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Abstract
This review covers reservoir-based drug delivery systems that incorporate microtechnology, with
an emphasis on oral, dermal, and implantable systems. Key features of each technology are
highlighted such as working principles, fabrication methods, dimensional constraints, and
performance criteria. Reservoir-based systems include a subset of microfabricated drug delivery
systems and provide unique advantages. Reservoirs, whether external to the body or implanted,
provide a well-controlled environment for a drug formulation, allowing increased drug stability
and prolonged delivery times. Reservoir systems have the flexibility to accommodate various
delivery schemes, including zero order, pulsatile, and on demand dosing, as opposed to a standard
sustained release profile. Furthermore, the development of reservoir-based systems for targeted
delivery for difficult to treat applications (e.g., ocular) has resulted in potential platforms for
patient therapy.
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1. Introduction
The sales for advanced drug delivery systems were $37.9B, $54.2B, and $64.1B in 2000,
2004, and 2005, respectively [1,2]. In 2005, the largest sectors of the market consisted of
sustained release implants and transdermal drug delivery systems [1]. The global market for
drug delivery systems was $134.3B in 2008 and projected to increase to $196.4B in 2014.
This market potential has provided the driving force behind the development of micro and
nanodelivery systems [3,4].

Many therapeutically active agents, especially biomolecules, have short plasma half-lives
and require frequent dosing to maintain blood levels in the therapeutic window. A more
controlled therapeutic blood level can result in fewer adverse reactions because a high Cmax
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after injection is not required to keep the drug in the therapeutic window for the required
time period. Drug delivery systems can improve therapeutic response by providing more
consistent blood levels than immediate release or sustained release depot parenterals.
Therefore, an objective for delivery system development is a less frequent, more efficacious
dosing regimen with increased patient comfort, safety, and compliance. Such systems may
also make it possible to get improved efficacy with smaller quantities of drug.

Reservoir-based delivery systems that utilize microtechnology are resulting in a decrease in
the overall size/profile of delivery systems. Smaller systems can incorporate features or
mechanisms that allow more precise control over the drug delivery rate, enable the patient or
physician to actively start/modify/stop drug release in an interactive format, and provide
ways to reach difficult to treat locations. These next generation targeted delivery systems
offer the possibility that the drug can be delivered preferentially to a relatively inaccessible
site, a specific tissue type, or simply to limit side effects due to systemic exposure.

Microtechnology for drug delivery can be defined as the construction or assembly of
components that result in delivery aspects in the micro scale, forming either a complete
device or a critical component of a larger delivery system. A more rigid definition may
include only those devices where the entire unit has micro scale dimensions. For the
purposes of this review, the former definition was selected and reservoir-based,
microtechnology drug delivery systems including oral, dermal, and several types of
implantable delivery approaches for both systemic and targeted delivery will be discussed in
detail.

2. Oral Delivery
One of the first delivery platforms developed by Alza Corporation was a reservoir-based
oral osmotic system (OROS®). OROS® technology can be found in many approved
products including Acutrim®, Concerta®, Ditropan®, Glucotrol®, Procardia®, and Sudafed®

[5,6]. An OROS® capsule is coated with a rigid semi-permeable membrane containing a
precision laser-drilled orifice (0.5-1.4 mm in diameter) for drug release. After ingestion,
water diffuses through the semi-permeable membrane into the tablet reservoir, and drug is
released through the orifice as the osmotically active polymer excipients expand (Fig. 1).
The membrane controls the rate at which water enters the tablet core, which in turn controls
the rate of drug release [7]. This technology has been translated into smaller implantable
systems, as described in a later section (see Section 4.1 – Passive Delivery Systems).

The application of microfabrication and MEMS (microelectromechanical systems)
technologies have resulted in a new class of oral delivery systems. Silicon microparticles
having dimensions of 50 μm × 50 μm × 2 μm, with 25 μm × 25 μm × 1 μm deep wells
were designed for targeted oral drug delivery [8]. Polymeric based systems measuring
approximately 150 μm × 150 μm × 14 μm followed (Fig. 2) [9-11]. These systems provide
a protected drug reservoir, a functionalized surface for cytoadhesion, and asymmetric drug
delivery to the intestinal wall instead of the lumen [11-13]. Devices have been made from
polymethylmethacrylate (PMMA), poly-lactic/glycolic acid (PLGA), and poly(ethylene
glycol) dimethacrylate (PEGDMA) [10-13].

3. Dermal Delivery
Microneedles were developed to increase skin permeability without causing pain. The
stratum corneum makes up the top ~20 μm of the epidermal layer and provides much of the
barrier to drug transport. The nerve endings in the skin are a few hundred microns below,
allowing micropenetration of the skin to bypass its barrier function without causing pain.
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Transdermal and intradermal delivery can be characterized into two technology categories:
microneedle syringes and microneedle patches. Biodegradable needles have been formed
from drug/polymer mixtures that result in a higher drug payload, but commonly result in
poor drug stability [14]. Reservoir-based microneedles are hollow and allow either the
delivery of drug from an external reservoir or from drug stored inside the hollow of the
needle.

