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Abstract

Drug delivery systems are widely researched and developed to improve the delivery of
pharmaceutical compounds and molecules. The last few decades have seen a marked growth of the
field fueled by increased number of researchers, research funding, venture capital and the number
of start-ups. Collectively, the growth has led to novel systems that make use of micro/nano-
particles, transdermal patches, inhalers, drug reservoir implants and antibody-drug conjugates.
While the increased research activity is clearly an indication of proliferation of the field, clinical
and commercial translation of early-stage research ideas is critically important for future growth
and interest in the field. Here, we will highlight some of the examples of novel drug delivery
systems that have undergone such translation. Specifically, we will discuss the developments,
advantages, limitations and lessons learned from: (i) microparticle-based depot formulations, (ii)
nanoparticle-based cancer drugs, (iii) transdermal systems, (iv) oral drug delivery systems, (V)
pulmonary drug delivery, (vi) implants and (vii) antibody-drug conjugates. These systems have
impacted treatment of many prevalent diseases including diabetes, cancer and cardiovascular
diseases, among others. At the same time, these systems are integral and enabling components of
products that collectively generate annual revenues exceeding US $100 billion. These examples
provide strong evidence of the clinical and commercial impact of drug delivery systems.
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Introduction

Drug delivery systems (DDS) improve the administration and efficacy of pharmaceutical
compounds including antibodies, peptides, vaccines, drugs and enzymes, among others. Oral
pills and injections represent the most common mode of administering drugs today. A
majority of small molecule drugs are delivered by pills. Tens of billions of pills are annually
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consumed worldwide for aspirin alone. Injections remain the primary mode of administering
proteins and peptides. More than 10 billion injections are performed each year worldwide
[1]. Oral pills offer convenience of pre-determined and measured doses, portability, defined
dosing times and the overall non-invasive nature of administration. However, they are also
limited by the inability to deliver larger therapeutic molecules such as proteins [2].
Injections, on the other hand, are able to deliver macromolecules, but are limited by their
invasive nature and inappropriate use [1]. Collectively, simple pills and injections are unable
to meet many advanced therapeutic needs including targeting, broad applicability to
macromolecules and on-demand activation. While not all pharmaceutical molecules require
these abilities, many do. These limitations have given rise to substantial research focused on
the development of novel DDS.

Research in drug delivery has focused not only on improving oral and injectable systems,
but also on opening additional routes of administration including pulmonary [3], transdermal
[4], ocular [5] and nasal routes [6]. Each route has its own advantages and limitations (Table
1). Many novel DDS that make use of these routes are beginning to enter clinical trials and
some have already reached the market. To accomplish successful clinical translation, DDS
must, at minimum, be safe, perform their therapeutic function, offer convenient
administration and have ease of manufacturing. This review highlights some of the
successful technologies that have made this transition (Figure 1). Seven categories of DDS
including microsphere-depots, tumor-targeting nanoparticles, transdermal patches, advanced
oral pills, inhalers, implants and antibody-drug conjugates are highlighted. A search on
clinicaltrials.gov for: (i) ‘Depot’, (ii) ‘Transdermal’, (iii) ‘Inhaler’, (iv) ‘Subcutaneous
implant’ and ‘Intravitreal implant” and ‘Birth control implant’, (v) ‘Nanoparticle and
cancer’, (vi) ‘Antibody drug conjugates’ and (vii) ‘OROS’® confirms high activity of
clinical trials based on these categories of DDS (Figure 2). We discuss their historical
perspective, advantages/limitations in the clinic, the inspiration that they provide for follow-
up technologies, and current clinical status of new(er) products in the field. This review is
not intended to provide a comprehensive list of clinical and commercial status of all DDS
given the high volume of activity in the field. Instead, the article discusses select examples
and analyzes their features that led to their success.

