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(57) ABSTRACT

Methods of pre-clinical animal testing to monitor physi-
ological parameters of test animals following exposure of
molecules sealed in reservoirs on implanted devices. The
test molecules are exposed to physiological fluid of the
animal. The molecules can be configured as a sensor chem-
istry that reacts with the physiological fluid. The molecules
can be a drug or drug candidate that is released into the
animal. The test animals are non-human mammals.
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FIG. 3

sealant layer/

reduced pressure backing plate

inert gas substrate

lyophilized drug / ‘ reservoir caps
formulation (porous
cake) with drug and
excipient (release

modifying agent)



Patent Application Publication Mar. 27,2008 Sheet 4 of 5 US 2008/0076975 Al

FIG. 4

cumlative hPTH(1-34)
recovery(mcg)

time post activation (hours)

Release Into Physiological Solution Mimetic

—o— with polymeric backfill
—e— with release-promoting modifier in backfill



Patent Application Publication Mar. 27,2008 Sheet 5 of 5 US 2008/0076975 A1

FIG. 5

100
90

80
70

60 /
50
40
30

20
10

Cumulative % release
of teriparatide

0 2 4 6 8 10 12 14 16 18 20 22 24
Time post-release (hours)

—&~ Citric acid containing primary formulation
—a Non-citric acid containing primary formulation



US 2008/0076975 Al

METHOD AND IMPLANTABLE DEVICE WITH
RESERVOIR ARRAY FOR PRE-CLINICAL IN
VIVO TESTING

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This is a continuation-in-part of U.S. application
Ser. No. 11/339,062, filed Jan. 25, 2006, which is now
pending. application Ser. No. 11/339,062 claims benefit of
U.S. Provisional Application No. 60/646,913, filed Jan. 25,
2005, and U.S. Provisional Application No. 60/760,129,
filed Jan. 18, 2006, all of which are incorporated herein by
reference.

BACKGROUND OF THE INVENTION

[0002] This invention is generally in the field of (micro-
)eontainment/controlled release or exposure devices, and
more particularly to implantable medical devices for the
storage and controlled exposure or release of contents
located in reservoirs in these devices, and applications
therefor.

[0003] Undesirably, some drugs have limited solubility or
undergo gelation at physiological pH. Certain phase changes
of drugs can impede release from highly concentrated dos-
ages. Such phase changes can be particularly problematic
when controlling drug delivery in microenvironments.
Examples of controlled delivery of drugs or other chemicals
to microenvironments from implantable medical devices
having microreservoirs is described in U.S. Pat. No. 5,797,
898, U.S. Pat. No. 6,527,762, and U.S. Pat. No. 6,491,666,
and U.S. Patent Application Publication No. 2004/0247671,
all of which are incorporated by reference herein. In par-
ticular, certain types of drug formulations, such as concen-
trated lyophilized dosages and concentrated organic solvent
solutions, tend to gel at the reservoir opening when exposed
to physiological fluid and block, impede, or otherwise
interfere with the release of drug from the implantable
medical devices. For certain drugs this gelation is due to its
limited solubility at physiological pH. For example, teri-
paratide, which is hPTH(1-34), has a limited solubility at
physiological pH. Thus, when teriparatide is released from
a drug delivery device and contacts physiological fluid, there
is the potential for a precipitate or gel to form and adversely
affect the drug’s release.

[0004] Tt would be desirable to eliminate or compensate
for unwanted gelation, aggregation, or precipitation of drugs
or otherwise increase the delivery rate of the drugs so that
drug release from reservoirs or other microcontainment
devices is unimpeded and can properly controlled. In many
instances, solid dosage forms are desired for their stability.
It would further be desirable to improve delivery of drug
formulations, particularly protein drugs, from implanted
medical devices, particularly where the drug is stored in the
devices as a solid or in concentrated, rather than dilute,
solutions. It would also be desirable to decrease the time
required for substantially all of a dose of a drug formulation
to be released from a drug delivery device, where the drug
is one requiring rapid delivery.

SUMMARY OF THE INVENTION

[0005] Methods, formulations, and devices are provided
for enhancing drug delivery from a medical device. In one
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aspect, a method is provided for increasing the rate or
quantity of a drug formulation released from an implantable
drug delivery device, which method comprises the step of
providing a release-modifying agent within or proximate to
the implantable drug delivery device, in a manner effective
to inhibit gelation, aggregation, or precipitation of the drug
formulation being released from the device. The drug for-
mulation and the release-modifying agent may be stored
together in at least one reservoir in the implantable drug
deliver device. Alternatively, the release-modifying agent
may be stored in one or more reservoirs separate from the
drug formulation.

[0006] The release-modifying agent may operate by alter-
ing a chemical or physical property of the physiological
environment within or proximate to a reservoir from which
the drug formulation is released from the device, or it may
operate by altering a chemical or physical property of the
drug formulation. For instance, the release-modifying agent
may enhance release of the drug formulation from the device
to the physiological environment, having a first pH, in which
the device is implanted by imparting a second pH to at least
a portion of the physiological environment within or proxi-
mate to the device where the drug formulation is stored
and/or released, the second pH being less than or greater
than the first pH. In other examples. the release-modifying
agent may enhance release of the drug formulation to the
physiological environment by (i) altering the hydrophobic or
hydrophilic nature of the physiological environment within
or proximate to said at least one reservoir having the drug
formulation, (i) binding to hydrophobic or hydrophilic
domains of the drug formulation, or (iii) inhibiting oxidation
of the drug formulation in the physiological environment.

[0007] In one embodiment, the drug formulation com-
prises an amino acid, a peptide, or a protein. In one example,
the drug formulation comprises human parathyroid hormone
or an analog thereof. In other examples, the drug formula-
tion comprises a leutenizing hormone-releasing hormone, a
gonadotropin-releasing hormone, a natriuretic peptide,
exenatide, pramlintide, a tumor necrosis factor (INF) inhibi-
tor, an analog thereof or a combination thereof.

[0008] The release-modifying agent may be selected from
cosolvents, viscosity modifiers, chaotropic agents, poly-
mers, salts, polymeric salts, surfactants, acids, bases, poly-
meric acids, polymeric bases, and combinations thereof. In
one embodiment, the release-modifying agent comprises at
least one non-volatile, monoprotic or polyprotic organic
acid. In another embodiment, the release-modifying agent
comprises at least one non-volatile, mono- or poly-func-
tional base. A preferred release-modifying agent comprises
citric acid.

[0009] In one embodiment, the implantable drug delivery
device comprises one or more discrete microreservoirs. In
one embodiment, the drug formulation is stored in and
released from a plurality of discrete reservoirs provided in
an array on a surface of the implantable drug deliver device.
In one embodiment, the volume of each reservoir is between
1 nLL and 500 pL.

[0010] Inanother aspect, an implantable medical device is
provided for the storage and controlled release of a drug
formulation. In one embodiment, the device comprises: a
body portion; at least one reservoir located in at least one
surface of the body portion and having at least one release
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opening; at least one drug formulation, which comprises at
least one drug, disposed within the at least one reservoir; and
a release-modifying agent disposed within the at least one of
the reservoirs or within one or more second reservoirs. In
one embodiment, the device may further include at least one
reservoir cap closing off the release opening; and activation
means for selectively disintegrating the reservoir cap to
permit release of the drug formulation from the at least one
reservoir. Preferably, the activation means for selectively
disintegrating the reservoir cap comprises electrical circuits,
a power source, and a controller for disintegrating the
reservoir caps by electrothermal ablation.

[0011] In one embodiment, the drug formulation and the
release-modifying agent are both stored in the same at least
one reservoir. In one variation, the drug formulation com-
prises a solid matrix that has pores or interstices. In another
variation, the device further includes one or more excipient
materials, wherein the release-modifying agent and the one
or more excipients materials are located in the pores or
interstices of the solid matrix. One or more of the excipient
materials may be in solid form. In one embodiment, the one
or more excipient materials may include a polyethylene
glycol or another polymeric material. The release-modifying
agent may be located in the pores or interstices of the solid
matrix. The release-modifying agent may enhance release of
the drug formulation into a physiological liquid by increas-
ing the capillary action of the physiological liquid through
the matrix solid or by causing the solid matrix to be
crystalline. In one particular variation, the release-modify-
ing agent may be provided in the at least one reservoir in the
form of one or more first layers and the drug formulation is
provided in the at least one reservoir in the form of one or
more second layers adjacent to and/or interspersed with the
one or more first layers. In another embodiment, the drug
formulation and the release-modifying agent are in the form
of a molten solution or suspension.

[0012] In another embodiment, the release-modifying
agent is stored in the one or more second reservoirs, separate
from the drug formulation.