Jet injectors (BioJect® 2000, PharmaJet®) and thermal ablation patches (Passport™,
ViaDerm™, ViaDor™) create micropores in the skin to deliver drug. However, these
technologies were not included in the review because they do not utilize microtechnology to
create drug reservoirs [15].

3.1 Microneedle Syringes
Many silicon-based microneedle designs are fabricated by deep reactive ion etching (DRIE)
technology and include solid or hollow microneedles with tapered or beveled tips with drug
coated onto the array [14,16,17]. These coated arrays are not reservoir-based, but they do
allow an initial bolus dose and can be coupled with a reservoir system. Hollow microneedles
provide drug reservoirs and have incorporated a wide range of geometries including barbed
tips [18], microfilters at the needle base [19], bubble pumps for delivery fluids [20], blunt
cylinders [21], tapered cylinders [22], volcano shapes [23,24], citadel structures [25,26] and
saw tooth structures [27,28].

Saw tooth structures (Fig. 3a) are 150-350 μm in length and are ~250 μm wide at the base
[27]. They have been incorporated into the NanoPass Technologies MicroPyramid
MicronJet Needle and have been used in clinical trials for local anesthesia, insulin delivery,
and the administration of influenza vaccine [28].

The citadel side opened needles were licensed to Debiotech for the Microject/Nanoject
platform (Fig. 3b). Hollow microneedles with side openings provide two advantages: an
ultra-sharp tip for efficient skin penetration and alleviation of tissue coring/channel blockage
during insertion [25,26]. The microneedles are ~210 μm long, can inject 100 μl in 2
seconds, and were fabricated in a 3 × 3 mm2 chip array [25]. Debiotech provides needles
from 300-1000 μm in length in 25 microneedle arrays [29]. The drug reservoir can be sealed
with a gold film that is ruptured upon application to the skin [30]. The microneedles have
also been incorporated into a MEMS micropump for delivery of insulin [31].

Volcano style needles have been used to successfully deliver methyl nicotinate [23,24]. A
MEMS syringe has been configured to include an array of silicon needles with a PDMS
reservoir attached to the back and is called a “chiclet” [23,32]. The entire reservoir assembly
is ~10 mm, holding an array of 8 needles that are 200 μm long and has been tested on mice.
The dose is delivered by simply pressing the device against the skin for a few seconds.

The tapered cylinder hollow microneedles were made from silicon, metal, and polymer [22].
The silicon needles had a constant bore diameter of 60 μm and an increased wall thickness
at the base (Fig. 3c). The metal needles have a constant wall thickness of 10 μm and a bore
that widens at the base. The needles have been made with widths of 35-350 μm and lengths
of 150-1000 μm. Insulin delivery to rats was demonstrated through a syringe [22]. An array
of 16 microneedles made from polyethylene terephthalate and measuring 50 μm in length
with a 75 μm tip diameter was tested in rats [33]. This passive diffusion driven system
delivered a peak value of 0.43 ng/ml and decreased blood glucose levels over a 4 hour
period.
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Finally, hollow microneedles have been used to deliver therapeutics to the eye [34]. Solution
and suspension formulations of sulforhodamine were delivered to the suprachoroidal space,
suggesting that the placement of sustained release microparticles in this location is
achievable. Drug volumes of 15-35 μl were delivered consistently through needles of
800-1000 μl. Small particles (20-100 nm) could easily flow through the scleral tissue, and
larger particles (500-1000 nm) were successfully delivered with longer microneedles.

3.2 Microneedle Patches
Microneedle arrays have also been integrated into transdermal patches. The V-Go™
disposable insulin delivery device from Valeritas (a BioValve subsidiary) utilizes tapered-
cylinder, hollow microneedles and was licensed from Georgia Tech [22,33]. V-Go™
received 510k clearance for the continuous subcutaneous delivery of insulin at preset basal
rates and with as-needed bolus dosing [35]. V-Go™ utilizes the hPatch™ platform designed
to deliver drugs into the subcutaneous space and the Micro-Trans™ microneedle array.

Dissolving microneedle patches for influenza vaccination have been tested in mice and pigs
[36,37]. The polyvinylpyrrolidone (PVP) microneedles measured 650 μm high and
encapsulated 3 μg of inactivated influenza virus per patch [36]. The patch is applied with the
thumb, penetrates ~ 200 μm and deposits the drug into the epidermis. This new technology
may facilitate increased vaccination in remote areas of the world.

4. Implantable Delivery
Implantable drug delivery systems can be placed into three categories [16,38-41]:

• passive – a system where drug release is pre-determined by the materials,
fabrication methods, or drug formulation and cannot be controlled after
implantation

• active – a system where drug release is controlled after implantation using
mechanical, electrical, magnetic, laser or other means

Passive systems utilize diffusion, osmotic potential, or concentration gradients as their
driving forces, while active systems include mechanical pumping, electrolysis, and other
actuation methods. Implantable drug delivery systems that do not contain a well-defined
reservoir are beyond the scope of this review and are covered elsewhere [42-44].

Reservoir-based implants can be used for both systemic and targeted drug delivery
applications. These micro and nano implants offer a great deal of promise in addressing
current unmet medical needs and have resulted in some of the most innovative and elegant
drug delivery concepts.

