areas A, B, and C are adjacent to one another on a Substrate, 
circle packing as indicated in FIG. 9C may be utilized. Of 
course, variations in packing density and determination of 
associated alterations in characteristics of a Surface are well 
within the abilities of one of skill in the art. 

0113. The device including a fabricated nanotopography 
on a Surface of the device may be formed according to a 
single-step process. Alternatively, a multi-step process may 
be used, in which a pattern of nanostructures are fabricated on 
a pre-formed Surface. For example, an array of microneedles 
may be first formed and then a random or non-random pattern 
of nanostructures may be fabricated on the surface of the 
formed microneedles. In either the single-step or two-step 
process, structures may be fabricated on a Surface or on a 
mold Surface according to any Suitable nanotopography fab 
rication method including, without limitation, nanoimprint 
ing, injection molding, lithography, embossing molding, and 
so forth. 

0114. In general, an array of microneedles may be formed 
according to any standard microfabrication technique includ 
ing, without limitation, lithography, etching techniques. Such 
as wet chemical, dry, and photoresist removal; thermal oxi 
dation of silicon; electroplating and electroless plating; dif 
fusion processes, such as boron, phosphorus, arsenic, and 
antimony diffusion; ion implantation; film deposition, Such as 
evaporation (filament, electron beam, flash, and shadowing 
and step coverage), Sputtering, chemical vapor deposition 
(CVD), epitaxy (vapor phase, liquid phase, and molecular 
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beam), electroplating, Screen printing, lamination, Stere 
olithography, laser machining, and laser ablation (including 
projection ablation). 
0115 Lithography techniques, including photolithogra 
phy, e-beam lithography, X-ray lithography, and so forth may 
be utilized for primary pattern definition and formation of a 
master die. Replication may then be carried out to form the 
device including an array of microneedles. Common replica 
tion methods include, without limitation, Solvent-assisted 
micromolding and casting, embossing molding, injection 
molding, and so forth. Self-assembly technologies including 
phase-separated block copolymer, polymer demixing and 
colloidal lithography techniques may also be utilized inform 
ing a nanotopography on a surface. 
0116 Combinations of methods may be used, as is known. 
For instance, substrates patterned with colloids may be 
exposed to reactive ion etching (RIE, also known as dry 
etching) so as to refine the characteristics of a fabricated 
nanostructure Such as nanopillar diameter, profile, height, 
pitch, and so forth. Wet etching may also be employed to 
produce alternative profiles for fabricated nanostructures ini 
tially formed according to a different process, e.g., polymer 
de-mixing techniques. Structure diameter, shape, and pitch 
may be controlled via selection of appropriate materials and 
methods. 
0117. Other methods as may be utilized in forming a 
microneedle including a fabricated nanotopography on a Sur 
face include nanoimprint lithography methods utilizing ultra 
high precision laser machining techniques, examples of 
which have been described by Hunt, et al. (U.S. Pat. No. 
6,995,336) and Guo, et al. (U.S. Pat. No. 7,374,864), both of 
which are incorporated herein by reference. Nanoimprint 
lithography is a nano-scale lithography technique in which a 
hybrid mold is utilized which acts as both a nanoimprint 
lithography mold and a photolithography mask. A schematic 
of a nanoimprint lithography technique is illustrated in FIGS. 
10A-10C. During fabrication, a hybrid mold 30 imprints into 
a Substrate 32 via applied pressure to form features (e.g., 
microneedles defining nanotopography) on a resist layer 
(FIG. 10A). In general, the surface of the substrate 32 may be 
heated prior to engagement with the mold 30 to a temperature 
above its glass transition temperature (T). While the hybrid 
mold 30 is engaged with the substrate 32, a flow of viscous 
polymer may be forced into the mold cavities to form features 
34 (FIG. 10B). The mold and substrate may then be exposed 
to ultraviolet light. The hybrid mold is generally transmissive 
to UV radiation save for certain obstructed areas. Thus, the 
UV radiation passes through transmissive portions and into 
the resist layer. Pressure is maintained during cooling of the 
mold and substrate. The hybrid mold 30 is then removed from 
the cooled substrate 32 at a temperature below T of the 
substrate and polymer (FIG. 10C). 
0118. To facilitate the release of the nanoimprinted sub 
strate 32 including fabricated features 34 from the mold 30, as 
depicted in FIG. 10C, it is advantageous to treat the mold 30 
with a low energy coating to reduce the adhesion with the 
substrate 32, as a lower surface energy of the mold 30 and the 
resulting greater Surface energy difference between the mold 
30, substrate 32, and polymer may ease the release between 
the materials. By way of example, a silicon mold coating may 
be used such as trideca-(1,1,2,2-tetrahydro)-octytrichlorosi 
lane (F-TCS). 
0119 Structures may also be formed according to chemi 
cal addition processes. For instance, film deposition, Sputter 
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ing, chemical vapor deposition (CVD); epitaxy (vapor phase, 
liquid phase, and molecular beam), electroplating, and so 
forth can be utilized for building structures on a surface. 
Self-assembled monolayer processes as are known in the art 
can be utilized to form a pattern of structures on a Surface. 
0120. The surface of a transdermal delivery device can be 
further functionalized for improved interaction with tissues 
or individual cells during use. For instance, one or more 
biomolecules such as polynucleotides, polypeptides, entire 
proteins, polysaccharides, and the like can be bound to a 
structured surface prior to use. 
0121. In some embodiments, a Surface including struc 
tures formed thereon can already contain Suitable reactivity 
