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IMPLANTABLE DRUG STORAGE DEVICES
FOR DRUG DELIVERY

NOTICE OF GOVERNMENT-SPONSORED
RESEARCH

[0001] This invention was made with Government support
under grant contract number RO1 DC014568 awarded by the
National Institutes of Health (NIH). The Government has
certain rights mn the mvention.

CROSS-REFERENCE TO RELATED
APPLICATION

[0002] This application claims priority to co-pending U.S.
Provisional Application Serial No. 62/747.,413, filed Oct.
18, 2018, which 1s hereby mcorporated by reference herein
1n 1ts entirety.

BACKGROUND

[0003] Drug delivery systems have become of interest to
researchers because they can improve therapeutic response
by providing more consistent drug blood levels as compared
to immediate release or sustamned release parenteral depot.
The development of microscale reservoir-based delivery
systems has resulted 1n mumaturization of drug delivery sys-
tems while still enabling more precise control of the delivery
rate for both systemic and site-directed delivery.

[0004] Implantable drug delivery systems generally fall
into two categories: passive and active. Active implantable
drug delivery systems generally comprise a drug reservoir
that stores the drug-containing fluid (e.g., liquid) to be admi-
nistered to a subject and a micropump that delivers small
precise volumes of the fluid to the target organ. The
dynamics between the fluid stored 1n the reservorr and the
downstream environment when the micropump 1s deacti-
vated 1s an important consideration 1n the design of the
reservolrs. Such reservorrs are typically made of a flexible
material that enables the reservoir to deform as fluad 1s
drawn trom the reservour.

[0005] Unfortunately, the properties of typical reservoirs
are such that the reservoirs are affected by restoring forces
that tend to restore the reservorr to its mitial shape. This 1s
disadvantageous as 1t can create negative pressure that
results 1n backflow of the fluid back into the reservoir.
When this occurs, the subject i which the drug delivery
system 1s 1implanted may not receiwve the full prescribed
dose of medication. Even when such effects are accounted
for by increasing operation of the micropump to compensate
for backtlow, the dose may still vary over time as the restor-
ing force may change (e.g., mcrease) as the reservor
becomes further and further deformed. In addition, the nega-
tive pressure created by the restoring forces can decrease the
efficiency of the micropump.

[0006] While the effects of the restoring forces acting
upon a reservorr can be counteracted by using a normally
closed system that comprises a valve that closes when the
micropump 1S not operated, there are advantages of nor-
mally open systems that do not require such components,
such as smaller size, lower power consumption, and less
complexity. Accordingly, 1t can be appreciated that it
would be desirable to have a reservoir for use m a normally
open implantable drug delivery system that 1s not adversely
affected by restoring forces.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The present disclosure may be better understood
with reference to the following figures. Matching reference
numerals designate corresponding parts throughout the fig-
ures, which are not necessarily drawn to scale.

[0008] FIG. 1 1s a schematic diagram illustrating an exam-
ple implantable drug delivery system.

[0009] FIG. 2 15 a perspective view of an embodiment of a
normally open drug storage device that can comprise part of

the system of FIG. 1.
[0010] FIG. 3 1s a cross-sectional side view of the drug

storage device shown 1n FIG. 2.
[0011] FIGS. 4A-4C are cross-sectional side views of the

drug storage device shown 1n FIG. 2, illustrating compres-
sion of a septum of the device and deformation of a reservoir

membrane of the device.
[0012] FIG. SA 1s a graph that 1llustrates septum charac-

terization results that show that non-compressed septa leak
at less than 5 kPa backpressure with just one puncture with a
30 Ga needle, but compressing the septa increased the num-
ber of punctures before failure to approximately 65,000 at
100 kPa backpressure when puncturing with a 30 Ga needle.
[0013] FIG. 3B 1s a graph that shows fabricated reservoir
cavity volumes of 1.15 + 0.12 uL, 9.63 £ 0.12 uL, and
100.04 £ 9.43 uL for target volumes of 1 ul., 10 uL, and
100 uL.

[0014] FIG. 5C 1s a graph that shows the average results
for backflow due to restoring forces for 1 ul., 10 uL, and
100 uL reservorr cavity capacities normalized by the total

volume of each cavity.
[0015] FIG. 6 1s a graph that shows the results of the mean

distortion product otoacoustic emission (DPOAE) threshold
shift of the most basal cochlear region (F2 = 51.4 kHz) dur-
ing salicylate delivery from an implanted microsystem.

DETAILED DESCRIPTION

[0016] As described above, 1t would be desirable to have a
reservolr for use 1 a normally open implantable drug deliv-
ery system that 1s not adversely attected by restoring forces.
Disclosed herein are examples of such drug storage devices
that include a reservoir that 1s at least partially formed by a
thin, flexible membrane that does not generate significant
restoring forces when 1t 1s detformed as tluid 1s drawn from
the reservoir for administration to a subject (e.g., patient)
and, therefore, does not completely or partially return to 1ts
initial non-deformed shape, even 1f the outlet of the device
remains open after doses are administered, as 1s the case
with “normally open” devices or systems that comprise no
valves or other actuatable devices that are configured to
impede the flow of fluid to and from the reservoir. In some
embodiments, the flexible membrane comprises a thin layer
of parylene. In further embodiments, the drug storage device
also comprises a separate septum used for refilling of the
device that 1s compressed within the device so as to improve
its self-healing capabilities.