4.1 Passive Delivery Systems
4.1.1 Membrane Controlled Diffusion Systems—Diffusion controlled systems, in
their simplest forms, rely on diffusion of drug out of or through a polymer layer that may be
nonporous or microporous. The rate determining step may be diffusion through the
membrane structure or transport of drug through the static aqueous diffusion layer. For
membrane controlled diffusion, the diffusion coefficient is dictated by the size of the drug
molecule and the pore size or space between the polymer chains. This technology has been
widely used for delivery from reservoir-based oral and transdermal systems and has recently
been adapted for implants.

Ophthalmology is one field where reservoir-based, diffusion controlled implants have made
an impact. The Medidur™ platform has been successfully integrated into two approved
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products and three more in development, suggesting that the delivery system is adaptable to
a variety of drugs, acceptable to patients and physicians, and can be manufactured
economically. Currently marketed, reservoir-based ocular implants utilizing drug diffusion
through polyvinyl alcohol include Vitrasert® and Retisert® [7]. Both of these products were
developed by pSivida based on their Medidur™ platform and are distributed by Bausch &
Lomb (Fig. 4a) [42,45]. The Vitrasert® implant (approved in 1996) contains 4.5 mg
ganciclovir for the treatment of CMV retinitis in patients with AIDS. The ganciclovir tablet
reservoir (3.5 mm) is coated with polyvinyl alcohol (PVA) and ethylene vinyl acetate (EVA)
polymers and attached to a tab, which is sutured to the inside wall of the eye. The PVA
controls the drug release and the EVA controls the surface area of the device through which
ganciclovir can permeate. The device releases the drug into the vitreous of the eye for a
period of approximately 5-8 months [7,42,46,47].

The Retisert® implant (approved in 2005) measures 3 mm × 2 mm × 5 mm and is the second
generation Medidur™ technology. The implant consists of 0.59 mg fluocinolone acetonide
in a 1.5 mm tablet reservoir. The tablet is encased in a silicone elastomer cup containing a
release orifice and a PVA membrane positioned between the tablet and the orifice [7]. The
silicone elastomer cup assembly is attached to a PVA suture tab with silicone adhesive that
is surgically implanted thru 3-4 mm incision. Retisert® releases fluocinolone acetonide into
the vitreous of the eye at a nominal initial rate of 0.6 μg/day, decreasing over the first month
to a steady state between 0.3-0.4 μg/day over ~30 months, where the rate is controlled by
the PVA membrane [42,48,49].

The Iluvien™ implant utilizes the third generation of Medidur™ technology and
demonstrates the technological capability of fabricating smaller devices. Iluvien™ is
inserted into the vitreous of the eye with a 25G needle during an outpatient procedure and is
not sutured to the eye, in contrast to the surgical procedure required for the implantation of
Vitrasert® and Retisert®. The implant is a cylinder 3.5 mm long and 0.37 mm in diameter
and consists of a polyimide tube reservoir containing 190 μg fluocinolone in a PVA matrix
(Fig. 4b) [42,43,50,51]. The tube is capped with rate controlling membranes. Implants with
two release rates were considered during development: a higher dose implant with an initial
in vitro release rate of 0.45 μg/day and a lower dose implant with an initial in vitro release
rate 0.23 μg/day [50]. The release rates of both implants steadily decreased in vitro and were
nearly the same at ~0.15 μg/day by 18 months [51]. Alimera has completed Phase 3 clinical
trials with Iluvien™ for the treatment of diabetic macular edema (DME). Published 24
month clinical results showed a significant increase over sham in the number of patients that
achieved an improvement in best corrected visual acuity (BVCA) of 15 letters or more (Fig.
4c) [52]. Recently reported 36 month results confirm a significant improvement for those
patients having DME for three years or more [53]. Alimera’s 36 month results for Iluvien™
are currently under FDA review for the treatment of DME for 24-36 months.

pSivida followed Iluvien™ with Durasert™, a bioerodible reservoir implant for the delivery
of latanoprost for high intraocular pressure, that is in Phase 2 clinical trials [45]. In general,
these ocular implant platforms have been successfully applied to small molecule
therapeutics. pSivida is currently developing Tethadur™ for biomolecules and delivery of
more than one therapeutic agent [45]. Tethadur™ utilizes nanostructured pores to control the
delivery of varying size molecules, is targeted to last 6 months, and reported to be fully
bioerodible. The addition of nanopores to diffusion-based platforms provides another
mechanism for controlling release rate and is discussed below (see Section 4.1.3 –
MicroChannel Implants).

Iveena is developing the capsule drug ring (CDR™), reminiscent of the larger and less
sophisticated pilocarpine Ocusert™ system. Intraocular lenses inserted during cataract
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surgery leave unfilled space in the lens capsule. The CDR™ (13 mm outside diameter, 9.2
mm inside diameter) was designed to be implanted in the peripheral lens capsule during or
after cataract surgery (Fig. 5) [54]. The implant is comprised of a polymethyl methacrylate
(PMMA) shell, a semipermeable membrane to control the delivery rate, and silicon valves
for refilling the drug reservoir. The refillable drug reservoir holds 50 μl, and a linear
delivery rate of 0.06-0.08 mg/day Avastin® (bevacizumab) was achieved [54].