1. Microparticle-based Sustained Release Formulations

Microparticle-based sustained release formulations have been developed to facilitate the
controlled delivery of therapeutics. By sustaining drug release over longer periods, these
systems aim to improve the delivery of peptides or proteins by reducing injection frequency
[7]. Microparticle-based depots include a polymeric material (often biodegradable) that
allows for protection of the drug cargo and control over drug release. A number of polymer
choices exist, each with their own advantages and limitations. Poly(lactic-co-glycolic) acid
(PLGA), poly(lactic acid) (PLA) and polyglycolic acid (PGA) are perhaps the most
commonly studied polymers due to their versatility in tuning biodegradation time and high
biocompatibility arising from their natural by-products, lactic acid and glycolic acid. Here,
we will highlight one of the first Food and Drug Administration (FDA)-approved,
microparticle-based depot DDS, Lupron Depot®.
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Development of Lupron Depot®—Lupron Depot® consists of leuprolide encapsulated
in PLGA microspheres. Leuprolide was originally approved in 1985 as an injectable;
however, constant injections spurred interest in a more patient compliant formulation. It was
long thought that controlled release of proteins, and even smaller peptides, from
microspheres was impossible [8]. However, research in the mid 70’s showed that this was
indeed possible [9], and thereby paved the way for a new class of peptide/protein
encapsulated polymeric DDS. Lupron Depot® was one of the first examples of this new
class of controlled release polymeric DDS and was originally developed by Takeda-Abbott
Products, a joint venture formed in 1977 between Abbott Laboratories and Takeda, and
approved by the FDA in 1989 for the treatment of advanced prostate cancer [10]. Since then,
Lupron Depot® has been approved for management of endometriosis and also for the
treatment of central precocious puberty. Lupron Depot® has been commercially successful,
reaching annual sales of near $1 billion [11].

Advantages and Limitations of Lupron Depot®—The main advantage of Lupron
Depot® was that it significantly lowered the number of injections required for the treatment.
Leuprolide alone required daily injections; however, the depot formulation requires
injections every 1 to 6 months depending on the dose, thereby dramatically reducing the
number of injections and increasing both patient compliance and convenience. Reduced
injection frequency leads to improved patient comfort and compliance, which are requisites
for successful self-administered DDS. In terms of the delivery technology, the individual
components of Lupron Depot® offer several advantages. Specifically, PLGA polymer
provides tunable degradation kinetics along with controlled release and well established
safety and biocompatibility. Synthesis methods for Lupron Depot® microparticles must be
highly reproducible and consistent in order to maintain efficacy across patients. Indeed, the
encapsulation of proteins and peptides in PLGA particles has proven challenging in general,
as is maintaining protein stability in microparticles [12]. Lupron Depot® and, in general, all
microparticle protein formulations face these same challenges. Further, the production
process of PLGA polymer determines product performance and different suppliers may not
have identical procedures which ties down drug companies to specific supplier(s). A variety
of reasons, ranging from supplier shut down to the high material costs, may pose a
manufacturing challenge for microparticles.

Lessons Learned from Lupron Depot®--Current Academic Research—As one
of the first clinically and commercially successful peptide delivery microparticle depot DDS
in the US, Lupron Depot® inspired not only polymeric depot DDS, but also nanoparticle
DDS in general. Lupron Depot® is a perfect example of a polymeric controlled delivery
system that improves patient compliance by offering long-acting and long-lasting
alternatives to highly invasive (i.e. daily injections) therapies. Since the introduction of
Lupron Depot®, researchers have advanced the technology of sustained protein-release
microparticles in various ways, including new methods for improving the stability and
protection of encapsulated proteins [13, 14].

Current Clinical Landscape and Future Outlook—Many other microparticle depot
systems are in clinical use and have been approved by the FDA (Table 2). One example is
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Nutropin Depot® developed by Genentech and Alkermes, the first long-acting formulation
for recombinant growth hormone. Nutropin Depot® is a biodegradable microparticle depot
formulation that was approved by the FDA in 1999 for pediatric growth hormone
deficiency. Nutropin Depot® performed well in preclinical studies, showing reliable
delivery for over one month in monkeys [15]. In clinical trials, Nutropin Depot® showed
increase in the growth rate in children with pediatric growth hormone deficiency while
requiring only one to two doses a month, compared to the standard of care which requires
multiple injections per week. Nutropin Depot® delivered a much larger molecule, ~22,000
Da, than the previously FDA approved microparticle depot systems. Nutropin Depot®,
however, is no longer commercially available due to high cost and manufacturing challenges
[16, 17]. These issues are also encountered by other growth hormone products and, to some
extent, several protein-based microparticle formulations [18]. Despite improved patient
compliance afforded by Nutropin Depot®; this example highlights some of the after-market
challenges that face microparticle formulations that must be overcome in order to remain
competitive.