[0017] In the following disclosure, various specific embo-
diments are described. It 1s to be understood that those
embodiments are example implementations of the disclosed
inventions and that alternative embodiments are possible.
Such alternative embodiments include hybrid embodiments
that mnclude features from ditferent disclosed embodiments.
All such embodiments are mtended to fall within the scope
of this disclosure.
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[0018] Daisclosed herein are normally open implantable
drug storage devices that can be mtegrated with a micro-
pump to form an active, normally open, implantable drug
delivery system. The drug storage devices have a small foot-
print and a planar form factor and are, theretore, well suited
for subcutancous implantation, whether 1t be 1 an animal or
a human being. In some embodiments, three-dimensional
printing technology can be used to fabricate the implantable
drug storage device. The drug storage devices each com-
prise a reservolr that includes a thin, flexible membrane
that mumimizes restoring forces as fluid 1s drawn from the
reservolr. The drug storage device further mncludes a sepa-
rate self-healing septum whose thickness 1s mimmimized using
compression that can be punctured thousands of times for
purposes of device refilling without leaking. Example
embodiments of the drug storage device are described
below as are experiments that were performed using proto-
type devices to evaluate the effectiveness of the drug storage
device designs.

[0019] FIG. 1 schematically illustrates an implantable
drug delivery system 10 that comprises a drug storage
device 12 and a separate mucropump 14. The drug storage
device 12 1s configured to store a fluid (e.g., liquid) that
contains a drug that 1s to be administered to a subject
which the drug delivery system 10 1s implanted through
operation of the micropump 14. As storage device 12 1s n
a general sense configured to store a fluid, the storage device
12 can be referred to as a flmd storage device. For the
remainder of this disclosure, however, the disclosed storage
devices will be referred to as a drug storage devices. While
the drug storage device 12 1s shown and described herein as
an independent component, 1t 1s noted that, 1n other embodi-
ments, the drug storage device and the micropump can be
combined together to form a single integrated drug delivery
device. Accordingly, while embodiments of independent
drug storage devices are described below, 1t 1s noted that
the devices need not be independent of a micropump used
to deliver the fluid that the drug storage device contains.
[0020] FIG. 2 1illustrates an example embodimment for a
drug storage device 20, which can be used with a separate
or mtegrated micropump (not shown). It 1s assumed that the
drug storage device, as well as the drug delivery system 1
which 1t 1s used, 1s a “normally open” device/system that
comprises no valves or other actuatable devices that are con-
figured to impede the flow of fluid to and from the device.
[0021] As depicted in FIG. 2, the drug storage device 20
generally comprises a rigid outer housing 22 that provides
structural mtegrity to the device and contains various inter-
nal components of the device, which are described below. In
some embodiments, the outer housing 22 1s made of a poly-
meric material such as dental resins, nylon, or polytetra-
tluoroethylene (PTFE) or a metal material such as stainless
steel, titanium, or alumimum, and optionally can be coated
with a biocompatible polymer, such as poly(p-xylylene),
also known as parylene, a USP Class VI material. Notably,
parylene mimmmizes the risk of mmflammation from direct
contact to body tissues and has less permeability to fluid as
compared to other materials used for implant construction.
In some embodiments, the housing 22, as well as other com-
ponents of the drug storage device 20 can be formed using
an additive manufacturing fabrication process, such as
three-dimensional-printing (¢.g., stereolithography (SLA)).
[0022] 'The outer housing 22 can be composed of sepa-
rately components that are assembled together 1n order to
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form the complete housing. In the illustrated embodiment,
the outer housing 22 comprises a base member 24 to which
are connected a septum cavity cap 26 and a reservoir cavity
cap 28. In some embodiments, each of these components
can be separately fabricated and coated with a layer of bio-
compatible polymer, such as parylene. In fact, each compo-
nent of the drug storage device 20 that may come mto con-
tact with the tissues or flmuds of the subject can either be
coated with this material or made of this material. As
shown 1n FIG. 2, the septum cavity cap 26 1s provided on
the top side of the outer housing 22 at a first end of the
device 20, while the reservoir cavity cap 28 1s also provided
on the top side of the housing at a second end of the device.
As described 1n greater detail below m relation to the cross-
sectional view of FIG. 3, the septum cavity cap 26 covers an
internal septum cavity in which a septum 1s provided and the
reservolr cavity cap 28 covers an mternal reservoir cavity in
which a reservoir 1s provided. As 1s apparent from FIG. 2,
the septum cavity cap 26 includes a refill port 30 through
which a needle of a syringe can be passed to refill the drug
storage device 20. In addition, the septum cavity cap 26
forms a raised peripheral ridge on the top of the housing
22 that 1s higher the remunder of the top surface of the hous-
ing. When provided, this ridge enables subcutaneous palpa-
tion and may be visible to a medical professional or scientist
to assist that person in locating the refill port 30. With
further reference to FIG. 2, the reservoir cavity cap 28
includes vent openings 32 that enable fluid to pass 1n and
out of the reservoirr cavity above a membrane of the
TeSCIVOIL.

[0023] Also visible 1n FIG. 2 1s an outlet 34 that 1s formed
in the base member 24 of the outer housing 22 at the bottom
of the second end of the housing. As described below, this
outlet 34 1s 1n fluid communication with the reservoir n
which the fluid to be administered 1s contained. Extending
outward from the outlet 34 1s an outlet tube 36 through
which the fluid contamned 1n the reservoir can be drawn by
the micropump. In some embodiments, the outlet tube 36 1s
configured to connect to an mlet of the micropump.