4.1.2 Matrix Controlled Diffusion Systems—A subclass of diffusion controlled
systems takes advantage of a combination of drug release from a polymer matrix via
porosity (tortuous path) and polymer erosion.

Oncology is a therapeutic area that has taken advantage of passive, diffusion controlled
implantable systems. Resorbable multi-reservoir arrays made from poly (l-lactic acid) and/or
PLGA were fabricated, where each reservoir was covered with a bioerodible membrane cap
comprised of varying ratios and molecular weights of PLGA [55-57]. The devices measured
~11.9 mm in diameter, were 480-560 μm thick, and contained thirty six 120-130 nl
reservoirs (Fig. 6a) [55]. The incorporation of multiple reservoirs effectively provides
pulsatile release kinetics by releasing individual reservoirs on a schedule determined by the
properties of the bioerodible cap. A compression molded polymer microchip array (10 mm
in diameter × 1 mm thick) was loaded with carmustine (BCNU) for targeted delivery to
brain tumors [56]. Each microchip could hold a maximum of 1.24 mg carmustine, and this
study demonstrated similar efficacy to the Gliadel® wafer in a rat model. An advantage of
this approach is that initiation of drug release from each reservoir can be programmed into
the device by controlling the composition and thickness of each membrane cap. Such
bioerodible implants benefit from not having to be removed after use, but like other polymer
systems, achieving prolonged drug stability for anything other than small molecules can be a
challenge.

Another approach for achieving pulsatile release from a passive system for ocular use was
proposed by the Ocular Drug Delivery Group at UC Irvine. The micromachined device is
designed with alternating drug-loaded and drug-free polymer zones, enabling drug levels to
vary in a pre-programmed manner as each layer is sequentially exposed to the body (Fig. 6b)
[42,58].

Interventional cardiology is another field where reservoir-based, diffusion controlled
implants are utilized. Intravascular stents are used to hold open clogged or narrowed blood
vessels and have traditionally been constructed as an expandable wire mesh structure made
of metal. Many stents are simply coated with a drug/polymer matrix to reduce restenosis, a
re-narrowing of the stented vessel by inflammation and tissue in growth. This coating
technology does not deliver drug from a reservoir ‘per se’, but from the polymer matrix.
However, several new stent technologies have incorporated reservoirs.

Debiotech developed a polymer-free nanocoating technology based on biocompatible
nanostructured ceramic coatings with a variety of porosities and this coating can be
manipulated to form drug reservoirs (Fig. 7a) [29,59]. The Debiostent loading capacity is
defined by the size of the drug reservoirs in a lower coating layer, where reservoirs represent
up to 30% of the total coating volume, and drug loading can reach up to 10 μg/mm2. An
upper coating layer seals the reservoirs and controls the drug elution kinetics. The location
and number of drug reservoirs can be controlled to focus the delivery of drug from specific
areas of the stent (i.e., only the adluminal regions in contact with the vessel) for maximum
efficacy [29].
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An alternative approach involves creating precisely defined drug reservoirs in the struts of
the stent. Conor Medsystems (now part of Johnson & Johnson) developed cobalt-chromium
stents with hundreds of laser cut reservoirs in the stent struts stents (Fig. 7b) [60,61]. The
reservoirs are loaded with drug in a bioresorbable PLGA matrix. At the end of the
biodegradation process, only the bare metal stent remains. Stents containing various drugs,
Nevo™ (sirolimus), CoStar™ (paclitaxel), Corio™ (pimecrolimus), and Symbio™
(paclitaxel and pimecrolimus in adjacent reservoirs), have been tested in clinical trials
[60,61].

Finally, the JACTAX™ stent by LabCoat Ltd. (now part of Boston Scientific) included its
drug in localized polymer reservoirs or microdots placed on the surface of each stent strut
(Fig. 7c) [62,63]. A bare metal stent is coated on the abluminal side with 2,750 discrete
microdots. The microdots consist of a 50/50 mixture of polylactic acid polymer and
paclitaxel.

4.1.3 Microchannel Implants—These systems utilize micro or nanochannels in a
membrane-like structure, where the release rate is controlled by diffusion along a
constrained channel. Specifically, the size of the pore and the size of the drug substance are
correlated to ensure molecular constraint. Modifying the properties of the microfluidic
devices, such as surface effects, charge interaction, concentration polarization, and
streaming current phenomena, have been used to obtain a zero order release profile [64-68].