Such that additional desired functionality may spontaneously 
attach to the surface with no pretreatment of the surface 
necessary. However, in other embodiments, pretreatment of 
the structured surface prior to attachment of the desired com 
pound may be carried out. For instance, reactivity of a struc 
ture Surface may be increased through addition or creation of 
amine, carboxylic acid, hydroxy, aldehyde, thiol, or ester 
groups on the Surface. In one representative embodiment, a 
microneedle Surface including a pattern of nanostructures 
formed thereon may be aminated through contact with an 
amine-containing compound Such as 3-aminopropyltri 
ethoxy silane in order to increase the amine functionality of 
the surface and bind one or more biomolecules to the surface 
via the added amine functionality. 
0122 Materials as may be desirably bound to the surface 
of a patterned device can include ECM proteins such as 
laminins, tropoelastin or elastin, Tropocollagen or collagen, 
fibronectin, and the like. Short polypeptide fragments can be 
bound to the surface of a patterned device such as an RGD 
sequence, which is part of the recognition sequence of inte 
grin binding to many ECM proteins. Thus, functionalization 
ofa microneedle Surface with RGD can encourage interaction 
of the device with ECM proteins and further limit foreign 
body response to the device during use. 
0123. The transdermal delivery device may be in the form 
of a patch that may include various features. For example, the 
device may include a reservoir, e.g., a vessel, a porous matrix, 
etc., that may store and agent and provide the agent for deliv 
ery. The device may include a reservoir within the device 
itself. For instance, the device may include a hollow, or mul 
tiple pores that may carry one or more agents for delivery. The 
agent may be released from the device via degradation of a 
portion or the entire device or via diffusion of the agent from 
the device. 
(0.124 FIGS. 11A and 11B are perspective views of the 
device including a reservoir. The device 110 includes a res 
ervoir 112 defined by an impermeable backing layer 114 and 
a microneedle array 116. The backing layer and the micron 
eedle array 116 are joined together about the outer periphery 
of the device, as indicated at 118. The impermeable backing 
layer 114 may be joined by an adhesive, aheat seal or the like. 
The device 110 also includes a plurality of microneedles 120. 
A release liner 122 can be removed prior to use of the device 
to expose microneedles 120 so as to form punctures 124. 
0.125. A formulation including one or more agents may be 
retained within the reservoir 112. Materials suitable for use as 
impermeable backing layer 114 can include materials such as 
polyesters, polyethylene, polypropylene and other synthetic 
polymers. The material is generally heator otherwise sealable 
to the backing layer to provide a barrier to transverse flow of 
reservoir contents. 
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0.126 Reservoir 112, defined by the space or gap between 
the impermeable backing layer 114 and the microneedle array 
116, provides a storage structure in which to retain the Sus 
pension of agents to be administered. The reservoir may be 
formed from a variety of materials that are compatible with an 
agent to be contained therein. By way of example, natural and 
synthetic polymers, metals, ceramics, semiconductor materi 
als, and composites thereof may form the reservoir. 
I0127. In one embodiment, the reservoir may be attached to 
the substrate upon which the microneedles are located. 
According to another embodiment, the reservoir may be sepa 
rate and removably connectable to the microneedle array or in 
fluid communication with the microneedle array, for instance 
via appropriate tubing, leur locks, etc. 
I0128. The device may include one or a plurality of reser 
Voirs for storing agents to be delivered. For instance, the 
device may include a single reservoir that stores a single or 
multiple agent-containing formulation, or the device may 
include multiple reservoirs, each of which stores one or more 
agents for delivery to all or a portion of the array of micron 
eedles. Multiple reservoirs may each store a different material 
that may be combined for delivery. For instance, a first reser 
Voir may contain an agent, e.g., a drug, and a second reservoir 
may contain a vehicle, e.g., saline. The different agents may 
be mixed prior to delivery. Mixing may be triggered by any 
means, including, for example, mechanical disruption (i.e., 
puncturing, degradation, or breaking), changing the porosity, 
or electrochemical degradation of the walls or membranes 
separating the chambers. Multiple reservoirs may contain 
different active agents for delivery that may be delivered in 
conjunction with one another or sequentially. 
I0129. In one embodiment, the reservoir may be in fluid 
communication with one or more microneedles of the trans 
dermal device, and the microneedles may define a structure 
(e.g., a central or lateral bore) to allow transport of delivered 
agents beneath the barrier layer. 
0.130. In alternative embodiments, a device may include a 
microneedle assembly and a reservoir assembly with flow 
prevention between the two prior to use. For instance, a 
device may include a release member positioned adjacent to 
both a reservoir and a microneedle array. The release member 
may be separated from the device prior to use Such that during 
use the reservoir and the microneedle array are in fluid com 
munication with one another. Separation may be accom 
plished through the partial or complete detachment of the 
release member. For example, referring to FIGS. 12-17, one 
embodiment of a release member is shown that is configured 
to be detached from a transdermal patch to initiate the flow of 
a drug compound. More particularly, FIGS. 12-17 show a 
transdermal patch 300 that contains a drug delivery assembly 
370 and a microneedle assembly 380. The drug delivery 
assembly 370 includes a reservoir 306 positioned adjacent to 
a rate control membrane 308. 