[0013] Insome embodiments, the release-modifying agent
enhances release of the drug formulation from said at least
one reservoir to the physiological environment by inhibiting
gelation, aggregation, or precipitation of the drug formula-
tion. In one embodiment, the physiological environment has
a first pH, and wherein the release-modifying agent
enhances release of the drug formulation from said at least
one reservoir to the physiological environment by imparting
a second pH to at least a portion of the physiological
environment within or proximate to the at least one reservoir
having the drug formulation, the second pH being less than
or greater than the first pH. In other embodiments, the
release-modifying agent enhances release of the drug for-
mulation from said at least one reservoir to the physiological
environment by (i) altering the hydrophobic or hydrophilic
nature of the physiological environment within or proximate
to said at least one reservoir having the drug formulation, (ii)
binding to hydrophobic or hydrophilic domains of the drug
formulation, or (ii1) inhibiting oxidation of the drug formu-
lation in the physiological environment.

[0014] In one embodiment, the at least one reservoir
further includes a polyethylene glycol or another back-fill
material.
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[0015] In another embodiment, the drug formulation is
sealed in the at least one reservoir at a reduced pressure,
relative to ambient pressure, or with an inert gas, or both at
a reduced pressure and with an inert gas.

[0016] In a preferred embodiment, the at least one reser-
voir is a microreservoir. In another embodiment, the device
has a plurality of discrete reservoirs provided in an array on
a surface of the body portion and containing the drug
formulation. In various embodiments, the body portion is in
the form of a chip, a disk, a tube, or a sphere. The body
portion may be made of silicon, a metal, a polymer, a
ceramic, or a combination thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIGS. 1A-C are cross-sectional views showing the
operation of one embodiment of a drug delivery device
comprising a drug formulation stored in a first reservoir and
a release-modifying agent disposed in an adjacent second
reservoir.

[0018] FIG. 2 is a perspective, partial cross-sectional view
of a reservoir-based drug delivery device having reservoir
caps that open by electrothermal ablation, wherein the
reservoirs can be loaded with a drug formulation and
release-modifying agent as described herein.

[0019] FIG. 3 is a cross-sectional view of a reservoir-
based drug delivery device, wherein the reservoirs are sealed
under reduced pressure with an inert gas.

[0020] FIG. 4 is a graph of cumulative recovery of
hPTH(1-34) versus time post activation of release of the
drug from a reservoir array device into a physiological
solution memetic, using a release promoting modifier or a
polymeric back-fill in the reservoirs.

[0021] FIG. 5 is a graph of cumulative recovery of
hPTH(1-34) versus time post activation of release of the
drug from a reservoir array device into a physiological
solution memetic, with and without citric acid as a release-
promoting modifier.

DETAILED DESCRIPTION OF THE
INVENTION

[0022] Formulations and methods have been developed to
control the release of dosages of drugs from a reservoir-
based drug delivery device by altering the local environment
(also called “microenvironment”) in or adjacent to the
device, or by altering the chemical or physical properties of
the drug formulation, with release-modifying agents that are
stored in (the same or other) reservoirs in the device. This
advantageously enables drug formulations to be stored and
delivered from tiny spaces or through narrow openings (e.g.,
microreservoirs) where certain drug formulations might
otherwise tend to precipitate, gel, or aggregate upon expo-
sure to the physiological fluid into which the drug is to be
delivered. This may enable more flexibility in tailoring other
performance characteristics of the drug formulations, such
as enhancing storage stability and/or reducing storage vol-
ume in the delivery device. For instance, the present for-
mulations and methods advantageously may permit protein
drug formulations to be stored and delivered in concen-
trated, rather than dilute, forms.

[0023] For instance, one of the challenges with certain
drugs, e.g., certain proteins or other macromolecules, is that
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its solubility at physiological pH is limited, and that as the
formulation within the reservoir contacts physiological fluid
there is the potential for a precipitate or gel to form,
adversely affecting the drug’s release. However, once the
drug molecules leave the device, they experience what one
might think of as “infinite dilution” conditions, where solu-
bility limits are of lesser concern. In another instance, the
biological activity of some therapeutic molecules is depen-
dent on achieving pulsatile delivery of sufficiently narrow
pulse width. The inclusion of a release modifying agent can
decrease or otherwise control the pulse width. The present
approaches have been devised for managing the pH in the
region of concern, i.e., the microenvironment in and adja-
cent to the drug containing reservoir and release opening.
For instance, if the maximum solubility of the drug in
aqueous solution occurs at solution pHs that are less than
physiological pH (i.e., acidic environments), then the
present methods enable one to maintain a low pH in the
reservoir during the drug release event. The present meth-
ods, formulations, and devices may be critical to obtaining
the necessary in vivo release kinetics for certain drug
molecules or drug formulations.

[0024] As used herein, the term “release-modifying agent”
(referred to herein occasionally as “transient modifiers™)
means a formulation excipient that promotes the dissolution,
solubility, and/or physical stability of a drug. The release-
modifying agent preferably is non-volatile, especially if it is
introduced into the device or formulation prior to a lyo-
philization or other low pressure process step. For hPTH(1-
34), the release-modifying agent preferably is an organic
acids, and preferably is solid at 37° C. The release-modify-
ing agents may be released to the local environment or added
to the drug formulation to enhance the release of the drug or
increase the delivery rate of the drug. In preferred embodi-
ments, the release of a highly concentrated drug is enhanced
by a release-modifying agent that inhibits or prevents gela-
tion, aggregation, or precipitation of the drug in the reservoir
or upon release to the microenvironment.

[0025] As used herein, the “local environment™ refers to
the environment external and proximate to the device res-
ervoir(s) and the environment within the reservoir(s) con-
taining the drug to be released including biological fluids
and tissues at a site of implantation, air, fluids, and particu-
lates present during storage or in vitro use of the drug
delivery device.

29%¢¢

[0026] As used herein, the terms “comprise,” ‘comprising,
““include,” and “including” are intended to be open, non-

limiting terms, unless the contrary is expressly indicated.

[0027] The present methods may be useful in conjunction
with a wide variety of drug formulations and drug delivery
devices. In a preferred embodiment, an implantable medical
device is provided for the storage and controlled release of
a drug formulation in vivo. In a general embodiment, the
device comprises: a body portion; at least one reservoir
located in at least one surface of the body portion and having
at least one release opening; at least one drug formulation,
which comprises at least one drug, disposed within the at
least one reservoir; and a release-modifying agent disposed
within the at least one of the reservoirs or within one or more
second reservoirs. In one embodiment, the device may
further include at least one reservoir cap closing off the
release opening; and activation means for selectively disin-
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tegrating the reservoir cap to permit release of the drug
formulation from the at least one reservoir. Preferably, the
activation means for selectively disintegrating the reservoir
cap comprises electrical circuits, a power source, and a
controller for disintegrating the reservoir caps by electro-
thermal ablation.

[0028] The release-modifying agents may be stored in the
same reservoir as the drug or in a nearby reservoir depending
upon capability, capacity, desired effect, and the desired
volume of effect. Release of the drug and release-modifying
agent are coordinated so that the transient modification of
the local microenvironment is properly timed to effect the
enhancement of release of the drug. In particular embodi-
ments, the release-modifying agents are designed to be
released in the vicinity (i.e., in the local microenvironment)
into which the drug is to be released. The release-modifying
agent may be in the same reservoir as the drug formulation,
as (1) a part of a mixture or other integral part of the drug
formulation, (2) separate one or more layers of drug formu-
lation and one or more layers of release-modifying agent, or
(3) a combination thereof. If the release-modifying agent is
released from reservoirs other than the reservoir that actually
contains the drug, then it typically will be one or more
reservoirs near the opened drug-containing reservoir. In
addition, reservoir cap disintegration of both types of res-
ervoirs (i.e., drug containing or release-modifying agent
containing) typically would be synchronized or timed to be
at the same time, immediately before or immediately after
one another. For example, this timing or synchronization can
be controlled by a microprocessor in the device itself or
wirelessly by remote means, which are discussed in further
detail below.

[0029] FIG. 1A illustrates one embodiment of a drug
delivery device comprising a drug formulation stored in a
first reservoir and a release-modifying agent disposed in a
nearby second reservoir. Both reservoirs are covered with
discrete reservoir caps. In addition, the drug delivery device
is disposed in a physiological local environment. FIG. 1B
illustrates the removal of the reservoir cap covering the
second reservoir and the release of the release-modifying
agent into the local environment. Once the release-modify-
ing agent is released into the local environment it creates a
modified local environment. FIG. 1C illustrates the removal
of the reservoir cap covering the first reservoir and the
release of the drug formulation into the modified local
environment, with an enhanced delivery rate.