Endo Pharmaceuticals acquired the Hydron® Implant Technology from Valera
Pharmaceuticals. The Hydron® technology is a cylindrical, non-bioerodible implant 3 mm in
diameter by 3.5 cm in length. The implant is made of a hydrogel polymer blend (2-
hydroxyethyl methacrylate, 2-hydroxypropyl methacrylate, trimethylolpropane
trimethacrylate, benzoin methyl ether, Perkadox-16, Triton X-100) called MedLaunch™,
and is spun cast into small tube reservoirs [7]. The implant is supplied prehydrated and
contains micropores that allow drug diffusion in a zero order fashion for a year or longer.
Vantas® for prostate cancer (approved 2004) and Supprelin® LA for precocious puberty
(approved 2007) are both implanted with a trocar, contain 50 mg histrelin acetate, and last
for one year with a release rate of 41 μg/day. The histrelin is formulated with stearic acid to
form a solid drug core placed in the reservoir [7]. Endo Pharmaceuticals also has an 84 mg
octreotide implant that lasts for 6 months in Phase 3 clinical trials for acromegaly [69].

iMEDD Inc. developed a small cylindrical titanium implant for continuous release of α-
interferon for 3-6 months for the treatment of Hepatitis C [65]. The implant is designed to be
inserted under the skin and to maintain drug plasma level above 50 pg/ml in order to
maintain an antiviral effect without side effects associated with higher doses. The
NanoGATE™ implant is 4-5 mm in diameter, 20-35 mm in length, and can contain a 75-300
μl reservoir (Fig. 8) [70]. The titanium implant is capped at both ends, and a 2 mm × 3 mm
nanopore membrane is affixed over a small bore opening in a cylindrical methacrylate inset
carrier. The carrier is fitted with two silicone O-rings and inserted into the titanium
encasement. Upon aligning the membrane with the titanium grate opening, the device is
filled with formulation [64]. The nanopore membrane controls diffusion of the drug from the
reservoir and is made of silicon films with parallel rectangular channel arrays up to 10-100
nm in diameter [70]. The nanopore membrane provides a non-Fickian zero order release,
unrelated to drug concentration. The pore size is designed to approximate the diameter of the
drug substance, so that the flux of molecules occurs “single file” [65,66,68]. In vitro bovine
serum albumin release rate studies with a 13 nm nominal pore size and 4 μm membrane
thickness revealed a release rate of 900 μg/day. The formulations can be suspensions or
solid state, while osmotic devices are solutions or suspensions [64]. Both the NanoGATE™
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and Hydron® technologies are diffusion controlled instead of osmotically driven and provide
more space within the implant for drug formulation.

An interesting application of molecular constraint has been used deliver α-INF from a
nanochannel delivery system (nDS). The silicon-based nanodevice can be implanted in close
proximity to unresectable metastatic melanoma lesions. Local, targeted delivery of α-INF to
the tumor site may alleviate the need for multiple injections and side effects observed with
systemic administration [65].

Drug delivery studies with somatostatin have demonstrated delivery rate control by altering
pore diameter and surface properties. Debiotech offers the DebioStar™ technology, a silicon
nanoporous membrane used in an implant over a reservoir to deliver drug from weeks to
months [29]. The pores can be controlled between 1-250 nm, where the number of pores per
membrane can be as high as one billion pores/cm2 and the total thickness of the membrane
can range 50 nm to ~200 μm.

4.1.4 Osmotic Pumps—Osmotic pumps are comprised of a drug reservoir, a piston, a
semipermeable membrane, and an osmotic engine. In operation, water is drawn through the
semipermeable membrane in response to an osmotic gradient between an osmotic engine
and moisture in the surrounding interstitial fluid. Expansion of the osmotic engine drives a
piston forward, expelling the drug formulation through an orifice.

The Viadur® leuprolide acetate implant was developed by Alza (now part of Johnson &
Johnson) and marketed by Bayer until it was discontinued in 2007 due to generic
competition. Viadur® gained FDA approval in 2000 for the treatment of prostate cancer and
utilized the DUROS® platform. The DUROS® titanium implant is 4 mm in diameter by 45
mm in length and provides osmotically driven, zero-order drug delivery (Fig. 9) [71,72]. The
implant is placed under the skin on the inside of the upper arm with the aid of a trocar. At
the end of the one year delivery duration, the empty system is explanted. Viadur® delivered
leuprolide (370 mg/ml leuprolide in dimethyl sulfoxide) continuously over 1 year at ~120
μg/day (0.4 μl/day) from a 150 μl drug reservoir [73]. In vitro and in vivo (rats and beagles)
release rate data demonstrated zero-order delivery for 1 year [72,74]. Serum testosterone and
leuprolide levels were also monitored and showed steady release rates for 12 months.

Durect Corp. licensed the DUROS® platform from Alza for pain indications. The
CHRONOGESIC® reservoir contained ~155 μl sufentanil in benzyl alcohol and provided
zero-order release at 5 μg/hr [75]. Durect initiated Phase 3 trials with sufentanil for
moderate to severe chronic pain. However, the trial was suspended in 2003 due to premature
shutdown of devices [76].

Intarcia Therapeutics uses the DUROS® implant for the delivery of exenatide (type 2
diabetes) and ω-interferon (Hepatitis C) [77]. Exenatide was formulated for a 6 month (45
μg/day), 9 month (30 μg/day), and 12 month (10 μg/day) duration and showed good
stability at 25°C and 37°C for 12 months [78]. Furthermore, exenatide was dosed at 20-80
μg/day for 6 months in Phase 2b trials [79]. Intarcia also has ω-interferon in Phase 1b (25
μg/day and 50 μg/day) for Hepatitis C [80,81]. ω-interferon was formulated as a suspension
and showed good stability for 2 years at 30°C. The protein was delivered from the device at
9 μg/day and 22 μg/day for 6 months at 37°C.