I0131 The rate control membrane may help slow down the 
flow rate of the drug compound upon its release. Specifically, 
fluidic drug compounds passing from the drug reservoir to the 
microneedle assembly via microfluidic channels may expe 
rience a drop in pressure that results in a reduction in flow 
rate. If this difference is too great, Some backpressure may be 
created that may impede the flow of the compound and poten 
tially overcome the capillary pressure of the fluid through the 
microfluidic channels. Thus, the use of the rate control mem 
brane may ameliorate this difference in pressure and allow the 
drug compound to be introduced into the microneedle at a 
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more controlled flow rate. The particular materials, thickness, 
etc. of the rate control membrane may vary based on multiple 
factors, such as the Viscosity of the drug compound, the 
desired delivery time, etc. 
0132) The rate control membrane may be fabricated from 
permeable, semi-permeable or microporous materials that are 
known in the art to control the rate of drug compounds and 
having permeability to the permeation enhancer lower than 
that of drug reservoir. For example, the material used to form 
the rate control membrane may have an average pore size of 
from about 50 nanometers to about 5 micrometers, in some 
embodiments from about 100 nanometers to about 2 
micrometers, and in some embodiments, from about 300 
nanometers to about 1 micrometer (e.g., about 600 nanom 
eters). Suitable membrane materials include, for instance, 
fibrous webs (e.g., woven or nonwoven), apertured films, 
foams, sponges, etc., which are formed from polymers such 
as polyethylene, polypropylene, polyvinyl acetate, ethylene 
n-butyl acetate and ethylene vinyl acetate copolymers. Such 
membrane materials are also described in more detail in U.S. 
Pat. Nos. 3,797.494, 4,031,894, 4,201,211, 4,379,454, 4,436, 
741, 4,588,580, 4,615,699, 4,661,105, 4,681,584, 4,698,062, 
4,725,272, 4,832,953, 4,908,027, 5,004,610, 5,310,559, 
5,342,623, 5,344,656, 5,364,630, and 6,375,978, which are 
incorporated in their entirety herein by reference for all rel 
evant purposes. A particularly Suitable membrane material is 
available from Lohmann Therapie-Systeme. 
0.133 Referring to FIGS. 12-13, although optional, the 
assembly 370 also contains an adhesive layer 304 that is 
positioned adjacent to the reservoir 306. The microneedle 
assembly 380 likewise includes a support 312 from which 
extends a plurality of microneedles 330 having channels 331, 
such as described above. The layers of the drug delivery 
assembly 370 and/or the microneedle assembly 380 may be 
attached together if desired using any known bonding tech 
nique. Such as through adhesive bonding, thermal bonding, 
ultrasonic bonding, etc. 
0134 Regardless of the particular configuration 
employed, the patch 300 also contains a release member 310 
that is positioned between the drug delivery assembly 370 and 
the microneedle assembly 380. While the release member 
310 may optionally be bonded to the adjacent support 312 
and/or rate control membrane 308, it is typically desired that 
it is only lightly bonded, if at all, so that the release member 
310 may be easily withdrawn from the patch 300. If desired, 
the release member 310 may also contain a tab portion 371 
(FIGS. 12-13) that extends at least partly beyond the perim 
eter of the patch 300 to facilitate the ability of a user to grab 
onto the member and pull it in the desired direction. In its 
“inactive' configuration as shown in FIGS. 12-13, the drug 
delivery assembly 370 of the patch 300 securely retains a drug 
compound 307 so that it does not flow to any significant extent 
into the microneedles 330. The patch may be “activated by 
simply applying a force to the release member so that it is 
detached from the patch. 
0135 Referring to FIGS. 14-15, one embodiment for acti 
vating the patch 300 is shown in which the release member 
310 is pulled in a longitudinal direction. The entire release 
member 310 may be removed as shown in FIGS. 16-17, or it 
may simply be partially detached as shown in FIGS. 14-15. In 
either case, however, the seal previously formed between the 
release member 310 and the aperture (not shown) of the 
support 312 is broken. In this manner, a drug compound 107 
may begin to flow from the drug delivery assembly 170 and 
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into the channels 131 of the microneedles 130 via the support 
112. An exemplary illustration of how the drug compound 
307 flows from the reservoir 306 and into the channels 331 is 
shown in FIGS. 16-17. Notably, the flow of the drug com 
pound 307 is passively initiated and does not require any 
active displacement mechanisms (e.g., pumps). 
0.136. In the embodiments shown in FIGS. 12-17, the 
detachment of the release member immediately initiates the 
flow of the drug compound to the microneedles because the 
drug delivery assembly is already disposed in fluid commu 
nication with the microneedle assembly. In certain embodi 
ments, however, it may be desired to provide the user with a 
greater degree of control over the timing of the release of the 
drug compound. This may be accomplished by using a patch 
configuration in which the microneedle assembly is not ini 
tially in fluid communication with the drug delivery assem 
bly. When it is desired to use the patch, the user may physi 
cally manipulate the two separate assemblies into fluid 
communication. The release member may be separated either 
before or after Such physical manipulation occurs. 
0.137 Referring to FIGS. 18-23, for example, one particu 
lar embodiment of a patch 200 is shown. FIGS. 18-19 illus 
trate the patch 200 before use, and shows a first section 250 