[0030] In one particular embodiment, the drug delivery
device incorporating these formulations and methods com-
prises (1) a body portion (ii) a plurality of discrete reservoirs
located in the body portion (iii) a drug disposed within a
least one of the reservoirs and (iv) a release-modifying agent
disposed within at least one of the reservoirs. The reservoirs
can be individually filled and addressed, enabling the time
and rate of release of multiple contents to be controlled. In
addition, the reservoirs can be closed by reservoir caps. In a
preferred embodiment, a discrete reservoir cap completely
covers a single reservoir opening. In another embodiment, a
discrete reservoir cap covers two or more, but less than all,
of the reservoir’s openings, as described in U.S. patent
application Ser. No. 11/217,799, filed Sep. 1, 2005, which is
incorporate herein by reference. The device further includes
active or passive means to selectively disintegrate or rupture
each reservoir cap to initiate release of the drug formulation
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from the device. The devices can further include a packaging
structure to protect the electronic systems (which control the
release mechanisms) of the device from the environment,
especially for implantation for use in in vivo applications.

[0031] Further details about the reservoirs, reservoir caps,
drugs, reservoir opening technologies (e.g., power source
and control circuitry for selective disintegration of reservoir
caps) and other features of preferred reservoir-based drug
delivery devices are described below and, for example, in
U.S. Pat. No. 5,797,898, No. 6,527,762, No. 6,491,666, No.
6,551,838, No. 6,773,429, and 6,827,250, which are incor-
porated by reference herein. In a preferred embodiment, the
devices employ electrothermal ablation to open the reser-
voirs, as taught in U.S. Patent Application Publication No.
2004/0121486 Al to Uhland et al., which is incorporated by
reference herein.

[0032]

[0033] In one embodiment, the reservoirs contain mol-
ecules which need to be stored and then released into the
surrounding environment. In addition, the reservoirs contain
release-modifying agents which enhance the release of the
stored molecules.

Reservoir Contents

[0034] In other embodiments, the reservoirs of a device
may contain a secondary device (e.g., a sensor), alone or in
combination with a drug formulation for controlled release.
Examples of useful sensors include biosensors (e.g., for the
chemical detection of one or more analytes in a physiologi-
cal fluid), pressure sensors, and pH sensors. In one embodi-
ment, the biosensor comprises an enzyme or antibody. In one
embodiment, the sensor measures glucose levels in vivo,
which may include a glucose oxidase component, as
described for example in U.S. Patent Application Publica-
tion No. 2005/0096587 A1, which is incorporated herein by
reference. In one embodiment, sensors are provided in a first
array of reservoirs, and a drug formulation is provided in a
second array of reservoirs. In a preferred embodiment, the
reservoir contents comprise a sensor or sensor component
hermetically sealed in the reservoirs at a reduced pressure
and/or with an inert gas.

[0035] Drugs and Other Agents of Interest for Release

[0036] The reservoir contents can include essentially any
natural or synthetic, organic or inorganic molecule or mix-
ture thereof, for release (i.e., delivery). The molecules (i.e.,
chemicals) may be in solid, liquid, or gel form. Chemicals
may be in the form of solid mixtures, which may include
amorphous and crystalline mixed powders, monolithic solid
mixtures, lyophilized powders, and solid interpenetrating
networks; in the form of liquid mixtures which may include
solutions, emulsions, colloidal suspensions, and slurries; and
in the form of gel mixtures which may include hydrogels.

[0037] For in vivo applications, the chemical preferably is
a therapeutic, prophylactic, or diagnostic agent. In one
embodiment, the microchip device is used to deliver drugs
systemically to a patient in need thereof. In another embodi-
ment, the construction and placement of the microchip in a
patient enables the local or regional release of drugs that
may be too potent for systemic delivery of an effective dose.
As used herein, “drugs” include any therapeutic, prophylac-
tic or diagnostic agent, including organic or inorganic mol-
ecules, proteins, nucleic acids, polysaccharides and syn-
thetic organic molecules, having a bioactive effect. The
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drugs can be in the form of a single drug or drug mixtures
and can include pharmaceutically acceptable carriers.

[0038] The drugs are desirably provided in a solid form,
particularly for purposes of maintaining or extending the
stability of the drug over a commercially and medically
useful time, e.g., during storage in a drug delivery device
until the drug needs to be administered. The solid drug
matrix may be in pure form or in the form of solid particles
of another material in which the drug is contained or
dispersed. As used herein, “pure form” of the drug includes
the active pharmaceutical ingredient (API), residual mois-
ture, and any chemical species combined with the APl in a
specific molar ratio that is isolated with the API during
preparation of the API (for instance, a counter-ion) and
which has not been added as an excipient. In its dry solid
matrix form, the drug may be a free-flowing powder an
agglomerated “cake,” or some combination thereof. The
terms “dry solid” include includes powders, crystals, micro-
particles, amorphous and crystalline mixed powders, mono-
lithic solid mixtures, and the like. The terms “pre-form” and
“pellet” refers to a small, solid form of the drug matrix
loaded with the solidified excipient material.

[0039] In a preferred embodiment, the drug is stored and
released in a concentrated form such as concentrated lyo-
philized dosages and concentrated organic solvent solutions,
for example. In other embodiments, the drug formulation
can be in a molten solution or suspension.

[0040] The drug can comprise small molecules, large (i.e.,
macro-) molecules, or a combination thereof. In one
embodiment, the large molecule drug is a protein or a
peptide. In various other embodiments, the drug can be
selected from amino acids, vaccines, antiviral agents, gene
delivery vectors, interleukin inhibitors, immunomodulators,
neurotropic factors, neuroprotective agents, antineoplastic
agents, chemotherapeutic agents, polysaccharides, anti-co-
agulants (e.g., LMWH, pentasaccharides), antibiotics,
immunosuppressants, analgesic agents, and vitamins. In a
preferred embodiment, the drug is a protein. Examples of
suitable types of proteins include, glycoproteins, enzymes
(e.g., proteolytic enzymes), hormones or other analogs (e.g.,
LHRH, steroids, corticosteroids, growth factors), antibodies
(e.g., anti-VEGF antibodies, tumor necrosis factor inhibi-
tors), cytokines (e.g., alpha-, beta-, or gamma-interferons),
interleukins (e.g., IL-2, IL-10), and diabetes/obesity-related
therapeutics (e.g., insulin, PY'Y, GLP-1 and its analogs). In
one embodiment, the drug is a gonadotropin-releasing (LH-
RH) hormone analog, such as leuprolide.

[0041] In one particular embodiment, the drug comprises
parathyroid hormone. It may be the naturally occurring form
of parathyroid hormone in humans (hPTH(1-84)), or it may
be a natural or synthetic analog thereof. For instance, the
drug formulation may consist of or include teriparatide (e.g.,
FORTEQ™). Various embodiments of such drug formula-
tion-device combinations are described in U.S. Patent Appli-
cation Publication No. 2004/0082937, which is incorporated
herein by reference.

[0042] In one embodiment, the drug formulation com-
prises an incretin mimetic, such as an exenatide (e.g.,
BYETTA™).

[0043] Inanother embodiment, the drug formulation com-
prises an antihyperglycemic agent, such as a synthetic
amylin analog (e.g., SYMLIN™)
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[0044] 1In a further embodiment, the drug is selected from
nucleosides, nucleotides, and analogs and conjugates
thereof. In yet another embodiment, the drug comprises a
peptide with natriuretic activity, such as atrial natriuretic
peptide (ANP), B-type (or brain) natriuretic peptide (BNP),
C-type natriuretic peptide (CNP), or dendroaspis natriuretic
peptide (DNP).

[0045] 1In one embodiment, the reservoir contents of the
devices described herein may include a peptide or protein
having therapeutic potential. This may be selected from
among antibodies, nucleosides, nucleotides, oligonucle-
otides, and analogs thereof.

[0046] In another embodiment, the reservoir contents of
the devices described herein may include at least one RNA-,
iRNA-, or DNA-based diagnostic or therapeutic agent.

[0047]

[0048] The release-modifying agent can be essentially any
biocompatible compound or mixture that functions to inhibit
gelation or aggregation of the drug, drug formulation, or a
component thereof when the drug, drug formulation, or a
component thereof comes into contact with a physiological
fluid in the environment inside or immediately outside of the
drug reservoir. In a preferred embodiment, the release-
modifying agent functions by adjusting the pH of the fluid
microenvironment within and/or adjacent the drug-contain-
ing reservoir. In other embodiments, the hydrophobic/hy-
drophilic nature of the local environment may be altered
through the use of co-solvents, viscosity modifiers (e.g.,
saccharides), or chaotropic agents (e.g., urea).

[0049] The release-modifying agent can, for example, be
a buffering agent, such as an acid or a base. For example,
simple bases and polymeric acidic and/or alkaline forms,
such as carboxylated polysaccharides or other polyanionic/
polyacidic modifiers, may be used as release-modifying
agents. Representative examples of other release-modifying
agents include citric acid, acetic acid, succinic acid, fumaric
acid, pivalic acid, lactic acid, tartaric acid, amino acids,
other water-soluble organic acids, and their conjugate bases.
Citric acid may be preferred.