[0024] Referring next to FIG. 3, the drug storage device 20
1s shown 1n a cross-sectional side view taken along a central
longitudinal axis of the device extending from the first end
of the device to 1ts second end. Visible 1n this figure are the
septum cavity 38, the reservoir cavity 40, and a channel 42
that extends between the two cavities. Disposed 1n the sep-
tum cavity 38 1s a self-healing flexible septum 44 that 1s
configured to enable repeated refilling of the drug storage
device 20. In some embodiments, the septum 44 comprises
a generally cylindnical element that 1s made of an elastic
polymeric material, such as biocompatible silicone. Like
the components of the housing 22, the septum 44 can be

coated with a layer of parylene.
[0025] As 1s apparent from FIG. 3, the peripheral edges of

the septum 44 are supported by an arcuate ledge 48 located
within the septum cavity 38 and defined by the base member
24. The peripheral edges of the septum 44 are compressed
against the ledge 48 by an annular compression ring 52
formed on the bottom of the septum cavity cap 26. The com-
pressive forces applied to the septum 44 by the compression
ring 52 serves multiple purposes. First, 1t forms a tight seal
around the edges of the septum 44 that prevents leakage of
the fluid contained within the drug storage device 20. Sec-
ond, 1t stabilizes the septum 44 within the septum cavity 38
to ensure the septum 18 not displaced during refilling. Third,
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1t compresses the septum radially inward toward 1ts center to
ensure that the holes formed by refilling needles are imme-
diately closed after each refilling event. This radial, mmward
compression causes the center of the septum to bow out-
ward. This phenomenon 1s apparent from FIGS. 4A and
4B. FIG. 4A shows the drug storage device 20 before the
septum cavity cap 26 1s connected to the base member 24
of the outer housing 22, and betore the drug storage device
1s filled. As 1s apparent from this figure, the septum 44 1s
initially rectangular as viewed from the side.

[0026] In FIG. 4B, the septum cavity cap 26 has been
seated on the base member 24 and the drug storage device
20 has been filled with fluud (depicted by short horizontal
lines). When the septum cavity cap 26 1s seated 1 this man-
ner, the peripheral edges of the septum 44 are compressed,
thereby reducing 1ts thickness of the septum around its per-
iphery and increasing the thickness at its center, resulting n
curved upper and lower central surfaces. During refilling of
the drug storage device 20, a needle of a syringe can be
passed through the skin of the subject, through the refill
port 30, and through the septum 44 to refill the portion of
the septum cavity 38 located below the septum. The pre-
sence of the base member 24 below the septum 44 (1n the
orientation of the figures) limits the depth to which the nee-
dle can be mserted. Once refilling 15 completed, the needle
can be withdrawn and the hole 1t formed through the septum
44 1s tightly closed, thereby preventing leaks.

[0027] As afourth benefit of septum compression 1s that 1t
enables a significant reduction of the septum thickness with-
out adversely mmpacting its self-healing capabilities. In
some embodiments, the septum 44 can be approximately
0.5 to 3 mm thick. These small dimensions further enable
reduction of the overall thickness of the drug storage device
20. In some embodiments, the drug storage device 20 1s no
more than approximmately 3 mm thick.

[0028] Referring back to FIG. 3, disposed 1n the internal
reservolr cavity 40 1s a thin, flexible, and collapsible reser-
voir membrane 54 that, along with the base member 24,
defines a reservorr 56 1n which fluid can be stored prior to
administration to the subject. As shown 1 FIG. 3, the reser-
voir membrane 54 can mitially have a rounded dome shape.
In the example of FIG. 3, the reservoir membrane 54 1s gen-
erally hemispherical. As with the peripheral edges of the
septum 44, the peripheral edges of the reservoir membrane
S4 are supported by an arcuate ledge 58 that 1s located
within the mternal reservoir cavity 40 and defined by the
base member 24. The edges of the reservoir membrane 54
are compressed mto the ledge 38 by a gasket 60 (e.g., an O-
ring) that 1s itself 1s compressed nto the reservoir membrane
S4 by the reservorr cavity cap 28. This compression of the
edges of the reservoir membrane also forms a tight seal. In
some embodiments, the gasket 60 1s also made of an elastic
polymeric material, such as biocompatible silicone.

[0029] The reservoir membrane 54 can be made of one or
more layers of flexible biocompatible polymer material. In
some embodiments, the reservoir membrane 54 comprises a
smngle layer of silicone, which has a Young’s modulus of
approximately 1 MPa or parylene (e.g., parylene C), which
has a Young’s modulus of approximately 2 to 3 GPa. The
reservoir membrane 54 can have a thickness that 1s no
oreater than 100 um and a small as approximmately 2 to
20 um. Both of these parameters (1.€., Young’s modulus of
the material and thickness of the membrane) impact the
reservoir membrane’s ability to deform without creating sig-
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nificant restoring forces. Accordingly, adjustment ot one of
the parameters may enable or require adjustment of the other
parameter 1n order to achieve the desired membrane propet-
ties. For example, 1t the Young’s modulus of the material
used to form the reservoir membrane 34 1s relatively high,
the membrane can be thinner. If, on the other hand, the
Young’s modulus 1s relatively low, the membrane 54 may
need to be thicker to perform as desired.

[0030] The material properties and thinness of the reser-
voir membrane 54 together ensure that, when the membrane
readily collapses as fluid 1s discharged from the reservoir 56
through the outlet 34 and outlet tube 36, no significant
restoring forces are generated within the membrane that
cause the membrane to completely or partially return to 1ts
mnitial non-deformed shape, even 1f the outlet or tube
remais open after the micropump ceases to operate, as 1S
the case with normally open systems and devices. Avoiding
such “original shape recovery” 1s important as 1t can cause
undesirable backiflow of fluid through the outlet/tube and
back mto the reservoir. As used above, the term “signmificant
restoring forces” are restoring forces that are large enough to
cause the reservoir membrane to at least begin to expand
toward 1ts non-deformed state. Notably, the thinness of the
reservolr membrane 54 15 achievable at least 1in part because
the septum 44 1s a separate component from the reservoir
membrane. FIG. 4C illustrates deformability of the reservoir
membrane 54. As shown 1 this figure, as fluid within the
internal space defined by the reservoirr membrane 54 1s
drawn out of the drug storage device 20 through the outlet
tube 36 due to operation of the micropump, the membrane
collapses toward the base member 24 without returning to

1ts 1mnitial dome shape.
[0031] As noted above, the drug storage device 20 1s a

normally open device, meaning that 1t comprises no valves
or other actuatable devices that are configured to impede the
flow of fluid to or out of the outlet tube 36 when the micro-
pump 18 not operating.