formed by a microneedle assembly 280 and a second section 
260 formed by a drug delivery assembly 270. The drug deliv 
ery assembly 270 includes a reservoir 206 positioned adja 
cent to a rate control membrane 208 as described above. 
Although optional, the assembly 270 also contains an adhe 
sive layer 204 that is positioned adjacent to the reservoir 206. 
The microneedle assembly 280 likewise includes a support 
212 from which extends a plurality of microneedles 230 
having channels 231, such as described above. 
0.138. In this embodiment, the support 212 and the rate 
control membrane 208 are initially positioned horizontally 
adjacent to each other, and a release member 210 extends over 
the support 212 and the rate control member 208. In this 
particular embodiment, it is generally desired that the release 
member 210 is releasably attached to the support 212 and the 
rate control membrane 208 with an adhesive (e.g., pressure 
sensitive adhesive). In its “inactive' configuration as shown 
in FIGS. 18-19, the drug delivery assembly 270 of the patch 
200 securely retains a drug compound 207 so that it does not 
flow to any significant extent into the microneedles 230. 
When it is desired to “activate the patch, the release member 
210 may be peeled away and removed, such as illustrated in 
FIGS. 20-21, to break the seal previously formed between the 
release member 210 and the aperture (not shown) of the 
support 212. Thereafter, the second section 260 may be 
folded about a fold line “F” as shown by the directional arrow 
in FIG. 22 so that the rate control member 208 is positioned 
Vertically adjacent to the Support 212 and in fluid communi 
cation therewith. Alternatively, the first section 250 may be 
folded. Regardless, folding of the sections 250 and/or 260 
initiates the flow of a drug compound 207 from the drug 
delivery assembly 270 and into the channels 231 of the 
microneedles 230 via the support 212 (See FIG. 23). 
0.139. The device may deliver an agent at a rate so as to be 
therapeutically useful. In accord with this goal, a transdermal 
device may include a housing with microelectronics and other 
micro-machined structures to control the rate of delivery 
either according to a preprogrammed schedule or through 
active interface with the patient, a healthcare professional, or 
a biosensor. The device may include a material at a Surface 
having a predetermined degradation rate, so as to control 
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release of an agent contained within the device. A delivery 
rate may be controlled by manipulating a variety of factors, 
including the characteristics of the formulation to be deliv 
ered (e.g., viscosity, electric charge, and/or chemical compo 
sition); the dimensions of each device (e.g., outer diameter 
and the Volume of any openings); the number of microneedles 
on a transdermal patch; the number of individual devices in a 
carrier matrix; the application of a driving force (e.g., a con 
centration gradient, a Voltage gradient, a pressure gradient); 
the use of a valve; and so forth. 
0140 Transportation of agents through the device may be 
controlled or monitored using, for example, various combi 
nations of valves, pumps, sensors, actuators, and micropro 
cessors. These components may be produced using standard 
manufacturing or microfabrication techniques. Actuators that 
may be useful with the device may include micropumps, 
microvalves, and positioners. For instance, a microprocessor 
may be programmed to control a pump or valve, thereby 
controlling the rate of delivery. 
0141 Flow of an agent through the device may occur 
based on diffusion or capillary action, or may be induced 
using conventional mechanical pumps or nonmechanical 
driving forces, such as electroosmosis or electrophoresis, or 
convection. For example, in electroosmosis, electrodes are 
positioned on a biological Surface (e.g., the skin Surface), a 
microneedle, and/or a Substrate adjacent a microneedle, to 
create a convective flow which carries oppositely charged 
ionic species and/or neutral molecules toward or into the 
delivery site. 
0142 Flow of an agent may be manipulated by selection of 
the material forming the microneedle Surface. For example, 
one or more large grooves adjacent the microneedle Surface of 
the device may be used to direct the passage of drug, particu 
larly in a liquid state. Alternatively, the physical Surface prop 
erties of the device may be manipulated to either promote or 
inhibit transport of material along the Surface, such as by 
controlling hydrophilicity or hydrophobicity. 
0143. The flow of an agent may be regulated using valves 
or gates as is known in the art. Valves may be repeatedly 
opened and closed, or they may be single-use valves. For 
example, a breakable barrier or one-way gate may be installed 
in the device between a reservoir and the patterned surface. 
When ready to use, the barrier may be broken orgate opened 
to permit flow through to the microneedle surface. Other 
valves orgates used in the device may be activated thermally, 
electrochemically, mechanically, or magnetically to selec 
tively initiate, modulate, or stop the flow of molecules 
through the device. In one embodiment, flow is controlled by 
using a rate-limiting membrane as a “valve.” 
0144. In general, any agent delivery control system, 
including reservoirs, flow control systems, sensing systems, 
and so forth as are known in the art may be incorporated with 
devices. By way of example, U.S. Pat. Nos. 7.250,037, 7.315, 
758, 7,429,258, 7,582,069, and 7,611,481 describe reservoir 
and control systems as may be incorporated in devices. 
0145 The present disclosure may be further understood 
with reference to the Examples provided below. 