[0050] In addition to promoting complete dissolution at
physiological pH, the release-modifying agent may promote
fast dissolution and release. This can aid control of a narrow
pulse width in a pulsatile delivery system.

[0051] In preferred embodiments, non-volatile, monopro-
tic or polyprotic organic acids can be used as a release-
modifying agent. One of the desirable properties of these
release-modifying agents is that when they are added to drug
formulations that are later lyophilized, they will remain in
the drug formulation after the lyophilization process.
Examples of suitable non-volatile, polyprotic, organic acids
include citric acid and tartaric acid.

[0052] In other embodiments, the release-modifying
agents can be in the form of polymers, salts, including
polymeric salts, and surfactants, including ionic and non-
ionic surfactants. Additional examples of release-modifying
polymers, include, but are not limited to, neutral, ionic, and
either poly-acidic or poly-basic forms.

[0053] Inanother aspect, the release-modifying agent is an
excipient that function (i.e., inhibit gelation/aggregation/
precipitation) by providing a “more desirable” cake structure
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to lyophilized dosage forms. For example, by producing a
particular “pore size” one may control the rate of solvent
absorption that occurs via capillary action. Pore size will be
determined by a number of factors, which can include the
excipient identity and concentration. In addition, the excipi-
ent morphology (i.e., crystalline or amorphous) will have an
influence on the dissolution rate of the lyophilized form.
These mechanisms may contribute to the increased rate(s) of
dissolution noted above when including the “transient modi-
fier” in the reservoir’s primary fill.

[0054] An appropriate excipient may also inhibit non-pH
dependent mechanisms of self-association. For example, if
the gelation/aggregation/precipitation occurs through the
intermolecular or intramolecular association of hydrophobic
domaiuns, then a particular excipient with some hydrophobic
character (e.g., a surfactant) may be able to preferentially
bind to the hydrophobic domains of the molecule, thereby
inhibiting the intermolecular and/or intramolecular associa-
tions that can cause gelation/aggregation/precipitation.

[0055] Examples of release-modifying agents include
agents that inhibit or prevent gelation/aggregation/precipi-
tation events. These could be in the form of polymers,
salts—including polymeric salts, and surfactants—including
ionic and non-ionic surfactants. The release-modifying
agents that have been tested with PTH in various experi-
ments (see Examples below) have been relatively simple
mono- and polyprotic organic acids. Non-volatile acids have
been considered because they will remain in the reservoir
with the drug formulation after a lyophilization process.

[0056]

[0057] In embodiments where the drug formulation is a
porous solid, the void-volume in the solid may be desirably
filled with excipients. The excipients may comprise a solid,
a liquid, or a solid formed from a liquid, for example.
Examples of suitable excipients include, but are not limited
to, polymers such as polyethylene glycol. In some embodi-
ments, more than one excipient may be added to one
reservoir having a porous solid drug formulation.

[0058] In one embodiment, the drug formulation is in a
lyophilized form and the release-modifying agent is mixed
with an excipient material (e.g., polyethylene glycol), where
the excipient mixture is loaded in fluid form into/onto the
lyophilized material disposed in the reservoir to fill the
reservoir (e.g., to eliminate gas spaces in the reservoir) and
then is subsequently solidified. U.S. Patent Application
Publication No. 2004/0247671 to Prescott et al., which is
incorporated herein by reference, describes compositions
and methods for adding excipient mixtures to reservoirs to
facilitate release of drug formulations therefrom. The
present improvement can be readily adapted to the devices
of Prescott et al. to further enhance drug release control.

[0059]

[0060] There are several approaches available for enhanc-
ing the release of drugs or drug formulations. One release-
modifying technique is modification of the local environ-
ment pH. For example, in particular embodiments, the drugs
or drug formulations to be released have limited solubility or
undergo gelation, aggregation, or precipitation at physi-
ological pH. Gelation, aggregation, or precipitation of these
drugs or drug formulations can be prevented by changing the
pH of the microenvironment into which the drugs or drug

Excipients

Release-Modifying Mechanisms and Devices
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formulations are released. For instance, if a 100 mL drug
dosage contains the equivalent of a 1M acid source, the acid
would lower the pH of up to 10 microliters of physiological
fluid (i.e., assuming a 10 mM buffering agent) once the drug
formulation is exposed to the local environment. This low-
ering of the physiological fluid pH could allow a 100-fold
dilution of the concentrated dosage before it encounters an
unmodified physiological environment. Examples of suit-
able release-modifying agents for changing the pH of the
local environment include acids, bases, and buffers for
example.

[0061] In one embodiment, lowering of the physiological
fluid pH can be used to enhance the release of drug formu-
lations comprising teriparatide. Both concentrated lyo-
philized dosages and organic solvent solutions of teri-
paratide can form gels at physiological pH. However, by the
inclusion of an acidic release-modifying agent in the reser-
voir containing teriparatide or in a nearby reservoir, the pH
proximate (including within) the reservoir opening can be
lowered. Examples of suitable release-modifying agents for
these embodiments include, but are not limited to, tartaric
acid and citric acid.

[0062] Another method of enhancing the release of drug
formulations comprising teriparatide involves keeping the
teriparatide in solution. Since the maximum solubility of
teriparatide in an aqueous solution occurs at a pH less than
physiological pH (i.e., an acidic environment), keeping the
drug formulation acidic keeps the teriparatide in solution.
Thus, adding a release-modifying agent to the reservoir
containing the teriparatide to keeps the teriparatide in solu-
tion. The teriparatide solution can then be released from the
reservoir more quickly than a teriparatide solution without
the release-modifying agent. Once released, the teriparatide
solution disperses and experiences “infinite dilution” con-
ditions (i.e., where solubility limits are higher and do not
affect release of the teriparatide) more quickly. Examples of
suitable acids for use in these embodiments include, but are
not limited to, tartaric acid and citric acid.

[0063] A second embodiment uses a release-modifying
agent to either create pores or change the pore size of a solid
drug formulation in a reservoir to cause or enhance the flow
of a fluid into the reservoir from the microenvironment.

[0064] In some embodiments, a pressure gradient can be
created and used to cause a physiological fluid to flow into
a reservoir containing a drug formulation by preparing a
drug formulation (with or without a release-modifying
agent) to create a solid with void-volume. The reservoir can
then be covered and sealed with the reservoir cap under
reduced pressure (i.e., vacuum or partial vacuum). When the
reservoir cap is removed, the physiological fluid is drawn
into the reservoir by the pressure gradient created when the
reservoir cap was removed. In this manner, the drug formu-
lation release is enhanced because dissolution of the drug
formulation into the physiological environment is acceler-
ated. A void-volume displacer would not be required and
would in fact hinder dissolution of the drug formulation
during its release. Thus, void-volume displacing excipients
may not be required or desired if the porous drug form,
possibly including a release-modifying agent, is sealed
under reduced pressure.

[0065] Inother embodiments, the rate of fluid flow into the
reservoir having the drug formulation can be accelerated by
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altering the pore size of a solid drug formulation. For
example, the cake structure of a lyophilized drug formula-
tion can be altered by a release-modifying agent which
causes the lyophilized drug formulation to have a particular
pore size which maximizes the capillary action through the
solid. Thus, the addition of a release-modifying agent to the
drug formulation can allow for control of the rate of solvent
absorption that occurs via capillary action through the drug
formulation cake. Again, the faster the physiological fluid
enters the reservoir, the faster the dissolution rate of the drug
formulation. It should be understood that the pore size is
dependant upon a number of factors, including the release-
modifying agent concentration and morphology (i.e.,
whether it is crystalline or amorphous).

[0066] A third embodiment uses a release-modifying
agent which either bonds to hydrophilic and/or hydrophobic
domains of the drug or drug formulation to prevent inter-
molecular or intramolecular associations. In embodiments
where gelation, aggregation, or precipitation occurs through
the intermolecular or intramolecular association of hydro-
philic and/or hydrophobic domains on the drug formulation
molecules, a release-modifying agent could be introduced to
prevent these associations. For example, a release-modify-
ing agent can be introduced to preferentially bind to the
hydrophobic domains of the drug formulation molecules.
Since the release-modifying agent is bound to the hydro-
phobic domains, hydrophobic interactions between the drug
formulation and the physiological environment cannot occur
and the release of the drug is enhanced. Examples of suitable
release-modifying agents to prevent hydrophilic and/or
hydrophobic associations include, but are not limited to,
surfactants and polymers.