Finally, a bioerodible, micro-osmotic implant has also been constructed for the local
delivery of basic fibroblast growth factor (bFGF) for tissue regeneration. The implants were
micromolded and thermally assembled from PLGA sheets. The bottom layer contained the
drug reservoir and microchannel array for drug release. An osmotic potential drives water
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into the reservoir through a semipermeable membrane. The inflated reservoir exerts pressure
delivery drug from the microarrays at a rate of 40 ng/day for 4 weeks [82].

4.2 Active Delivery Systems
4.2.1 Single Reservoir Active Systems—Pumps generally include a drug reservoir, an
actuator, and one or more valves in order to accurately control the delivery of small volumes
of a drug in solution. They may operate by manual actuation, electrolysis, piezoelectric
actuation, resistive heating, magnetic actuation, or by incorporation of reversible polymeric
valves.

The simplest example of an active drug delivery pump is one that is actuated manually by
pressing on it with an instrument or a finger. Such a system was designed for the treatment
of glaucoma, age-related macular degeneration, and diabetic retinopathy [44,83]. The pump
is fabricated from three layers of polymethylsiloxane (PDMS) using soft lithography. The
device was sutured to the outside of the eye and contained a drug reservoir of approximately
200 μl, a check valve, and a cannula (10 mm × 1 mm × 1 mm) placed through the wall of
the eye (Fig. 10). When the pump was manually actuated by pressing on the drug reservoir,
the increase in pressure in the reservoir caused the check valve in the cannula to open,
dispensing the drug.

Replenish has developed an electrochemically driven drug delivery pump based on silicon
MEMS technology that is designed to allow variable drug delivery rates. It contains a
refillable reservoir for a drug solution and a one way check valve made of parylene. The
device is surgically implanted beneath the conjunctiva with a flexible parylene cannula
inserted through the eye wall. An electric current is passed between two electrodes located
on the silicon in contact with the drug solution when a dose is required. The gas generated
by electrolysis of the water increases the pressure on the flexible membrane of the drug
reservoir, pushing drug solution out through the cannula and into the eye (Fig. 11) [84].

A magnetically actuated ocular implant has been reported by the University of British
Columbia for the treatment of diabetic retinopathy [85]. The device is designed to be
surgically implanted behind the eye. A prototype implant consisted of a reservoir (6 mm ×
550 μm) containing docetaxel, sealed with an elastic magnetic polydimethylsiloxane
(PDMS) membrane (6 mm × 40 μm), and a laser drilled orifice (100 × 100 μm2) (Fig. 12).
Upon application of a magnetic field (255 mT), the membrane deforms, causing expulsion
of drug solution (~171 ng/actuation) from the implant.

The MIP implantable pump from Debiotech is a piezo-actuated silicon micropump for drug
delivery. The pump consists of pair of check valves and a reciprocating pumping membrane
to guide liquid flow in the proper direction from a drug reservoir to the target location. The
pump is fabricated from multiple bonded layers of silicon and glass, with a piezoelectric
ceramic disk and titanium fluid connectors and has a typical flow rate of 1 ml/min (Fig. 13)
[29].

Burst release devices have also been proposed for emergency care [39,86,87]. As an
example, the IRD3 (implantable rapid drug delivery device) developed at the Massachusetts
Institute of Technology (MIT) is comprised of three layers: a drug reservoir layer, a
membrane layer that seals the drug reservoir, and an actuation layer where bubbles are
formed. Micro-resistors in the actuation layer heat the drug solution, generating bubbles that
ruptured the membrane over the reservoir and drove the drug out of the reservoir. The
device delivered approximately 20 μl of a vasopressin solution in 45 seconds (Fig. 14).
Another group developed a similar microfluidic implant (4.4 mm × 2.3 mm × 22 mm) to
deliver vasopressin from a 15 μl reservoir [87].
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Valves made from polymer actuators, sometimes referred to as “artificial muscles,” have
been proposed to modulate release of a drug solution from a single-reservoir “smart pill”
implant [88]. The implant would contain micrometer sized polymer rings that expand and
contract in response to an electrical signal transmitted through a conducting polymer,
thereby allowing the modulation of flow of drug solution out of the reservoir.

4.2.2 Multi-Reservoir Active Systems—The advantage of one active delivery
mechanism versus another, and the need for more than one drug reservoir, is highly
dependent on the treatment modality of the specific disease state and the preferred delivery
profile (sustained release or pulsatile). Active delivery from multi-reservoir array implants
can be actuated by electrochemical, electrothermal, or laser means [41,89-94]. Drug is
sealed in each reservoir of the array to isolate the drug from the body until it is needed. The
initiation of drug release is actively controlled by the application of the electrical or laser
stimulus to create an opening in the sealing material, thereby exposing the drug to the body.
The rate of release is then passively controlled by the dissolution and diffusion
characteristics of the drug formulation in the reservoir. Thus, it is possible to deliver
nanoliter drug payloads in their most stable form, including solid formulations, using active
systems.