Example 1 

0146 Several different molds were prepared using photo 
lithography techniques similar to those employed in the 
design and manufacture of electrical circuits. Individual pro 
cess steps are generally known in the art and have been 
described. 
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0147 Initially, silicon substrates were prepared by clean 
ing with acetone, methanol, and isopropyl alcohol, and then 
coated with a 258 nanometer (nm) layer of silicon dioxide 
according to a chemical vapor deposition process. 
0.148. A pattern was then formed on each substrate via an 
electron beam lithography patterning process as is known in 
the art using a JEOLJBX-9300FS EBL system. The process 
ing conditions were as follows: 

0.149 Beam current=11 nA 
0150. Acceleration voltage=100 kV 
0151 Shot pitch=14 mm 
0152) Dose=260 uC/cm 
0153. Resist=ZEP520A, -330 nm thickness 
0154 Developer-n-amyl acetate 
(O155 Development=2 min. immersion, followed by 30 

Sec. isopropyl alcohol rinse. 
0156 Asilicon dioxide etch was then carried out with an 
STS Advanced Oxide Etch (AOE). Etch time was 50 seconds 
utilizing 55 standard cubic centimeters perminute (Scom) He, 
22 sccm CF, 20 sccm CFs at 4 mTorr, 400W coil, 200 W 
RIE and a DC Bias of 404-411 V. 

0157 Following, a silicon etch was carried out with an 
STS silicon oxide etch (SOE). Etch time was 2 minutes uti 
lizing 20 sccmCl and 5 sccm Ar at 5 mTorr, 600W coil, 50 
W RIE and a DC Bias of 96-102V. The silicon etch depth was 
500 nanometers. 

0158. A buffered oxide etchant (BOE) was used for 
remaining oxide removal that included a three minute BOE 
immersion followed by a deionized water rinse. 
0159. An Obducat NIL-Eitre R6 nanoimprinter was used 
to form nanopatterns on a variety of polymer Substrates. 
External water was used as coolant. The UV module utilized 
a single pulsed lamp at a wave length of between 200 and 
1000 nanometers at 1.8 W/cm. A UV filter of 250-400 
nanometers was used. The exposure area was 6 inches with a 
maximum temperature of 200° C. and 80 Bar. The nanoim 
printer included a semi-automatic separation unit and auto 
matic controlled demolding. 
0160 To facilitate the release of the nanoimprinted films 
from the molds, the molds were treated with Trideca-(1,1,2, 
2-tetrahydro)-octytrichlorosilane (F-TCS). To treat a mold, 
the silicon mold was first cleaned with a wash of acetone, 
methanol, and isopropyl alcohol and dried with a nitrogen 
gas. A Petri dish was placed on a hot plate in a nitrogen 
atmosphere and 1-5 ml of the F-TCS was added to the Petri 
dish. A silicon mold was placed in the Petri dish and covered 
for 10-15 minutes to allow the F-TCS vapor to wet out the 
silicon mold prior to removal of the mold. 
0.161 Five different polymers as given in Table 1, below, 
were utilized to form various nanotopography designs. 

TABLE 1 

Glass Surface 
Transition Tensile Tension 

Temperature, Modulus (mN/m) 
Polymer T(K) (MPa) (a 20° C. 

Polyethylene 140-170 100-300 30 
Polypropylene 28O 1,389 21 
PMMA 322 3,100 41 
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TABLE 1-continued 

Glass Surface 
Transition Tensile Tension 

Temperature, Modulus (mN/m) 
Polymer T(K) (MPa) (a 20° C. 

Polystyrene 373 3,300 40 
Polycarbonate 423 2,340 43 

0162 Several different nanotopography patterns were 
formed, schematic representations of which are illustrated in 
FIGS. 24A-24D. The nanotopography pattern illustrated in 
FIG. 24E was a surface of a flat substrate purchased from 
NTT Advanced Technology of Tokyo, Japan. The patterns 
were designated DN1 (FIG. 24A), DN2 (FIG. 24B), DN3 
(FIG.24C), DN4 (FIG.24D) and NTTAT2 (FIG.24E). SEM 
images of the molds are shown in FIGS. 24A, 24B, and 24C, 
and images of the films are shown in FIGS. 24D and 24E. 
FIG. 8 illustrates a nanopatterned film formed by use of the 
mold of FIG.24A (DN1). In this particular film, the polymer 
features were drawn by temperature variation as previously 
discussed. The surface roughness of the pattern of FIG.24E 
was found to be 34 nanometers. 

(0163 The pattern illustrated in FIGS. 7C and 7D was also 
formed according to this nanoinwrinting process. This pattern 
included the pillars 72 and pillars 62, as illustrated. Larger 
pillars 72 were formed with a 3.5 micrometer (um) diameter 
and 30 um heights with center-to-center spacing of 6.8 um. 
Pillars 62 were 500 nanometers in height and 200 nanometers 
in diameterand a center-to-center spacing of 250 nanometers. 
0164. The nanoimprinting process conditions used with 
polypropylene films are provided below in Table 2. 