[0067] In other embodiments, the hydrophobic/hydro-
philic nature of the local environment may be altered
through the use of co-solvents, viscosity modifiers such as
saccharides, or chaotropic agents such as urea. Thus, hydro-
phobic and/or hydrophilic associations between the local
environment and the drug formulations can be avoided and
the release of the drug formulation is enhanced.

[0068] Various other embodiments use a release-modify-
ing agent to change either the phase or morphology of the
drugs or drug formulations. For example, a release-modify-
ing agent may be added to a drug formulation to create either
a crystalline or amorphous solid which would dissociate
quickly in a physiological environment.

[0069] In yet other embodiments, the release-modifying
agent prevents reactions of the drug or drug formulation
with the physiological environment. For example, a release-
modifying agent could be included in a drug delivery device
to inhibit oxidation of the drug formulation with the physi-
ological environment.

Additional Device Details

[0070] The drug delivery device includes a body portion
comprising reservoirs having reservoir contents such as a
drug formulation (with or without a release-modifying
agent), and a means for actively opening the reservoirs to
control release or exposure of the reservoir contents. The
structure of the device, or at least the reservoir portion
thereof, may be further understood by reference to FIG. 2.
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[0071] Body Portion and Reservoirs

[0072] Thebody portion contains the reservoirs and serves
as the support for the drug delivery device. Any material
which can serve as a support, which is suitable for etching
or machining or which can be cast or molded, and which is
impermeable (during the time scale of the microchip’s use)
to the contents of the reservoir and to the surrounding
environment may be used as a body portion. Suitable
materials include metals, semiconductors, polymers, and
ceramic materials. An example of a suitable semiconductor
material includes silicon. Representative examples of
ceramic materials include alumina (aluminum oxide), alu-
minum nitride, silicon dioxide, silicon nitride, and other
various nitrides and oxides. The body portion can be formed
of only one material or can be a composite or multi-laminate
material. In addition, the body portion may comprise a chip,
a disk, a tube, or a sphere, for example.

[0073] Forinvivo applications, the body portion generally
is formed of or coated with a biocompatible material.
Non-biocompatible materials may be encapsulated or con-
tained in a biocompatible material, such as parylene, poly-
(ethylene glycol), polytetrafluoroethylene-like materials, or
titanium, before use. For in vitro applications, such as in
medical diagnostics, the body portion can be constructed of
biocompatible or non-biocompatible materials.

[0074] In one embodiment, the reservoirs are microreser-
voirs. A “microreservoir” is a reservoir having a volume
equal to or less than 500 pL (e.g., less than 250 pL, less than
100 pl, less than 50 pl, less than 25 pl., less than 10 pl,
etc.) and greater than about 1 nL (e.g., greater than 5 nl,
greater than 10 nl, greater than about 25 nL, greater than
about 50 nl, greater than about 1 ul, etc.). In another
embodiment, the reservoirs are macroreservoirs. A “mac-
roreservoir” is a reservoir having a volume greater than 500
pL (e.g., greater than 600 pl, greater than 750 ul, greater
than 900 pl, greater than 1 mL, etc.) and less than 5 mL
(e.g., less than 4 ml, less than 3 ml., less than 2 mL,, less
than 1 mL, etc.). In a particular embodiment, the volume is
between 500 nl and 10 pL. The shape and dimensions of the
reservoit, as well as the number of reservoirs, can be selected
1o control the contact area between the drug material and the
surrounding surface of the reservoirs. Unless explicitly
indicated to be limited to either micro- or macro-scale
volumes/quantities, the term “reservoir” is intended to
encompass both.

[0075] Reservoir Caps and Means for Disintegrating/
Opening Reservoir Caps

[0076] As used herein, the term “reservoir cap” includes a
membrane or other structure suitable for separating the
contents of a reservoir from the environment outside of the
reservoir. It generally is self-supporting across the reservoir
opening, although supports could be built into the cap.
Selectively removing the reservoir cap or making it perme-
able will then “expose” the contents of the reservoir to the
environment (or selected components thereof) surrounding
the reservoir. In preferred embodiments, the reservoir cap
can be selectively disintegrated, e.g., on demand. As used
herein, the terms “disintegrate,” ‘disintegration,” and “dis-
integrating” in reference to reservoir caps include any
mechanism of loss of structural integrity and thus loss of
barrier to the environment outside of the reservoir, including
oxidation, mechanical rupture, degradation or dissolving,
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unless otherwise indicated. The “mechanical rupture” typi-
cally does not include puncturing the reservoir cap from the
outside, such as with a needle. In one embodiment, the
reservoir cap is composed of a metal, such as copper, gold,
and silver, which is disintegrated by electrochemical disso-
lution via the application of electrical potential, as described
in U.S. Pat. No. 5,797,898 to Santini.

[0077] In active devices, the reservoir cap includes any
material that can be disintegrated or permeabilized in
response to an applied stimulus (e.g., electric field or cur-
rent, magnetic field, change in pH, or by thermal, chemical,
electrochemical, or mechanical means). In one embodiment,
the reservoir cap is a thin metal membrane and is imperme-
able to the surrounding environment (e.g., body fluids or
another chloride containing solution). Based on the type of
metal and the surrounding environment, a particular electric
potential is applied to the metal reservoir cap, which is then
oxidized and disintegrated by an electrochemical reaction, to
expose the contents of the reservoir to the surrounding
environment. Examples of suitable reservoir cap materials
include gold, silver, copper, and zinc. Any combination of
passive or active barrier layers can be present in a single
microchip device.

[0078]

[0079] Means for controllably releasing the molecules
from active devices require actuation, which typically is
done under the control of a microprocessor. For example, in
one embodiment, the drug delivery device includes a body
portion having a two-dimensional array of reservoirs
arranged therein, a release system comprising drug mol-
ecules contained in the reservoirs, anode reservoir caps
covering each of the reservoirs, cathodes positioned on the
body portion near the anodes, and means for actively con-
trolling disintegration of the reservoir caps. Preferably, such
means includes an input source, a microprocessor, a timer, a
demultiplexer, and a power source. The power source pro-
vides energy to drive the reaction between selected anodes
and cathodes. Upon application of a small potential between
the electrodes, electrons pass from the anode to the cathode
through the external circuit causing the anode material to
oxidize and dissolve into the surrounding fluids, exposing
the drug formulation for delivery to the surrounding fluids,
e.g., in vivo. The microprocessor directs power to specific
electrode pairs through a demultiplexer as directed, for
example, by a PROM, remote control, or biosensor.

[0080] The microprocessor is programmed to initiate the
disintegration or permeabilization of the reservoir cap in
response at a pre-selected time or in response to one or more
of signals or measured parameters, including receipt of a
signal from another device (for example by remote control
or wireless methods) or detection of a particular condition
using a sensor such as a biosensor. Additionally, the disin-
tegration or permeabilization of reservoir caps covering drug
formulations may be timed to be in sequence with or at the
same time as disintegration or permeabilization of reservoir
caps covering release-modifying agents.

[0081] The criteria for selection of a microprocessor are
small size, low power requirement, and the ability to trans-
late the output from memory sources, signal receivers, or
biosensors into an address for the direction of power through
the demultiplexer to a specific reservoir on the drug delivery
device (see, e.g.. Ii, et al, IEEE J Solid-State Circuits
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27:433-43 (1992)). Selection of a source of input to the
microprocessor such as memory sources, signal receivers, or
biosensors depends on the drug delivery device’s particular
application and whether device operation is preprogrammed,
controlled by remote means, or controlled by feedback from
its environment (i.e., biofeedback).

[0082] The criteria for selection of a power source are
small size, sufficient power capacity, the ability to be inte-
grated with the control circuitry, the ability to be recharged,
and the length of time before recharging is necessary.
Batteries can be separately manufactured (i.e. off-the-shelf)
or can be integrated with the microchip itself Several
lithium-based, rechargeable microbatteries are described in
Jones & Akridge, J Power Sources, 54:63-67 (1995); and
Bates et al, IEEE 35 International Power Sources Sympo-
sium, pp. 337-39 (1992). These batteries are typically only
ten microns thick and occupy 1 cm” of area. One or more of
these batteries can be incorporated directly onto the drug
delivery device. Binyamin, et al., J. FElectrochem. Soc.,
147:2780-83 (2000) describes work directed toward devel-
opment of bio fuel cells, which if developed. may provide a
low power source suitable for the operation of the present
delivery devices and other microelectronic devices in vivo.

[0083] A microprocessor is used in conjunction with a
source of memory such as programmable read only memory
(PROM), a timer, a demultiplexer, and a power source such
as a microbattery or a biofuel cell. A programmed sequence
of events including the time a reservoir is to be opened and
the location or address of the reservoir is stored into the
PROM by the user. When the time for release has been
reached as indicated by the timer, the microprocessor sends
a signal corresponding to the address (location) of a par-
ticular reservoir to the demultiplexer. The demultiplexer
routes an input, such as an electric potential or current, to the
reservoir addressed by the microprocessor.