The first demonstration of electrochemically activated microchip implants occurred at MIT
and involved arrays of gold membrane capped drug reservoirs in silicon. When an electric
potential was applied to the gold cap in a solution containing physiological levels of saline,
the gold membrane was converted to a soluble gold salt and dissolved away, thereby
exposing the drug to the surrounding environment and releasing the drug (Fig. 15)
[16,89,90,92,93]. These devices were the first to allow the precisely-timed release of solid
materials from an implant. Although the reproducibility of an electrochemical dissolution
process in the in vivo environment can be a challenge, these devices established the
feasibility of pulsatile delivery of macromolecule drugs and the ability to achieve complex
release profiles with multiple therapeutics compounds [38,95].

MicroCHIPS developed reservoir arrays where the metal membranes coating the reservoirs
were opened electrothermally instead of electrochemically [96,97]. Metal membranes
composed of either gold or a platinum and titanium laminate were removed by resistive
heating from an applied current [96]. This electrothermal activation method was much faster
than the electrochemical method, and it provided a method independent of the drug
formulation inside the reservoir or the environment surrounding the device. Microchip
arrays measuring 15 × 15 × 1 mm3 containing 100 reservoirs capable of holding 300 nl drug
formulation per reservoir have been fabricated [96]. The fully assembled devices included a
drug filled array, microprocessor, implantable battery, and wireless antenna in a titanium
housing that measured 4.5 × 5.5 × 1 cm3 with a volume of ~ 30 ml. Initial studies with
leuprolide formulated at 100 mg/ml and filled into 300 nl reservoirs showed good stability
and an excellent in vitro-in vivo release rate correlation [98]. Similarly, an osteoporosis
implant delivering pulsatile parathyroid hormone (PTH) was formulated at 500 mg/ml (~ 20
μg PTH/reservoir) and demonstrated good stability after 6 months at 37°C (Fig. 16) [99].

On Demand Therapeutics utilizes laser activation to achieve ophthalmic drug delivery for
treatment of retinal diseases, such as wet age-related macular degeneration or diabetic
retinopathy. The preclinical product is a small, injectable rod containing multiple reservoirs
that are hermetically sealed to protect the stability of anti-VEGF or other drugs in the
reservoirs. The drug-filled device is implanted into the periphery of the vitreous in the
region of the pars plana using a standard intravitreal injection technique. When the
ophthalmologist decides to release drug from the implant, a slit lamp and a Goldmann
mirrored lens are used to locate the implant and focus the laser beam on the selected
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reservoir. Upon laser activation, an opening is created that allows the drug formulation to
elute into the vitreous and diffuse to the retina. The drug doses in the unopened reservoirs
remain intact, such that additional drug doses can be released during subsequent visits. This
approach provides a less invasive dosing regimen than monthly injections (Fig. 17) [94].

5. Outlook
As these reservoir delivery systems utilizing microtechnologies gain maturity, acceptance by
the FDA, and find their niche in the marketplace, several factors will impact their success.
First, the “marrying” of a drug substance in need of a more controlled delivery profile and
the appropriate delivery system is critical. The ultimate success of the product is not dictated
by a good technical match between the drug and the delivery method, but by the product’s
ability to meet true patient and physician unmet needs.

Second, in the current economic environment, the combination product must also provide a
distinct advantage over current therapies, with only a small premium in price. The impact of
pricing can now be felt early in the R&D process, as these budgets are increasingly
curtailed. The ultimate outcome is that engineers and scientists must provide innovative
products and cost effective processes at every stage of development.

Third, development of successful drug delivery products requires forethought into the
regulatory hurdles in order to receive timely market approval. These include adequate shelf
life stability and in vivo use life stability to assure that the final dosing period was as
efficacious as the initial dosing period. The development of drug release tests used to
demonstrate the lack of dose dumping, percentage of total formulation released from the
delivery system, in vivo stability, and an in vivo-in vitro correlation are all critical.

Fourth, extra care should be given to supply chain issues early in development. Drug
excipients should be Generally Regarded As Safe (GRAS). Device materials that are drug or
patient contacting should be Medical Grade with acceptable physicochemical characteristics,
biocompatibility and leachables/extractables profile. These tests will apply to incoming raw
materials and the final product. Although beyond the scope of this review, the selection of
biocompatible device materials is critical [10,100-103]. This is especially important for long
term or permanent implants, where tissue adhesion or polymeric degradation products can
cause inflammation. Furthermore, supplier selection should be done with care to assure that
the vendor has or will be able to provide a Drug Master File (DMF) and that they can
demonstrate control of their suppliers. For example, if an upstream supplier changes a
“trade-secret” slip agent, antioxidant or dye package in a commodity material, the
downstream drug product producer must understand the impact on the product before it is
sold to a patient (and prevent the need for a product recall).

6. Conclusions
The knowledge and tools enabling the development of reservoir-based drug delivery systems
utilizing microtechnology have come from number of diverse fields of study including
chemistry, materials science, mechanics, information technology, and microelectronics. The
innovations at the core of such novel oral, dermal, and implantable delivery systems come
from the intersection of these disparate fields. Devices combining reservoirs and
microtechnology driven by passive or active mechanisms are enabling the delivery of both
small and macromolecule drugs with increased specificity and control.