Alkermes has also developed Risperdal® Consta®, Vivitrol® and Bydureon® which are
FDA approved and clinically available microsphere depot DDS. Risperdal® Consta®,
approved in 2003 for the treatment of schizophrenia, delivers Risperdal® for a two-week
period. It reduces inconsistencies associated with delivery using oral formulations. Since its
approval for schizophrenia, Risperdal® Consta® has received approval for treatment of
bipolar I disorder. Another Alkermes product, Vivitrol®, which delivers naltrexone, was
approved by the FDA in 2006 for the treatment of alcohol dependence. Vivitrol® is taken
once a month as an alternative to the naltrexone oral formulation, which suffered from
severe compliance issues. As an anti-addiction medication, Vivitrol® addresses compliance
issues by providing a 30-day treatment with a single injection. In 2010, Vivitrol® was
approved to treat opioid-dependent patients. Bydureon®, the most recently approved of
these Alkermes products, was FDA approved in 2012 and delivers Exenatide for the
treatment of type 2 diabetes. Bydureon® is a weekly dose that provides an alternative to the
twice daily injectable form, Byetta®. Bydureon® has the advantage of long-lasting effects.
Other biodegradable, though non-microparticle, depot systems have been approved by the
FDA. One example is Eligard®, an in situ forming biodegradable implant that delivers
leuprolide for treatment of prostate cancer.

2. Nanoparticle-based cancer therapies

Nanoparticles (NPs) represent the most widely studied DDS. Over the last 10 years, more
than 25,000 publications (Web of Science keyword: targeted nanoparticles, January 2014)
have focused on targeted drug delivery using NPs. Even within the field of NP-based drug
delivery systems, cancer remains the most studied target. NPs provide clear advantages for
delivering chemotherapeutic drugs. NPs protect drugs from degradation in vivo, provide
targeting to diseased tissue, and control drug release at the target site. They also benefit from
synthesis methods that allow the scaled-up production of large batches of near identical
properties. The large number of publications in this field is a combined result of the clinical
need and the scientific difficulty that outlines the problem. The success rate, defined as the
fraction of new nanotherapies that lead to clinical products, however, is very low. The path
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to FDA approval for nanomedicines is long and risky; however, a handful of technologies
have made strong strides and are discussed here.

Doxil®: The First Cancer Nanomedicine—Doxil®, currently marketed by Johnson &
Johnson, is the first FDA approved liposomal NP formulation for the treatment of certain
cancers [19] and has experienced commercial success, often exceeding hundreds of millions
of dollars in sales per year [20]. Doxil® is a liposomal formulation of doxorubicin and was
approved by the FDA for the treatment of AIDS-related Kaposi’s sarcoma in 1995 and for
recurrent ovarian cancer in 1998 [21]. The development of Doxil® was enabled by research
that shed light on various aspects of liposomal formulations including long circulation [22],
sufficient enhanced permeation and retention (EPR) effect [23], stable drug loading into
liposomes [24] and releasing the encapsulated doxorubicin to target cells [25]. The early
development efforts culminated in a study in Beagle dogs which confirmed that 2000 Da
PEG-DSPE increased circulation time and reduced murine macrophage uptake in vitro better
than any of the other long-circulating alternatives [26]. These findings eventually led to
initial “first in man” (FIM) studies for Doxil®. In these FIM studies, published in 1994,
Doxil® exhibited a half-life of about 45 hours compared to about 10 hours for free
Doxorubicin. Further, Doxil® showed marked enhancement (4- to 16-fold increase) of
Doxorubicin delivery to tumors compared to free doxorubicin [27]. Doxil® was approved
by the FDA in 1995 and was available clinically in 1996.

Advantages and Limitations of Doxil®—Doxil® offers many advantages over its free
drug counterpart, doxorubicin. It exhibits enhanced circulation, increased tumor persistence
and improved half-life compared to free doxorubicin [19]. Also, as a nanoparticle, Doxil®
can target certain tumors via the enhanced permeability and retention (EPR) effect which
allows small particles (~100 nm) to accumulate in the leaky outer vasculature surrounding
tumors [28]. This increases preferential accumulation of NP around tumors and facilitates
NP delivery of drugs to tumors. This type of passive targeting significantly increases the
amount of Doxil®-encapsulated doxorubicin that reaches tumors compared to free
doxorubicin. As a result, Doxil® benefits from less off-target side effects and enhanced
tumor killing. At the same time, there remain limitations. Despite being capable of EPR-
mediated passive targeting, Doxil® lacks active targeting. The EPR effect is not exhibited to
the same extent in all patients and can lead to differences in the tumor targeting, and
subsequent therapeutic efficacy. Further, while Doxil® is PEGylated it is still cleared
rapidly and could benefit from longer circulation, likely resulting in more passes around the
tumor and interactions with the target tissue. More recently, production issues of Doxil®
have led to widespread shortage of Doxil® in the US [29].