[0084] The manufacture, size, and location of the power
source, microprocessor, PROM, timer, demultiplexer, and
other components are dependent upon the requirements of a
particular application. In one embodiment, the memory,
timer, microprocessor, and demultiplexer circuitry is inte-
grated directly onto the surface of the drug delivery device.
The microbattery is attached to the other side of the body
portion and is connected to the device circuitry by vias or
thin wires. However, in some cases, it is possible to use
separate, prefabricated, component chips for memory, tim-
ing, processing, and demultiplexing. In one embodiment,
these components are attached to the back side of the drug
delivery device with the battery. In another embodiment, the
component chips and battery are placed on the front of or
next to the drug delivery device, for example similar to how
it is done in multi-chip modules (MCMSs) and hybrid circuit
packages. The size and type of prefabricated chips used
depends on the overall dimensions of the drug delivery
device and the number of reservoirs, and the complexity of
the control required for the application.

[0085] Methods of Making the Drug Delivery Devices

[0086] The basic drug delivery devices and components
(i.e., reservoirs and reservoir caps) can be made using
microfabrication methods known in the art, particularly
those methods described in U.S. Pat. No. 5,797,898, U.S.
Pat. No. 6,123.861, U.S. Pat. No. 6,808,522, U.S. Pat. No.
6,875,208, U.S. Pat. No. 6,527,762, U.S. Pat. No. 6,551,838,
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US. Pat. No. 6,976,982, U.S. Pat. No. 6,827,250, and U.S.
Pat. No. 6,730,072, and in U.S. Patent Application Publica-
tions No. 2004/0121486, No. 2004/0106914, and No. 2005/
0096587, which are hereby incorporated by reference in
their entirety.

[0087] Once reservoirs are formed into the body portion of
the drug delivery devices, the molecules to be released and
the release-modifying agents can be loaded into the reser-
voirs. In some embodiments, the drug formulation is loaded
into one reservoir while the release-modifying agent is
loaded into another, nearby reservoir. In other embodiments,
the release-modifying agent is loaded into the same reservoir
as the reservoir loaded with the drug formulation. For
example, a release-modifying agent may be loaded in an
initial loading step (also called the “primary fill”) simulta-
neously with the drug formulation. Then, the reservoir
contents may be further processed by, for instance, lyo-
philization. See, e.g., U.S. Patent Application Publication
No. 2004/0043042, which is incorporated herein by refer-
ence. In embodiments where the drug formulation comprises
a porous solid, a void-volume displacing agent, such as
polyethylene glycol, may also be introduced into the porous
drug cake. See, e.g., U.S. Patent Application Publication No.
2004/0247671, which is incorporated herein by reference.

[0088] Inanother embodiment, the drug formulation could
comprise a porous solid, such as a lyophilized drug formu-
lation and the release-modifying agent could be added after
the drug formulation is solidified. In such an embodiment,
the release-modifying agent could fill the pores in the solid.
In addition, some embodiments may mix the release-modi-
fying agent with an excipient material before filling the solid
drug formulation voids with the mixture.

[0089] In alternate embodiments, layers of reservoir con-
tents could be produced so that one or more layers of drug
formulation are separated by and one or more layers of
release-modifying agent and/or an excipient material.

[0090] Inother embodiments, the release-modifying agent
is added to the concentrated drug solution without lyo-
philization. For example, the drug formulation can be pre-
pared in a molten solution or suspension containing the drug
and the release-modifying agent. Alternatively, the drug
formulation molten solution or suspension could comprise
the drug, the release-modifying agent, and a void-volume
displacing agent.

[0091] In still another embodiment, the drug formulation
and/or the release-modifying agent is in the form of a
pre-formed solid, shaped to fit into the reservoir. For
example, the pre-forms may be pre-cast, e.g., made by a
molding technique in a mold, and then transferred into the
reservoirs using conventional pick and place techniques and
equipment.

[0092] Inoneembodiment, the reservoirs of the device are
filled in multiple steps. In one embodiment, the first step
may be filling the reservoirs with a (concentrated) drug
solution, freezing, and then lyophilizing the solution in the
reservoir to yield a reservoir-bound porous drug form (e.g.,
a lyophilized cake), and then the second step may be
introducing a void-volume displacing agent, such as a poly-
ethylene glycol, into the cake. The release modifier may be
introduced into the reservoir with the addition of the void-
volume displacing agent, with the drug solution, or before or
after these steps. In another embodiment, there is no freezing
or lyophilization step.



US 2008/0076975 Al

[0093] In one example, a PTH solution is added to the
reservoir, where citric acid is included as a non-volatile,
polyprotic, organic acid modifier in the PTH solution. Tests
have demonstrated on a “bulk” scale that the lyophilized
cakes obtained from these solutions will dissolve quickly,
and without mixing, in a mimetic of physiological fluid,
wherein the “bulk” scale is typically 20 microliter (uL)
aliquots of PTH solutions with PTH concentrations of 100
mg/mL or greater, which have been placed in glass vials and
lyophilized. In addition to our “standard” supporting solu-
tion of 25% acetic acid in water, we also considered various
combinations and concentrations of other organic acids in
the solution. The resultant Iyophilized cakes were consid-
ered on the basis of their physical appearance, the rate at
which they dissolve when the mimetic of physiological fluid
was placed on the cakes (no mixing), and on the basis of the
measured recoveries of PTH following the apparent disso-
lution. In this way, it was demonstrated that the incorpora-
tion of the transient modifier in the primary fill would yield
lyophilized forms, which dissolve more quickly and more
completely than cakes obtained from solutions of PTH in
25% acetic acid without additional excipients. See the
Examples below.

[0094] In another embodiment, the drug formulation is
loaded into the reservoirs in one step, e.g., a primary fill
alone. In one case, this primary fill may include a drug and
a transient modifier, but not a void-volume displacing agent.
If one were to seal the reservoirs under reduced pressure
(e.g., vacuum), then, during use, physiological fluid could be
“drawn into” the reservoir following reservoir cap disinte-
gration. In this way, the void-volume displacer may not be
needed, and if present might actually retard the dissolution
and subsequent release of the drug formulation. In another
case, the primary fill includes may include a drug, a transient
modifier, and optionally a void-volume displacing agent.
The formulation may be dispensed into the reservoirs as a
molten solution or suspension, which could obviate the need
to perform lyophilization. See, e.g., U.S. Patent Application
Publication No. 2004/0247671, which is incorporated herein
by reference.

Reservoir Sealing Under Reduced Pressure and/or with Inert
Gas

[0095] Inanother highly advantageous aspect, devices and
methods are provided for scaling and storing drug formu-
lation dosage forms (or secondary devices, such as sensors)
in reservoirs of a medical implant device under vacuum or
reduced pressure conditions, and/or with an inert gas, to
enhance the stability of the reservoir contents. See, e.g., FIG.
3. For one example, the reservoirs may loaded and sealed
under vacuum conditions. As another example, the reser-
voirs may loaded and sealed in under a blanket of an inert
gas. Representative examples of suitable inert gases include
nitrogen (N,), helium (He), argon (Ar), and combinations
thereof. Methods and equipment needed to provide and
maintain a reduced pressure and/or inert gas blanket envi-
ronment during the reservoir filling and device assembly
processes, are know in the art. Storing molecules (e.g., of the
drug formulation or sensor) under a reduced pressure, par-
ticularly with an inert gas, advantageously should improve/
extend molecular stability by slowing or preventing chemi-
cal degradation (e.g., by oxidation).

[0096] A further advantage of hermetically sealing the
reservoirs under reduced pressure is that this may accelerate
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the release or exposure of reservoir contents, when the
reservoir cap is removed/disintegrated. Specifically, the
technique should promote the ingress of any fluids in contact
with the reservoir cap at the time the reservoir cap is
removed. This can increase the rate of dissolution of a solid
drug formulation—without the need for a void-volume
displacing fill (which fill otherwise may be necessary to
avoid the presence of bubbles at the reservoir opening,
bubbles that could block reservoir content egress or ingress).
Similarly, this technique may be useful for shortening the
response time of a sensor within a reservoir. This sealing of
the reservoir can be done by a variety of techniques,
including those described in U.S. Pat. No. 6,827,250, U.S.
Patent Application Publications No. 2005/0050859 and No.
2006/0115323, which are incorporated herein by reference.