[0032] Drug storage devices of the type described above
were fabricated for evaluation purposes. One goal was to
fabricate drug storage devices having a thickness (height)
of no more than 3 mm, which has been shown to be suitable
for long-term subcutaneous implantation 1n mice. The base
member of the housing was three-dimensionally printed
(Form 2, Formlabs Inc., MA, USA) using a rigid biocompa-
tible polymer matenial (Dental SG resin, Formlabs Inc., MA,
USA). Polyurethane-based  catheter  microtubing
(ID=125 um, OD=250 um; Micro-Renathane® Catheter
Tubing, Braintree Scientific Inc., MA, USA) was fixed and
sealed within the outlet of the base member using cyanoa-
crylate. The structure was then coated with a 1 um thick
layer of parylene using a PDS 2010 LABCOATER™ 2
(Specialty Coating Systems, Indianapolis, IN, USA). Hous-
ings having reservorr cavities having three different capaci-
ties, 1.e., 1 ul, 10 uL, and 100 uL, were fabricated. These
reservolr cavities had diameters of approximately 1.3 mm,
3.1 mm, and 10 mm, respectively.

[0033] Next, the reservoir membranes were fabricated n
situ on the base member. As described below, three different
thicknesses of reservoir membranes were fabricated for the
three different reservoir capacities. Each reservoir mem-
brane was optimized for 100 kPa backpressure, which 1s
four times larger than the maximmum physiological backpres-
sure 1 human beings. To form the reservoir membrane,
molten polyethylene glycol (PEG) was deposited within
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the reservolr cavity to form a sacrificial support structure
having the dome shape desired for the reservoir membrane
due to surface tension. In other embodiments, however, such
as those m which the dome 1s significantly larger, the sacri-
ficial support structure can be separately molded and then
transterred to the reservoir cavity.

[0034] PEG (1,500 Mn, melting pomt: 37° C., Sigma-
Aldrich, MO, USA) was chosen for the sacrificial structure
due to 1ts bitocompatibility and solubility in water. PEG was
melted at 70° C. on a hotplate and mixed with a food dye
(McCormick Food Color and Egg Dye, McCormick & CO.,
MD, USA) for visual confirmation of its release. Using a
heated micropipette (70° C.), PEG was deposited on the
coated base member as 1t was held at room temperature.
The coated base member was treated with hydrophobic
spray (Scotchgard™ Fabric & Upholstery Protector, 3M
Co, MN, USA) prior to deposition of the PEG to facilitate
quick solidification of the PEG and prevent the PEG from
flowing past the gasket 60 and into the channel that extends
between the septum cavity and the reservoir cavity and the
space that.

[0035] In some embodiments, improved reservoir mems-
brane performance can be achieved by ensuring that the
sacrificial support structure 1s very smooth. For example,
when PEG1500 was used to form a first sacrificial support
structure, the surface of the structure had an estimated
roughness of approximately 200 um. When PEG1000 was
used to form a second sacrificial support structure, however,
the surface of the structure had an estimated roughness of
approximately 50 um. It was later observed that the reser-
voir membrane formed on the second structure exhibited
improved performance.

[0036] Next, a layer of parylene was deposited on the soli-
dified sacrificial support structure to form the reservorr
membrane. The preferred thicknesses of the parylene layers
were estimated for each reservoir cavity size based on thin-

walled spherical pressure for each reservorr capacity:

o= prilt (1)

where o, p, 1, and t represent tensile stress on the membrane,
internal pressure, cavity radius, and membrane thickness,
respectively. The reservorr membrane 1s designed for
100 kPa backpressure (p= 100 kPa), while the radius was
determined based on overall thickness and capacity of the
device. The thicknesses of the reservoir membrane for each
cavity size was calculated to achieve membrane stresses
smaller than the tensile strength of parylene (69 MPa) by a
factor of 5. These reservoir membrane thicknesses were
2.7 um, 5.6 um, and 18.1 um for the 1 uL, 10 uL, and
100 uL. capacities, respectively.

[0037] Silicone rubber (MED-62135, NuS11™ Technology
LLC, CA, USA) gaskets with 0.5 mm width and height
dimensions and 1nner diameters of 1.3 mm, 3.1 mm, and
10 mm were micro-molded using a parylene-coated alumi-
num mold fabricated with conventional machining. The gas-
kets were cured, placed within the reservorr cavities, and
compressed using a parylene-coated reservoir cavity cap.
Notably, the reservoir cavity cap also protects the reservorr
membrane from external mechanical stresses. The vent
openings 1 the reservoir cavity cap were 0.2 mm 1n dia-
meter to enable 1ngress and egress of fluid from the space
between the cap and the reservoir membrane during filling
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and discharging. These holes are smaller than the smallest
refilling needle size for the drug storage device (30 Ga,
311 um OD) to avoid inadvertent puncture of the membrane
during subcutaneous refilling.