While tremendous progress continues on the development of micro and nanotechnology for
reservoir-based drug delivery devices, much additional work will be required to translate the
promising technology into safe and effective, well-controlled, patient acceptable products.
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Fig. 1.
Examples of osmotic oral delivery systems, including a) push-pull, b) L-OROS®, and c) Tri-
Layer designs. Reproduced with permission from Fig. 2 in [6] (©2005 Nature Publishing
Group).
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Fig. 2.
Hydrogel-loaded, polymeric Microdevices, a) SEM image where scale bar (-) is 20 μm, and
b) dimensions of the microdevices measured by profilometry. Reproduced with permission
from Figs. 1A and 1F in [11] (©2009 John Wiley and Sons).
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Fig. 3.
Hollow microneedle designs, including a) pyramid shaped saw tooth style, b) citadel style
microneedles with side openings, and c) tapered hollow cylinders depicting (A) straight
wall, (B) beveled, (C) tapered and (D) an array of tapered microneedles. Reproduced a) with
permission from Fig. 2 in [28] (©2009 Elsevier), b) with permission from Debiotech SA/
Switzerland, c) with permission from Fig. 2 in [22] (©2003 National Academy of Sciences,
USA).
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Fig. 4.
Images showing a) multiple generations of the Medidur™ delivery platform, b) Iluvien™
device next to a grain of rice for scale, and c) 24 month visual acuity clinical results for
Iluvien™ in DME patients. Reproduced a) with permission from pSivida, Ltd., b) with
permission from Alimera Sciences, Inc., c) with permission from Fig. 1A in [52] (©2011
Elsevier).
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Fig 5.
Reservoir-based, capsule drug ring with a 27 G cannula in the valve access port. Reproduced
with permission from Fig. 3 in [54] (©2010 Elsevier).
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Fig. 6.
Passive, matrix controlled drug delivery systems including (a) a bioerodible PLGA implant
and b) a multi-layered implant for ophthalmic use. Reproduced a) with permission from Fig.
1 in [55] (©2003 Nature Publishing Group) and b) with permission from [58].
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Fig. 7.
Reservoir-based coronary stents, including a) an SEM cross-section of Debiotech ceramic
reservoirs, b) CoStar™ stent, and c) JACTAX™ stent with microdots. Reproduced a) with
permission from Debiotech SA/Switzerland, b) with permission from Fig. 1 in [60] (©2009
Elsevier), c) with permission from Fig. 6 in [63] (©2010 Elsevier).
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Fig. 8.
An example microchannel delivery systems called the NanoGATE™ implant. Reproduced
with permission from Fig. 4 in [64] (©2005 Elsevier).
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Fig. 9.
Diagram of a DUROS® osmotic implant. Reproduced with permission from Fig. 1 in [72]
(©2001 Elsevier).
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Fig. 10.
Manually actuated drug delivery pump for ophthalmic use, including a) a diagram showing
the components of the pump and b) an illustration of device placement on the eye.
Reproduced with permission from Figs. 1b and 2 in [83] (©2009 Springer).
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Fig. 11.
Active delivery pump for ophthalmic use, including a) a diagram showing the components
of the pump and b) a cross-section of the pump showing electrolysis enabled pumping of
drug into the eye. Reproduced with permission from Figs. 1 and 2 in [84] (©2008 Elsevier).
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Fig. 12.
Ocular drug delivery implant actuated by a magnetic field. Reproduced with permission
from Fig. 1 in [85] (©2011 Royal Society of Chemistry).
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Fig. 13.
An implantable active drug delivery pump, including a) a view of the piezoelectric
membrane pumping mechanism and check valves and b) a view of the fluidic connections to
the pump. Reproduced with permission from Debiotech SA/Switzerland.
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Fig. 14.
An implantable, active drug delivery pump, including a) a diagram of the implant cross-
section showing membrane (A), reservoir (B), and actuation (C) layers and b) the packaged
pump next to a coin for scale. Reproduced with permission from Figs. 1 and 4 in [86]
(©2008 Springer).
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Fig. 15.
An electrochemically actuated drug delivery implant, including a) a cut away view showing
several reservoirs of the implant and b) reservoir caps of the microchip (a) before and (b)
after electrochemical actuation. Reproduced a) and b) with permission from Figs. 1A and 2
in [89] (©1999 Nature Publishing Group).

Stevenson et al. Page 34

Adv Drug Deliv Rev. Author manuscript; available in PMC 2013 November 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Stevenson et al. Page 35

Adv Drug Deliv Rev. Author manuscript; available in PMC 2013 November 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Fig. 16.
An electrothermally actuated drug delivery implant, including a) a cut away view of a single
reservoir from a multi-reservoir implant, b) a view of the implant housing, drug containing
microchip, electronic and wireless communication components, and battery, and c) a fully
assembled implant. Reproduced a), b), c) with permission from Figs. 1B, 1C, 1D in [96]
(©2006 Nature Publishing Group).
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Fig. 17.
A laser activated system for on demand ophthalmic drug delivery showing a) a multi-
reservoir, intravitreal implant and b) initiation of drug release from the implant using an
ophthalmic laser [94]. Reproduced with permission from On Demand Therapeutics, Inc.
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