Animal Health Devices and Methods

[0097] In another aspect, a multi-reservoir implantable
device is provided that includes drugs, diagnostic reagents,
a chemical, or biosensors in the reservoirs. The device is
implanted in an animal (e.g., mammal) for therapeutic
and/or pre-clinical testing purposes. The reservoirs protect
the molecules or sensors (or both) from the environment
inside the animal’s body until release of the drug and/or
exposure of the sensor are desired. This release or exposure
of reservoir contents can be initiated by preprogrammed
microprocessors (or state machines), wireless telemetry,
and/or feedback from one or more sensors (which may also
be implanted or may be external to the animal’s body). The
device may be particularly useful for pre-clinical animal
studies conducted during pharmaceutical development pro-
grams.

[0098] In a preferred embodiment, the device is a multi-
reservoir device as described herein or as incorporated
herein by reference.

[0099] Sensors that detect/monitor parameters in an ani-
mal body may be implanted into the animal or placed
externally on or near the animal. In the body. the sensors
may be either in the reservoirs of the device or implanted as
a separate unit, tethered or untethered to the reservoir device
for controlled release of therapeutic, prophylactic or diag-
nostic agents. Examples of sensed/detected parameters
include ECC, EEG, blood pressure, glucose, blood gases,
temperature, pH, salt concentrations, other pressures, etc. In
one embodiment, the reservoir device may be loaded with
one or more kinds of molecules and implanted into the
animal. These molecules may be known, or believed, to be
a therapeutic, prophylactic or diagnostic agent. The device
may be activated, e.g., remotely, to release a small amount
of the molecules, and then the sensor used to monitor small
changes in the animal’s vital signs or other parameters. A
researcher could watch for signs of drug efficacy or toxicity
(e.g., dizziness, vomiting, loss of consciousness) upon
changes in the dose amount or frequency (e.g.. for Dose
Range Studies or Safety Studies). Drug dosing may then be
changed to determine how the physiological parameters of
the animal are affected by changes in drug dose and fre-
quency. Similar tests could be done to evaluate the effect of
using various excipients (e.g., controlled release polymers)
or release modifying agents in the reservoirs with the drug,
which may enhance drug stability and/or affect release
kinetics—in the study of pharmacokinetics and pharmaco-
dynamics. Sensors for monitoring an animal’s vital param-
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eters can be hermetically sealed inside reservoirs until they
are needed. This advantageously protects the sensors and
keeps individual sensors from being fouled until they are
needed, thereby enabling chronic or long-term implant
monitoring.

[0100] The implant delivery device may also be useful in
preclinical studies by controllably releasing one or more of
the following: DNA, RNA, other nucleic acids, gene
sequences or fragments, aptamers, other genetic material,
molecules that affect or modulate the expression of a gene
(in order to create custom “knock-out” or transgenic mice or
other animals). This strategy may be useful with different
animal models including rats, dogs, cats, pigs, sheep, and
non-human primates. Such knockout or transgenic animals
may be created when needed, reducing the need to keep
large supplies of such animals available at all times. This
may be particularly useful in cases where the genetic muta-
tion, deletion, suppression, or activation or sensitivity or
disease state expressed in the animal invariably keeps the
lifetime of the animal shorter than would otherwise be
expected.

[0101] Inanother embodiment, these devices and methods
are used for therapeutic purposes in pets and companion
animals.

[0102] The present invention is further illustrated by the
following non-limiting examples.

[0103] Theexamples pertain to the release of hPTH(1-34).
One of the challenges with PTH is that its solubility at
physiological pH is limited, and that as the formulation
within the reservoir contacts physiological fluid there is the
potential for a precipitate or gel to form, adversely affecting
the drug’s release. Because the maximum solubility of PTH
in aqueous solution occurs at solution pHs which are less
than physiological pH (i.e. acidic environments), the
examples describe ways to maintain a low pH in the reser-
voir during the release event. Once the drug molecules leave
the reservoir, they experience what one might think of as
“Infinite dilution” conditions—where solubility limits are of
lesser concern.

EXAMPLE 1

Enhanced Release of Teriparatide from Reservoir
Using With Tartaric Acid/PEG Backfill

[0104] A teriparatide solution was prepared adding 200
mg of teriparatide per milliliter of solution to a 25% acetic
acid in water mixture. (The acid concentration is approxi-
mate, as it assumes no volumetric contribution of the teri-
paratide to the solution.) Device/substrate reservoirs were
filled using 100-125 mL of the teriparatide solution. The
teriparatide was then lyophilized to yield a solid dosage. For
concentrated lyophilized dosages, the reservoir was filled
with a concentrated drug solution. Then the solution was
frozen and lyophilized to form a reservoir-bound porous
drug cake.

[0105] The porous teriparatide dosages then were back-
filled with one of two excipient formulations, by adding
100-125 mL of polyethylene glycol (PEG) into the reser-
voirs: In the first case, lyophilized PTH was back-filled with
a molten solution of tartaric acid in PEG 1450. In the second
case, the lyophilized PTH was back-filled with a solution (at
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ambient temperature) of tartaric acid in PEG 400. Tartaric
acid was dissolved in PEG 1450 by incubation at 80° C. The
resulting solution was dispensed using a heated syringe.

[0106] More tartaric acid was dissolved in PEG 400 by
stirring at room temperature. The tartaric acid content was
determined by taking a minimum of 5 mL tartaric Acid in
PEG and dissolving that in sufficient water to give a final
volume of 150 mL. The resulting solution was titrated with
1M NaOH.

[0107] To test the effect of the tartaric acid on teriparatide
release, four reservoirs were opened and released into a
phosphate buffered saline (PBS) solution (here, 10 mM
sodium phosphate, 150 mM NaCl, 0.02% polysorbate 20,
pH 7.3). This buffered saline recipe mimics physiological
fluid in the assay. Fractions of the buffered saline solution
were collected at time points. The teriparatide collected in
each fraction was quantified and evaluated as a function of
time.

[0108] As shown in Table 1 below, the addition of tartaric
acid to the PEG markedly increased the fraction of teri-
paratide recovered and substantially reduced the release
halftime. Release halftime is the elapsed time recovery 50%
of the actual yield (not the time to recover 50% of the
theoretical yield).

TABLE 1

Teriparatide Recovery and Release Halftime
As a Function of Backfill Composition

Backfill Composition % Recovery Release Halftime

PEG 400 61% 17.1 hrs
10% Tartaric Acid in PEG 400 8% 3.8 hrs
PEG 1450 32% >24 hrs
4% Tartaric Acid in PEG 1450 54% 17.3 hrs

[0109] For the PEG 400 excipient mixtures, with and
without tartaric acid, the cumulative recovery of teriparatide
was plotted as a function of time, as shown in FIG. 4, which
clearly illustrates the effectiveness of tartaric acid as a
release-promoting modifier in the excipient mixture. The
X-axis represents time post activation in hours and the y-axis
represents cumulative teriparatide recovery in milligrams.

EXAMPLE 2

Enhanced Dissolution and Recovery of Teriparatide
from a Bulk Lyophilized Cake Containing Citric
Acid

[0110] Solutions of teriparatide were prepared at room
temperature either as a 100 mg of teriparatide per milliliter
of a 25% acetic acid solution or as a 200 mg of teriparatide
per milliliter of a 50% acetic acid solution. (The acid
concentration is approximate, as it assumes no volumetric
contribution of the teriparatide to the solution.) The teri-
paratide concentrations are provided as the equivalent free-
base concentrations. The 200 mg/mL teriparatide solution in
25% acetic acid was subsequently diluted to 100 mg/mlL
teriparatide solution using a 0.4M citric acid solution to
yield a solution with a teriparatide concentration of approxi-
mately 100 mg/mL, an acetic acid content of approximately
25%, and a citric acid concentration of 0.2M.
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[0111] Small aliquots (20 pL) of each solution were dis-
pensed into glass vials, frozen, and lyophilized using a
conservative cycle to yield a solid cake. The expectation was
that while the relatively volatile acetic acid would be
removed during the lyophilization process, leaving the citric
acid to remain as a component of the final lyophilized
cake/drug formulation.

[0112] To test the effect of the presence of the citric acid
on dissolution and recovery on the lyophilized forms, a | mL
volume of PBS (here, a solution of 10 mM sodium phos-
phate, 140 mM sodium chloride, 2.7 mM potassium chlo-
ride, pH 7.4, 0.004% Tween 20) was introduced into each
glass vial, containing a teriparatide lyophilized cake, with
minimal agitation.

[0113] Visual observations were made about the apparent
time to dissolution for each formulation. The resulting pH of
the dissolution solution was also tested using pH test strips.
Finally, the dissolution solutions were analyzed to quantify
the tariparatide recovered from the lyophilized cake for
comparison to a theoretical quantity.

[0114] As shown in Table 2 below, the inclusion of citric
acid to the teriparatide formulation decreased the time
required for the resultant lyophilizate to dissolve in PBS,
provided a lower local pH environment, and provided a
higher recovery than the lyophilizate obtained from the
teriparatide formulation that did not contain citric acid.