[0038] Under wvisual observation using a microscope
(Motic SMZ-168), the base member was heated on a hot-
plate at 70° C. to melt the PEG, enabling 1t to be rsed
away with 100 mL 70° C. dertomized (DI) water and leaving
a dome-shaped reservoir membrane. Silicone septa with
2.5 mm diameters and 1 mm thicknesses were micro-
molded using parylene-coated three-dimensionally printed
molds. The septa were cured and then coated with a 1 um
thick parylene layer. The septa were placed m the septum
cavities, and then the septum cavity caps were affixed to
the base member using cyanoacrylate. The bottom edges
of each septum cavity cap formed a 0.2 mm thick compres-
sion ring (1.8 mm ID, 2.5 mm OD) that compressed the
edges of the septa to provide mternal stresses for improving
its self-healing properties. A raised peripheral ridge (1.8 mm
ID, 3 mm OD, 0.5 mm thickness) was integrated on top of
the septum cavity cap to facilitate palpation for subcuta-
neous refillimg. All the surfaces were filleted to minimmize
potential mechanical inflammation atter implantation.
[0039] A 10 uL drug storage device was mtegrated with
an mmplantable micropump for imner ear drug dehivery to
demonstrate the integrability of the drug storage device
with a micropump. A miniature container was three-dimen-
sionally printed for the micropump and its overall thickness
was limited to 3 mm. Fillets with 1 mm radius were applied
to the container walls to provide curved surfaces to improve
long-term subcutaneous implantability. The micropump was
placed 1n the container and the outlet tube was sealed to the
drug storage device outlet using cyanoacrylate. The micro-
pump was then fixed 1n the container using cyanoacrylate
and silicone rubber (MED-6215, NuSil™ Technology
LLC, CA, USA) was poured 1n the container and cured at
room temperature for 48 hrs. The entire microsystem except
the reservoir cavity cap was covered with a thin layer of
silicone and then cured.

[0040] The septum and the reservoir membrane were
decoupled and separately tested to assess their functional-
ities. Two separate sets of test rigs were designed and fabri-
cated for this purpose.

[0041] The septum was tested utilizing separately fabri-
cated septum samples. A pneumatic puncture device was
designed and fabricated to hold the septum sample and auto-
matically puncture the septum 1n a sigle location to test the
worst-case scenario. A mumature cylinder (SM-3-1, Clip-
pard Co., OH, USA) of the puncture device was positioned
above the sample and an electronic pressure regulator
(ITV2030-31N2BL4, SMC Co., Tokyo, Japan) was con-
nected to the cylinder and fed with sine waves having a fre-
quency of 0.2 Hz set by a signal generator to simulate a
realistic manual puncture speed. A needle was affixed to a
three-dimensionally printed needle holder, which was press-

fit to the piston of the cylinder.
[0042] Commercially available 27 Ga and 30 Ga (413 um

and 311 um OD) needles were used for the puncture tests.
These si1zes were selected as a trade-olff between maximiz-
ing needle and septum lifetime: the needles need to be large
enough to puncture through the skin and the septum without
bending the tip, while still bemng small enough to mimimize
septum damage. Furthermore, the diameter of the refilling
port of the septum cavity cap 1s 1.8 mm, making necedle
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sizes larger than 27 Ga impractical. The needles were
machined to a non-coring shape to minimize damage to
the septum structure. The needle tips were beveled to a
pomt with a 12° angle recommended for animal 1njections.
[0043] Septum samples were prepared for puncture
experiments with 27 Ga and 30 Ga needles. To investigate
the effect of the compression applied to the septum, one
batch of samples (N=4) were fabricated without the septum
cavity cap. Instead, the septa were fixed and sealed 1n the
septum cavities using cyanoacrylate, thereby not compres-
sing the septum. 30 Ga needles were used for this experi-
ment and the results were compared with the samples with
the septum cavity cap incorporating compression ring punc-
tured with 27 Ga and 30 Ga needles (N=4 for each).

[0044] To test septum tunction, the space beneath the sep-
tum and 5 ¢cm of the outlet tubing were filled with dyed DI
water using the sharp (12°) non-coring needles and the sep-
tum samples were fixed 1n the pneumatic puncture device.
The outlet tubing was placed on a ruler to enable quantifica-
tion of fluid motion for leak testing. A signal generator pro-
vided a 0.2 Hz sinusoidal drive to the pneumatic actuator to
repeatedly puncture the septum. The number of repetitive
punctures was increased logarithmically using a step size
of 1092, and leak testing was performed between each
step. This leak testing mvolved gradual application of
100 kPa pneumatic back pressure at the outlet tubing for
1 minute, Fluid displacement within the tubing was recorded
with a digital microscope (USB-MICRO-250X, Plugable®,
WA, USA) and analyzed with NIH-Imagel, resulting in a
resolution of 2.4 nL./min. Leakage was confirmed 1f a back-
ward displacement of the fluid 1 the tubing was observed. I
no leakage was observed, the test continued by switching on
the signal generator until the next step. The number of punc-
tures belfore leakage was found for each case based on the

last value with no leakage.
[0045] Next, the reservorr cavity volume, backiflow due to

membrane restoring force, and total fluid extraction percen-
tage for the three different reservoir cavity sizes were char-
acterized. The reservoir cavity samples were fabricated and
tested separately. Each sample comprised a reservoir mem-
brane but with modifications to facilitate the test. The reser-
vorr cavity inlet was directly connected to an inlet tubing, a
three-way stopcock, and syringes for cavity filling, with an
outlet tubing aligned over a ruler to quantify fluid movement
due to pneumatic pressure applied to the region above the
reservolr membrane.

[0046] A syringe was connected to the mlet port and
pulled to remove air from the reservoir cavity and deform
the reservoir membrane down to 1ts minimum volume. The
syringe was replaced with a three-way stopcock connected
to the mlet tubing. Dyed DI water was mjected to fill the
inlet tube up to the entrance of the reservoir cavity via visual
observation under a microscope. A small volume syringe
was then connected via the stopcock to accurately quantity
injected volume. With the outlet tubing open, the syringe
was discharged until the fluid was observed to reach the
drug storage device exit. The outlet tubing was then
clamped closed and the syringe was discharged to fill the
cavity, as confirmed by visual observation under a micro-
scope. The three-way stopcock was then switched to block
flow on the 1nlet side, the outlet tubing clamp was released,
and the fluid volume 1n the outlet tubing was quantified. The
reservoilr cavity volume was calculated by subtraction of the
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fluid volume 1n the outlet tubing from the myected fluid
volume from the syringe.