TABLE 2 

Time (s) Temperature (C.) Pressure (Bar) 

10 50 10 
10 75 2O 
10 1OO 30 

420 160 40 
18O 1OO 40 
18O 50 40 
18O 25 40 

Example 2 

0.165. The permeability effects of films patterned as 
described above were determined on a monolayer of Caco-2 
cells (human epithelial colorectal adenocarcinoma cells). The 
effects of the nanostructured surfaces on transcellular trans 
port mechanisms were investigated by blocking Dynamin, a 
critical protein in endocytosis, with Dynasore. Dynamin is a 
large GTPase protein that self-assembles into a spiral shape, 
constricting around budding vesicles to free them from the 
plasma membrane and into the cytosol for transcellular trans 
port. The small molecule, Dynasore, is able to rapidly block 
the activity of Dynamin by quickly inhibiting the GTPase 
module of Dynamin within about 2 minutes and has been used 
in numerous studies for probing the mechanisms of cellular 
internalization and endocytosis for transcellular transport. 
The transport study was a transepithelial electrical resistance 
(TEER) study that was carried out in the presence of Dyna 
sore to biochemically block the activity of Dynamin and 
preclude both clathrin and caveolin mediated endocytosis. 
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0166 Films formed as described in Example 1 and 
Example 2 were utilized including a polypropylene (PP) film 
formed with a pattern designated as DN2, and a flat, nonpat 
terned polypropylene film. As control, a monolayer of cells 
with no associated film was utilized. 
0167. The general protocol followed for each film was as 
follows: 

Materials 

(0168 Cell culture inserts 0.4 um pore size HDPET mem 
brane (BD Falcon) 
(0169 24 well plate (BD Falcon) 
(0170 Caco-2 media 
(0171 Nanostructured membranes as described above 
0172 Etanercept (Enbrel(R)—a fusion protein therapeutic 
0173 Minimum Essential Medium no phenol red (Invit 
rogen) 
0.174 TEER voltmeter 
(0175 Warmed PBS 
(0176 Black 96-well plate 
0177 Aluminum foil 

Protocol 

0.178 1. Seed Caco-2 cells on collagen coated well 
inserts 2 weeks before permeability assay is to be per 
formed. Collagen coated plates are made by making a 
1:1 volume of 100% ethanol to collagen. Dry surfaces in 
sterile hood overnight until dry. 

0.179 2. Make 0.1 mg/mL solution of Dynasore and 
FITC-conjugated etanercept in phenol red free Alpha 
MEM media. Wrap in aluminum foil to protect from 
light. 

0180 3. Check for confluence of Caco-2 cells by mea 
suring the resistance. Resistance should be above -600 
Ohms for confluence. 

0181. 4. Aspirate old media from cell culture inserts on 
apical and basolateral sides. Rinse with PBS to remove 
any residual phenol-red dye. 

0182 5. Add 0.5 mL of FITC-conjugated solution on 
apical side of each insert. 

0183 6. In another 24 well plate with cell culture 
inserts, add 0.5 mL of warmed PBS. 

0184 7. Transfer inserts to the plate with PBS. Blot the 
bottom of the insert on a Kim wipe to remove residual 
phenol red. 

0185. 8. t-0 time point: sample 75uL from the baso 
lateral side of insert and transfer to a black-bottom 
96-well plate. Replace the volume with 75uL of warmed 
PBS. Record the resistance of each well using the “chop 
stick electrodes. 

0186 9. Carefully add the film to the appropriately 
labeled well. Controls are the unimprinted film and the 
cells alone. Check under a microscope that the mem 
branes make direct contact to the cells. You should be 
able to see a sharp circle, indicating contact with the 
cells. 

0187 10.t=0 time point: repeat step 7 and then place in 
the incubator for 1 hour 

0188 11. t-1 time point: repeat step 7 and then place in 
the incubator for 1 hour 

(0189 12. t—2 time point: repeat step 7 
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0.190 13. Measure fluorescence signal using a spectrof 
luorometer plate reader. FITC (excitation=490 nanom 
eters, emission=520 nanometers) 

0191 Results are shown in FIG. 25. As can be seen, block 
ing the transcellular delivery route did not significantly 
decrease etanercept transport across the layer. Therefore, the 
transcellular pathways related to Dynamin do not appear to be 
significantly affected by the nanostructures Surface, and as 
Such are believed to enhance paracellular transport through 
the tight junctions. 