TABLE 2

Teriparatide Dissolution and Recovery as a Function of Primary
Formulation Composition

Stock Teriparatide Measured
Solvent Concentration Dissolution pH (scale % Recovery
Components (mg/mL)  Time of 1-14)  (average of 2)
25% acetic 116 Incomplete 7 78
acid after 20

minutes
0.2M citric 106 1-2 minutes 5 103
acid/25%

acetic acid

[0115] These examples state concentrations of the solution
components. For example, the acetic acid concentration is
referenced as 25% (approximately 4 M) throughout. This
concentration is approximate, as it assumes no volumetric
contribution of the peptide to the solution. This assumption
fails as the peptide concentration increases, resulting, in this
case, in an acetic acid concentration that is something less
than 25%. This point is made for clarity, although the results
presented should be comparable for a range of (organic acid)
concentrations around those listed in Table 2.

EXAMPLE 3

Release of Teriparatide from a Micro-Reservoir
Containing Lyophilized Cake Containing Citric
Acid

[0116] The citric acid-containing formulations from
Example 2 were dispensed (primary fill) into a device/
substrate reservoirs at a volume of 200 mL per reservoir,
then frozen, and then lyophilized. The % recovery in 24
hours and time to 50% release were monitored using a
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custom in vitro flow cell system which allows for discreet
reservoirs (in this case a set of 4) to be exposed to a
phosphate buffered saline (PBS) solution at 37° C. (here, a
solution of 10 mM sodium phosphate, 140 mM sodium
chloride, 2.7 mM potassium chloride, pH 7.4, 0.004%
Tween 20). Fractions of the PBS solution were collected
over time, and the teriparatide collected in each fraction was
quantified for evaluation as a function of time.

[0117] As shown in Table 3, the inclusion of the citric acid
in the primary fill formulation increases the total teriparatide
recovery in 24 hours in neutral buffer conditions and greatly
increases the time to 50% recovery from a set of discreet
reservoirs. The properties observed in a neutral buffered
solution, presented graphically in FIG. 5, clearly demon-
strate the advantage conferred by the acid modifier on both
the release rate and the cumulative recovery of hPTH(1-34).

TABLE 3

Teriparatide Recovery and Release Halftime as a Function of Primary
Formulation Composition

Teriparatide % Recovery in
Stock Solvent Concentration 24 hours Release Halftime
Components (mg/mL) (average of 2)  (average of 2)
25% acetic acid 116 21% >24 hrs.
0.2M citric acid/ 106 88% 3 hus.

25% acetic acid

This example demonstrates the benefit of citric acid in the
lyophilized PTH formulation on the yield and kinetics.

Further Comments on Animal Health Devices and Methods

[0118] Inanother aspect relating to the above discussion of
“Animal Health Devices and Methods”, one of ordinary skill
in the art recognizes that the device could be implanted also
in a non-mammalian animal. [t is also appreciated that the
communication to initiate release or exposure of the reser-
voir contents can be performed by a wired connection. It is
also appreciated that among the salt concentrations that can
be sensed or detected are potassium or sodium salts. It is also
appreciated that among useful excipients for drug dosing
are, for example, salts and buffers. The device so implanted
is advantageously useful for preclinical testing of drug
safety and efficacy. Such testing can provide information
about the safety or optimization of dosing. The physiological
parameters of the animal can be determined to see how they
are affected by changes not only in drug dose and frequency
but also in timing.

[0119] When using sensors to detect parameters in an
animal body, it will be appreciated that in some instances a
sensor signal may provide an indirect indication of the
impact of a drug on metabolism. This data could comple-
ment other information from an Absorption Distribution
Metabolism Excretion (“ADME”) study.

[0120] Also, it is appreciated that because of the size of
many laboratory animals, blood draws are often limited to
small amounts, and that when using devices that involve
externally placed components or wires, the animals can tear
off the component or device. It will be appreciated that
advantages of using the present devices and methods in
preclinical testing with animals are that the development of
a therapeutic or diagnostic agent can be speeded up since the
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researcher can obtain better quality data, for example the
researcher can obtain more data points, in a manner approxi-
mating continuous sampling, in order to better observe
trends in the data, for example by measuring trends in the
analytes.

[0121] Tt will be appreciated that the devices and methods
can be used not only for therapeutic but also diagnostic
purposes in pets.

[0122] Modifications and variations of the methods and
devices described herein will be obvious to those skilled in
the art from the foregoing detailed description. Such modi-
fications and variations are intended to come within the
scope of the appended claims.

1. A method of conducting a pre-clinical animal study
comprising the steps of:

implanting into a non-human test animal a device which
comprises:

a body portion,

a plurality of discrete reservoirs located in the body
portion, each reservoir

having at least one opening,
molecules disposed within the reservoirs,

a plurality of discrete reservoir caps, each closing off
the at least one

opening of each of the reservoirs, and

activation means for selectively disintegrating or per-
meabilizing each said

reservoir cap to expose the molecules in the reservoir;

exposing, via the activation means, at least a first amount
of the molecules to a physiological fluid of the test
animal; and

monitoring one or more physiclogical parameters of the
test animal following exposing of the molecules.

2. The method of claim 1, wherein at least one of the

plurality of reservoirs is configured as a sensor, the mol-

ecules disposed within the reservoir defining a sensor chem-

istry,
said step of exposing exposes said sensor chemistry, and

said step of monitoring monitors a result of an interaction
of said sensor chemistry with said physiological fluid.
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3. The method of claim 1, wherein said step of exposing
the at least first amount of the molecules comprises releasing
said molecules from at least one of the reservoirs into the test
animal.

4. The method of claim 1, wherein exposure of the
molecules is initiated by a preprogrammed microprocessors
or state machine, by wireless telemetry, and/or by feedback
from one or more sensors.

5. The method of claim 2, wherein the one or more sensors
are implanted into the test animal.

6. The method of claim 5, wherein a plurality of the
sensors are sealed inside a second plurality of reservoirs
until needed for sensing.

7. The method of claim 2, wherein the one or more sensors
are external to the body of the test animal.

8. The method of claim 1, further comprising exposing a
second amount of the molecules into the test animal, and
further monitoring one or more physiological parameters of
the test animal following the exposute of the second amount
of the molecules.

9. The method of claim 3, further comprising releasing a
second amount of the molecules into the test animal, and
further monitoring one or more physiological parameters of
the test animal following the release of the second amount
of the molecules.

10. The method of claim 9, comprising changing the dose
and/or dosing schedule of the first and second amounts of the
molecules.

11. The method of claim 1, wherein the molecules com-
prises a drug or drug candidate.

12. The method of claim 3, wherein the molecules com-
prises a drug or drug candidate.

13. The method of claim 1, wherein the molecules are
chosen from the group of DNA, RNA, other nucleic acids,
gene sequences or fragments, aptamers, other genetic mate-
rial, and molecules that affect or modulate the expression of
a gene.

14. (canceled)

15. The method of claim 1, wherein the test animal is a
mammal.

16. The method of claim 1, wherein the test animal is

selected from the group consisting of rats, dogs, cats, pigs,
sheep, and non-human primates.



TRBR(F) BB R T Im RN i ERE IR 5 E R AR E

K (BE)S US20080076975A1 K (nE)R 2008-03-27
RiES US11/831772 RiEHR 2007-07-31
FRIFE(EFRRAGE) BEFROGERAHF

BRiE (TR A(F) WO H , INC.

HAT R E (TR AGE)

#WMAF L INC.

patsnap

[#RI &8 A SANTINI JOHN T JR
AUSIELLO DENNIS
KBEAN SANTINI, JOHN T. JR.
AUSIELLO, DENNIS
IPCH & A61B5/00
CPCo %= AB1F2/82 A61F2250/0068 A61K47/12 A61K9/0097 A61K38/29 A61K9/0024 A61B5/0031 A61B5/01
A61B5/021 A61B5/14503 A61B5/14532 A61B5/14542
£ 60/646913 2005-01-25 US
60/760129 2006-01-18 US
SNERaE Espacenet USPTO
N el EServoir Jectrical
EEEY) electn?:::’mput cep oﬁtpul I:d

IEREIZ IR TR, ATERARE LBHELFRTHND FRE
FRENABHINERSE. FULD FRETIHIVNEERES. 2
FAURENEEERGRNNERSRICEDNT. 2 FITARRKEZ
MIER B REGYRE D HB SR IEARBEII .

electrical
output lead

substrate
portion

substrate /
body portion

Tesenvoir

substrate
portion / backolate


https://share-analytics.zhihuiya.com/view/0f10683f-140d-49fe-b52f-115b22b14761
https://worldwide.espacenet.com/patent/search/family/046124167/publication/US2008076975A1?q=US2008076975A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220080076975%22.PGNR.&OS=DN/20080076975&RS=DN/20080076975