[0047] The backilow due to restorig force of the reservorr
membrane was characterized for cavity fill volumes of
approximately 80%, 60%, 40%, 20%, and 0%. Pneumatic
pressure was applied above the reservoir membrane for
1 minute to induce forward fluid movement. After discharge
of approximately 20% of the volume, the pneumatic pres-
sure was released and the fluid front displacement in the
outlet tubing was observed under a microscope for 4 min-
utes. Three different outlet tubing sizes were used for the
three different reservoir cavity sizes to have a minimum
resolution of 0.1% of the full capacity using a 0.5 mm
graded ruler. The backflow of the fluid front was recorded
and the experiment was repeated for the next 20% of the
overall volume. The total fluid 1 the outlet tubing after the
fifth step indicated the total extraction percentage. Three
samples for each of the three different cavity sizes were
tested with three replications (N=9 for each size, total
N=27).

[0048] The integrated microsystem (drug storage device +
micropump) was tested 1 vivo to evaluate 1ts surtability for
subcutaneous i1mplantation, functionality for acute drug
delivery to the mouse inner ear, and capability for long-
term mmplantation. The drug delivery test was performed
for the administration of sodium salicylate, leading to tem-
porary hearing loss, 1.e., reversible shifts of otoacoustic
emissions thresholds and levels. Salicylate can act as a com-
petitive antagonist at the anion-binding site of prestin, which
causes reversible disruption of outer hair cell motility. Spe-
cifically, this disruption of prestin causes a reduction mn dis-
tortion product otoacoustic emission (DPOAE) amplitudes
and thresholds. Therefore, salicylate was delivered to the
round window membrane (RWM) and auditory function
was evaluated using DPOAE measurements. To evaluate
long-term biocompatibility, the drug storage device was
implanted for six months with frozen sections of surround-
ing tissue analyzed histologically for signs of intlammation.
[0049] Ketamine (120 mg/kg body weight) and xylazine
(10 mg/kg body weight) were used 1 combination with
topical application of 4% lidocaine for analgesia for the
implant surgery. A young adult CBA/Cal mouse was posi-
tioned on a servo-controlled heating pad maintaining aseptic
conditions. When the proper plane of anesthetic was
achieved (toe pinch, heart rate, respiratory rate), the upper
back was then shaved and cleaned, and the microsystem was
inserted subcutaneously 1n the center of the upper back via a
small 1ncision. Supplementary doses at one-third of the
mitial dose were administered as needed to maintain the
proper levels of general anesthesia. Following 1insertion ven-
tral to the dermis, medical grade adhesive (Loctite 4206,
Rocky Hill, CT) was used to secure the wound closure,
along with several stitches to close the mcision over the
microsystem.

[0050] Following data collection, the mouse was euthana-
tized (Euthasol®, 0.22 ml/kg, IP) and then perfused with 4%
paratormaldehyde fixative transcardially. Next, tissue sam-
ples were dissected from around the microsystem and pre-
pared for standard frozen sectioning followed by hematox-
ylin + eosin (H&E) tissue stamning to visualize cellular
locations and structure around the microsystem.

[0051] Two young adult (2-4 months of age) CBA/Cal
mice bred and raised m-house were used for this study:.
After subcutaneous mmplantation of the microsystems 1n
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the center of the upper back, a bullaostomy surgery was
performed to prepare a site for infusion of the salicylate
into the middle ear cavity. A mixture of ketamine (120 mg/
kg body weight) and xylazine (10 mg/kg body weight) was
injected via the itraperitoneal route to deeply anesthetize
the mice tor the bullaostomy surgery. The left ventral sur-
face of the neck was then shaved and cleaned. Surgery was
performed on the left (ipsilateral) ear. During infusions,
cach mouse was immobilized using anesthesia with supple-
mentary doses at one-third of the maitial dose administered as
needed to maintain the proper levels of general anesthesia.

[0052] Auditory function was assessed via automated
DPOAE threshold measurements at F2 frequencies of
8.9 kHz, 13.5 kHz, 17.9 kHz, 24.6 kHz, 35.8 kHz, and
51.4 kHz. Measurements performed before the surgery

were used for a baseline to compare subsequent DPOAE

threshold shafts.
[0053] The salicylate solution consisted of NaCl

(120 mM), KCl (3.5 mM), CaCl, (1.5 mM), glucose
(3.5 mM), HEPES butter (4-(2-hydroxyethyl)- 1-piperazi-
neethanesulfonic acid, 20 mM), and sodium salicylate
(50 mM). The pH was adjusted to 7.5 using NaOH. All solu-
tions were prepared on the day of the experiment using ster-
ile double-distilled water. The salicylate was loaded nto a
25 uL sterilized syringe (1702 L1 SYR, Hamilton Co., NV,
USA) with a needle (33 Ga, 7747-01, point style 4, 12°, 1",
Hamilton Co., NV, USA) and was de-bubbled. The drug
storage device was filled by injection through refill port
using the needle and the salicylate was pushed through the
tubing using positive syringe pressure until 1t was 1 mm
from the microtubing tip.