Example 3 
0.192 An array of microneedles including a nanopatterned 
Surface was formed. Initially, an array of microneedles as 
illustrated in FIG. 2 was formed on a silicon wafer via a 
photolithography process. Each needle included two oppo 
sitely placed side channels, aligned with one through-die hole 
in the base of the needle (not visible on FIG. 2). 
0193 Microneedles were formed according to a typical 
micromachining process on a silicon based wafer. The wafers 
were layered with resist and/or oxide layers followed by 
selective etching (oxide etching, DRIE etching, iso etching), 
resist stripping, oxide stripping, and lithography techniques 
(e.g., iso lithography, hole lithography, slit lithography) 
according to standard methods to form the array of micron 
eedles. The microneedles were 300 microns tall and 100 
microns in diameter. 
0194 Following formation of the microneedle array, a 5 
um polypropylene film including a DN2 or a polypropylene 
film including a DN3 pattern formed thereon as described 
above in Example 1 was laid over the microneedle array. The 
wafer/film structure was held on a heated vacuum box (3" 
HO vacuum) at elevated temperature (130°C.) for a period 
of one hour to gently pull the film over the surface of the 
microneedles while maintaining the nanopatterned Surface of 
the film. 
(0195 FIGS. 26A-26D illustrate the DN2 patterned film 
over the top of the array of microneedles with increasing 
magnification forming a transdermal delivery patch. 
0196. The transdermal patches measured 25 mm by 25 
mm with a density of 784 microneedles/cm. Control patches 
were also formed that had no pattern formed on the film 
Subsequently applied to the array of microneedles. Transder 
mal and subcutaneous formulations of etanercept (EnbrelR) 
were prepared according to instructions from the drug Sup 
plier. 
0.197 Test subjects (rabbits) were transdermally dosed 
with Enbrel R. or were subcutaneously (SubQ) dosed with 
Enbrel R. Transdermal and subcutaneous formulations of 
etanercept (EnbrelR) were prepared according to instructions 
from the drug Supplier. The Subcutaneous dose formulation 
(for the positive control) was prepared to facilitate a 2.5 
mg/animal and the transdermal dose formulation was 1.875 
mg/animal. Two Subjects were utilized for each device type. 
0198 Samples of whole blood were collected at the time 
points indicated in FIG. 27. Approximately 100 to 200 ul 
blood was taken via-mandibular bleeding and then centri 
fuged at approximately 1300 rpm for 10 minutes in a refrig 
erated centrifuge (set at 4° C.). The resulting serum was 
aspirated and transferred within 30 minutes of blood collec 
tion/centrifugation to appropriately labeled tubes. The tubes 
were frozen and stored in the dark at -70° C. until they were 
analyzed for levels of Enbrel(R) using Human sTNF-receptor 
ELISA kit (R&D Systems cathDRT200). The space time 
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between two blood samplings on the same subject was 24 
hours, to prevent unnecessary stress placed on the Subject. 
0199 The pharmacokinetic curve for the control patch and 
the DN3 patch are shown in FIG. 27. As can be seen, the blood 
serum level of the etanercept rose rapidly with the DN3 trans 
dermal patch within the first 24 hours of attachment. Follow 
ing, the blood serum level gradually declined within 56 hours 
of attachment and then leveled off. The control patch pro 
vided very low levels of etanercept with a gradual rise to a 
peak level at approximately 48 hours. 
0200. The results indicate that the nanostructured micron 
eedles significantly increased the absorption of etanercept as 
compared to the flat, unstructured device. There is a 95% 
increase in the maximum concentration measure and the time 
to reach the maximum concentration is decreased by almost 
24 hours. In addition, the bioavailability of the materials 
delivered by use of the nanostructured D3 device was found to 
be about 35 times greater than the control patch. 
0201 After 72 hours, several different organs and tissue 
types in each Subject were examined for etanercept concen 
tration. Specifically, organ representative samples of approxi 
mately 100 mg each were placed in labeled 50 mL conical 
storage tubes and stored in the dark at approximately -70° C. 
for preservation testing. 
0202 For analysis of Enbrel levels in tissues at the ana 
lytical laboratory, tissues were tested by use of a Quantikine(R) 
Human sTNF RII/TNFRSF1B Immunoassay (catalog no. 
DRT200, SRT200, PDRT200) available from R&D Systems, 
Inc. of Minneapolis, Minn., USA. The immunoassay is a solid 
phase ELISA assay for determination of sTNF RII. The pro 
tein was measured against the standard provided with the kit, 
and etanercept was measured against a standard curve, with 
concentrations based on the dosage details. 
0203 Results are shown in Table 3, below. All concentra 
tions are provided as ng/g tissue. The ELISA detection 
mechanism could be utilized for concentrations down to 
about 0.6 pg/mL. Results of <MIN signify a concentration too 
low to be determined by the ELISA assay. Results of N/A 
indicate an error in the ELISA assay, with no reportable 
results obtained. 

TABLE 3 

Organ Subcutaneous Control Film DN3 pattern 

lateral aortic 41.47 91.44 <MIN 
lymph node 
liver 62.41 1.31 <MIN 
pancreas 16.69 <MIN <MIN 
skin 172.09 2O6.44 NA 
spleen 9.25 4.97 <MIN 
lung 23.76 <MIN <MIN 
kidney 10.14 10.66 11.3 
bone marrow 13.72 1.63 2.09 

(0204 Both the PK curves of FIG. 27 and the organ distri 
bution information of Table 3 suggest that the nanostructured 
microneedles increase drug uptake by the bloodstream and 
minimize absorption by the lymphatic system. 

Example 4 

0205. A device as illustrated in FIG. 28 was assembled 
including a film (i.e., a membrane) defining a pattern of 
nanostructures on a surface thereof. The film was formed as 
described above in Example 1 and was a polypropylene film 
including a DN2 pattern on the surface thereof. An Epi 
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DermTM tissue, a three dimensional construct organized into 
basal, spinous, and granular layers along a multi-layered Stra 
tum corneum available from Mattek Corporation, was 
located on the surface of the film as described above with 
regard to the monocellular layer. 
0206. A 1 mg/mL composition including the high molecu 
lar weight drug etanercept (Enbrel(R) was prepared. Etaner 
cept is a fusion protein having a molecular weight of 150kDa. 
Phosphate buffered saline was located in the receptor cham 
ber. The system was incubated at 37° C. and samples were 
withdrawn every five hours. 
0207. The composition was loaded in to the donor cham 
ber on one side of an EpiDermTM tissue either on the DN2 
nanostructure film or on a polypropylene film with no nano 
pattern formed thereon (PPUI), and samples were withdrawn 
from the receptor chamber on the other side of the cell layer, 
as illustrated in FIG. 28. As can be see with reference to FIG. 
29, following one hour, very little etanercept had passed into 
the receptor chamber for the control, while there was approxi 
mately a 1.7 fold increase in the amount of etanercept in the 
receiver chamber for the sample on the DN2 patterned film. 
After two hours, there was an approximately 2-fold increase 
for the system including the DN2 patterned film. 
0208 While the subject matter has been described in detail 
with respect to the specific embodiments thereof, it will be 
appreciated that those skilled in the art, upon attaining an 
understanding of the foregoing, may readily conceive of alter 
ations to, variations of and equivalents to these embodi 
ments. Accordingly, the scope of the present disclosure 
should be assessed as that of the appended claims and any 
equivalents thereto. 
What is claimed is: 