[0054] 'The nfusion of the salicylate was enabled by a
novel biocompatible, implantable, scalable, and wirelessly
controlled peristaltic micropump. The micropump operation
was controlled through Bluetooth communication using a
custom-made Android application. The micropump 1n vitro
characterization results showed that, by tuning the actuation
frequency of the micropump, nanoliter resolution flow rate
across the range of 10-100 nL/min 1s generated 1n the pre-
sence of 10x physiological mner ear backpressures and
+3° C. fluctuation i ambient temperature. It was also
shown that the micropump could provide 50 nL/min for
20 minutes with 0.4% error m overall delivered drug
volume, which was shown to temporarily mmpact the
DPOAE threshold shift. The integrated micropump opera-
tion was optimized for working 1n the subcutaneous tem-
perature of mice (~33° C.) 1n a fluid environment (glycerin)
with stmilar thermal characteristics to subcutaneous tissues
to provide a flow rate of 50 nlL/min for long-term

performance.
[0055] The overall tootprints of the drug storage devices

were 5.8 mm?2 X 3 mm-2 (1 ul), 7.6 mm-?2 x 4.6 mm- (10 uL),
and 14.5 mm?2 x 11.5 mm? (100 uL) with a thickness of
3 mm for each device. In vitro experiments were performed
to optimize the septum design and thickness for thousands
of refilling 1njections without leakage and to quantify back-
tlow due to restoring force after extraction of fluid. Further,
the total volume of the reservoir cavities and total extraction
percentage of them were assessed. The reservoir membrane
experiments were performed on all three capacities to
demonstrate the scalability of the design.

[0056] 'The results shown in FIG. SA indicate that the sam-
ples without the compression ring could not withstand a sin-
gle puncture and leaked at backpressures as low as 5 kPa. In
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contrast, the samples with the compression ring withstood
up to approximately 65,000 punctures without any leakage
at 100 kPa backpressure using the 30 Ga needle. However,
using the 27 Ga needle reduced the number of punctures
without leakage to 55. Comparison between the results of
the 30 Ga needle puncture with and without the compression
ring mdicates the significance of compression 1n increasing
the septum lifetime. Further, the results of the 27 Ga punc-
tures demonstrate the high endurance of this septum 1n tak-
ing up to 55 punctures, which 1s sufficient for many thera-
peutic development and clinical applications. Use of a 33 Ga
needle (210 um OD) dramatically enhances the robustness
of the septum to levels that far exceed any practical use case.
This smaller gauge needle was successtully used 1n the 1n
vivo experiments with multiple successtul subcutaneous
injections 1 mice. All septum puncture experiments were
performed on 1 mm thick septa. It 1s noted that the disclosed
septum design can be employed 1n any refillable system.
[0057] The results indicate that the overall capacities of
the cavities were 1.15 £ 0.12, 9.63 £ 0.12, and 100.04 +
9.43 (mean + SD) for target volumes of 1 uL 10 uL, and
100 uL, as shown in FIG. 5B. FIG. 6 shows the average of
extracted volume during pumping and resting for the three
different capacities normalized by the total volume of each
cavity. Each data point 1s an average of results from the three
reservolr sizes, each with three samples and three replicates
(N=27). The results show that, for all steps, the backflow
was not significant compared to the overall size (2% aver-
age). The backtlow at each step occurred relatively quickly
after deactivation of pumping (<2 minutes for all cases),
ensuring stable behavior of the reservorr membrane for
long-term applications. Further, no significant ditference in
the backtlow was observed across different extraction per-
centage, except for the last step, which defines the total
extraction percentage of the cavities. The average total
extraction percentage was 95%.

[0058] Reservorr membrane samples were also created
having twice the thickness of the original membrane for
cach reservoir cavity size. Expermments (N=27) showed s1g-
nificantly more backflow due to restoring force (3.8% aver-
age). This sigmificant difference (p<0.001) 1s directly related
to the thickness of the membranes. As the membrane
becomes thicker, their resistance to deformation increases,
which results 1n higher restoring forces and greater backflow
when the pneumatic pressure 1s released. It 1s hypothesized
that the total extraction percentage 1s a function of the dis-
crepancy between the surface area of the membrane and the
substrate. If the membrane surface area 1s larger than the
substrate when fully collapsed by the pneumatic pressure
the membrane, wrinkles form on the substrate and 1t resists
further pressure. When the pneumatic pressure 1s released,
these areas mduce restoring forces and backflow. On the
other hand, 1f the membrane surface area 1s smaller than
the substrate, there 1s space between the membrane and the
substrate that cannot be swept by the membrane unless
turther pressure 1s applied, which restores when the pressure
1s released and causes backtlow.

[0059] The mtegrated microsystem measured 19 mm3 x
13 mm3 x 3 mm3 (L x W X H) enabling subcutaneous
implantation mm a mouse due to its planar form factor. To
cvaluate the functionality of the microsystem, the outlet
microtubmg of the microsystem was implanted at the
RWM niche to deliver salicylate at 50 nLL/min for 20 min-
utes, replicating a previous drug delivery system utilizing a
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syringe pump. Auditory function was measured during the
infusion using the DPOAE method. Finally, the capability of
the microsystem for long-term implantation was tested via
standard frozen sectioning analysis of the tissue around 1it.
[0060] The accessibility of the refill port of the drug sto-
rage device was explored by palpation and observation of
the raised peripheral ridge of the refill port when the shaved
skin of the mouse was stretched. Subcutaneous mjections
through the mouse skin were successtully performed using
a 33 Ga (210 um OD) non-coring needle (7747-01, point
style 4, 12°, 1", Hamilton Co., NV, USA), demonstrating
in vivo validity of the larger 27 and 30 Ga syringe needles
used for the septum characterization test.
[0061] Drug delivery experniments were performed using
the 1mntegrated microsystem to show the performance of the
system while mmplanted (two microsystems 1n two mice).
Acute deliveries were performed to deliver salicylate at the
RWM niche at 50 nL./min for 20 minutes, while the DPOAE
threshold shifts were recorded during the mfusion to repli-
cate a previous experiment that was performed using a syr-
inge pump. The Android application enabled read control of
the device for staring/stopping the infusion. The results of
the mean threshold shift of the most basal region
(F2=51.4 kHZ) for microsystems and the syringe pump are
presented 1 FIG. 6. A baseline measurement was acquired
approximately 10 to 15 minutes before the cannula place-
ment surgery. The results compare the changes in DPOAE
thresholds to baseline at four time-points: post-surgery (PS)
in which DPOAE values were acquired immediately before
the nucropump was turned on, 0 minutes, the time at which
the micropump was turned on, and 10 and 20 minutes after
the onset of salicylate perfusion. There were mean shafts of
6.8 dB and 22.1 dB after 10 minutes and 20 minutes mifusion
for the implanted microsystems, suggesting the successtul
performance of the implanted microsystem.
[0062] The mouse recovered well from the surgery and,
over the six-month survival period, was m good health.
Post-implantation, the mouse was monitored daily and the
results indicated that the overall health was excellent. This
included no signs of fever or mtection, no significant swel-
ling, no redness or lumps around the micropump location or
1ncisi10n, no presence of discolored fluid, and no weight loss.
Cage behaviors, mmcluding feeding, grooming, and drinking,
were normal.
[0063] The histological processing of the tissue surround-
ing the microsystem revealed a significant fibrotic layer
around 1t along with some mgrown hair follicles associated
with the incision site. Otherwise, there were no cellular indi-
cations of infections or additional inflammatory responses,
or abnormal cellular structures or responses.
1. A fluid storage device comprising;:
an outer housing that defines a septum cavity, a reservoir
cavity, and a channel that extends between the septum
cavity and the reservoir cavity, the outer housing further
defining an outlet 1n fluid communication with the reser-
voIr cavity; and
a septum provided within the septum cavity, the septum
being made of an elastic polymer and facilitating refilling
of the flmid storage device, the septum beimng compressed
around 1ts peripheral edges such that a center of the sep-

tum bows outward.
2. The flud storage device of claim 1, wherein the outer

housmg comprises a base member and a septum cavity cap
that covers the septum cavity.
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3. The fluid storage device of claim 2, wherein the septum
cavity cap includes a refill port that provides access to the
septum.

4. The fluid storage device of claim 2, wherein the septum
cavity cap 1s configured to compress the peripheral edges of
the septum against an internal ledge of the base member to
create radially inward compressive forces within the septum
that enable the septum to close needle punctures to prevent
leaking.

5. The fluid storage device of claim 4, wherein the septum
cavity cap mcludes an annular compressionring on 1ts bottom
that compresses the septum.

6. The fluid storage device of claim 2, wherein each of the
base member and the septum cavity cap are coated with a bio-
compatible polymer.

7. The fluid storage device of claim 2, wherein the septum
cavity cap mcludes a raised peripheral ridge on 1ts top that
facilitates location of the fluid storage device after 1t 1s
implanted under the skin of a subject.

8. The fluid storage device of claim 2, wheremn the base
member defines a bottom of the septum cavity, a bottom of
the reservoir cavity, and the channel that extends between
the septum cavity and the reservoir cavity.

9. The fluid storage device of claim 1, wherein the septum s
approximately 0.5 to 3 um thick.

10. The fluid storage device of claim 1, wherein the septum
1s made out of biocompatible silicone and 1s coated with a
biocompatible polymer.

11. The fluid storage device of claim 10, wherem the bio-
compatible polymer 1s parylene.

12. The fluid storage device of claim 1, wherein the device
has a height dimension no greater than 3 mm.

13. The fluad storage device of claim 1, wherein the device
1s a normally open device that comprises no valves or other
actuatable devices that are configured toimpede a flow of fluid
to and from the reservoir cavity.

14. The fluid storage device of claim 1, further comprising a
reservolr membrane that 1s deformed as tluid 18 drawn tfrom
the reservoir cavity and does not to completely or partially
return to 1ts mitial non-deformed shape even 1f the outlet of
the device remains open after doses are administered.

15. The fluid storage device of claim 14, turther comprising
areservolr cavity cap that covers the reservoir cavity, wherein
the reservorr cavity cap includes one or more vent openings
through which fluids can pass in and out of the reservorr cavity
above the reservoir membrane.

16. An implantable drug dehivery system comprising: a
tluid storage device including:

a rigid outer housing that defines a septum cavity, a reser-
volr cavity, and a channel that extends between the sep-
tum cavity and the reservoir cavity, the outer housing
further defining an outlet in fluid communication with
the reservoir cavity,

a septum provided within the septum cavity, the septum
being made of an elastic polymer and facilitating refilling
of the fluid storage device, the septum being compressed
around 1ts peripheral edges such that a center of the sep-
tum bows outward, and

a micropump 1n fluid communication with the outlet of the
fluid storage device configured to draw fluid from the
device and administer 1t to a subject 1n which the drug
delivery system 1s implanted.
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17. The drug delivery system of claim 16, wherein the outer
housing comprises a base member and a septum cavity cap
that covers the septum cavity.

18. The drug delivery system of claim 17, wherein the sep-
tum cavity cap 1s configured to compress the peripheral edges
of the septum against an internal ledge of the base member to
create radially mnward compressive forces within the septum
that enable the septum to close needle punctures to prevent
leaking.

19. The drug delivery system of claim 18, wherein the sep-
tum cavity cap includes an annular compression ring on 1ts
bottom that compresses the septum.

20. The drug delivery system of claim 16, further compris-
1ng a reservoir membrane that 15 deformed as fluid 1s drawn
from the reservoir cavity and does not to completely or par-
tially return to 1ts mitial non-deformed shape even 1f the outlet
of the device remains open after doses are administered.
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