1. A method for delivering a bioactive agent to a subject 
comprising: 

penetrating the stratum corneum of the Subject with a 
microneedle that is in fluid communication with the 
bioactive agent, the microneedle including a plurality of 
nanostructures formed on a surface thereof in a pattern; 

transporting the bioactive agent through the microneedle; 
and 

delivering the bioactive agent to the Subject with a com 
parative bioavailability as compared to Subcutaneous 
delivery of greater than about 20%. 

2. The method according to claim 1, wherein the bioactive 
agent is delivered to the Subject Such that the concentration of 
the bioactive agent in lymph node tissue of the Subject is less 
than about 50 nanograms per gram of the lymph node tissue 
about 72 hours after penetrating the stratum corneum of the 
Subject. 

3. The method according to claim 1, wherein the concen 
tration of the bioactive agent in the lymph node is less than 
about 10 nanograms per gram of the lymph node about 72 
hours after the application of the transdermal delivery device 
to the skin Surface. 

4. The method according to claim 1, wherein the concen 
tration of the bioactive agent in the lymph node is less than 
about 1 nanogram per gram of the lymph node about 72 hours 
after the application of the transdermal delivery device to the 
skin Surface. 

5. The method according to claim 1, the Subject having a 
spleen, wherein the concentration of the bioactive agent in a 
sample of the spleen tissue is less than about 5 nanograms per 
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gram of the sample of the spleen tissue about 72 hours after 
the application of the transdermal delivery device to the skin 
Surface. 

6. The method according to claim 5, wherein the concen 
tration of the bioactive agent in a sample of the spleen tissue 
is less than about 1 nanogram per gram of the sample of the 
spleen tissue about 72 hours after the application of the trans 
dermal delivery device to the skin surface. 

7. The method according to claim 1, the Subject having a 
liver, wherein the concentration of the bioactive agent in a 
sample of the liver tissue is less than about 50 nanograms per 
gram of the sample of liver tissue about 72 hours after the 
application of the transdermal delivery device to the skin 
Surface. 

8. The method according to claim 7, wherein the concen 
tration of the bioactive agent in a sample of the liver tissue is 
less than about 1 nanogram per gram of the sample of the liver 
tissue about 72 hours after the application of the transdermal 
delivery device to the skin surface. 

9. The method according to claim 1, wherein the pattern 
further includes microstructures, wherein the nanostructures 
have a cross-sectional dimension Smaller than the microstruc 
tures. 

10. The method according to claim 9, wherein the micro 
structures have a cross-sectional dimension of greater than 
about 500 nanometers and the nanostructures have a cross 
sectional dimension of less than about 300 nanometers. 

11. The method according to claim 9, further comprising 
second nanostructures having a cross-sectional dimension 
less than the cross-sectional dimension of the microstructures 
and greater than the cross-sectional dimension of the first 
nanoStructures. 

12. The method according to claim 1, wherein at least a 
portion of the nanostructures have a center-to-center spacing 
of from about 50 nanometers to about 1 micrometer. 

13. The method according to claim 1, wherein the stratum 
corneum is a layer of the Subject's skin, the skin including 
tight junctions between cells of the skin, the nanostructures 
rearranging tight junctions between the cells, thereby increas 
ing porosity of the skin. 

14. The method according to claim 13, wherein the rear 
rangement of the tight junctions leads to an increase in the 
porosity of a second tissue type that is not in contact with the 
microneedle. 

15. The method according to claim 14, wherein the second 
tissue type is vascular tissue. 

16. The method according to claim 1, where at least a 
portion of the nanostructures have a height of from about 10 
nanometers to about 20 micrometers. 

17. The method according to claim 1, wherein at least a 
portion of the nanostructures have an aspect ratio of from 
about 0.15 to about 30. 

18. The method according to claim 1, wherein the pattern 
has a fractal dimension of greater than about 1. 

19. The method according to claim 1, wherein the pattern 
has a fractal dimension of from about 1.5 to about 2.5. 

20. The method according to claim 1, wherein the micron 
eedle Surface containing the plurality of nanostructures has an 
average surface roughness between about 10 nanometers and 
about 200 nanometers. 

21. The method according to claim 1, wherein the micron 
eedle Surface containing the plurality of nanostructures has an 
effective compression modulus between about 4 MPa and 
about 320 MPa. 
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22. The method according to claim 1, wherein the bioactive 
agent has a molecular weight of greater than about 100 kDa. 

23. The method according to claim 22, wherein the bioac 
tive agent is a protein therapeutic. 

k k k k k 