Lessons Learned from Doxil®--Current Academic Research—As the first NP-
related commercial success, Doxil® inspires current nanomedicine research, and in fact,
many NP-based DDS attempt to improve upon Doxil®. Specifically, many NPs utilizing
antibodies, peptides and various other ligands are investigated to improve pharmacokinetics
and target the delivery of therapeutics to specific sites in the body [30, 31]. Concomitantly,
stealth particles that avoid rapid immune system clearance and circulate for longer times are
being developed. Many strategies, ranging from hydrophilic coatings, such as PEG, to
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macrophage-avoiding ligands such as CD47 are being used to functionalize NPs for stealth
applications [32, 33]. The mass production of therapeutic NPs has benefited greatly from
fabrication advances in the semiconductor industry, as new methods utilizing mass
producible nanofabrication techniques have been developed. A novel technology, PRINT,
makes it possible to mass produce specifically sized, shaped, flexible, ligand-decorated and
multi-layered NPs for therapeutic application [34, 35].

Current Clinical Landscape and Future Outlook—Many nanoparticle-based
therapies are being developed for the treatment of cancer, yet few make it to a commercial
product (Table 2). The most recent example is Margibo®, liposomal vincristine, which was
approved by the FDA in 2012 for treatment of a rare leukemia. Other than Doxil®, perhaps
the most well-known NP used in the clinic is Abraxane®, originally FDA approved in 2005
for the treatment of breast cancer [36]. Abraxane®, currently marked by Celgene, is
albumin-bound paclitaxel, an already approved chemotherapy drug. Abraxane® performed
well in initial clinical trials [37-39] and, in the years since, has been approved for treatment
of various other cancers. Abraxane® has shown excellent commercial success with
preliminary annual sales in 2013 of $649 million [40].

Other promising nanoparticle formulations have made the successful translation from
academic labs to clinical trials. BIND Therapeutics has developed a platform NP
formulation (Accurins™) which combines active targeting ligands, protective and stealth
functionality granted by PEG, controlled release via tuned polymer matrix and a therapeutic
payload into a single NP. Early studies with Accurins™ showed low toxicity and stunted
tumor growth in mice, comparable pharmacokinetics in mice, rats and non-human primates
and tumor shrinkage in some human patients in a clinical trial [41]. Accurins™ are currently
in Phase 11 clinical trials for treatment of non-small cell lung cancer and prostate cancer.
Another promising NP is CRLX101 (originally IT-101). CRLX101 is a nanoparticulate
chemotherapeutic formulation that consists of a camptothecin and cyclodextrin-based
polymer conjugate. CRLX101 benefits from the efficacy of camptothecin, the EPR targeting
granted from the size of CRLX101 and sustained release of camptothecin. These advantages
limit many of the undesired side-effects of camptothecin while concomitantly providing a
more stable formulation. The initial preclinical studies showed prolonged circulation time of
CRLX101 compared to camptothecin alone, enhanced accumulation compared to
camptothecin alone in tumors via the EPR effect and a prolonged release of camptothecin
from CRLX101 following residence in tumor tissue [42]. Early clinical studies point to
promising safety, pharmacokinetic and efficacy results. CRLX101 is currently being
developed by Cerulean Pharma Inc. and is in Phase Il clinical trials [43]. Another cancer
therapeutic that builds on the same platform technology of a drug conjugated to a
cyclodextrin-based polymer conjugate, CRLX301, is under development by Cerulean
Pharma Inc. as well. In another example, Calando Pharmaceuticals is developing a
cyclodextrin-based NP formulation that is able to encapsulate and protect small-interfering
RNA (siRNA) in sub 100nm particles, CALAA-01. CALAA-01 is one of the first examples
of an siRNA targeted nanoparticle used in clinical trials, and is comprised of: (i) linear
cyclodextrin polymers that form the core, (ii) SiRNA against RRM2 that inhibits growth of
cancer cells, and surface modification in the form of (iii) PEG coating, for stability, and (iv)
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a transferrin ligand, for targeting to cancer cells [44]. CALAA-01 is currently undergoing
clinical trials and has shown promising results, specifically showing that: (i) CALAA-01 is
able to localize in tumors, (ii) reduce the expression of RRM2 when compared to pre-
CALAA-01 dosed tissues and (iii) CALAA-01 mediates mRNA cleavage at predicted sites
[44]. These results collectively illustrate that sSiRNA systemic administration, in nanoparticle
form, can inhibit specific genes in humans. Many other NP formulations that have made
significant progress and are undergoing clinical trials have been extensively reviewed
elsewhere [45-47]. Several in vitro transfection reagents such as Lipofectamine 2000 have
also been widely used in in vitro cell cultures [48] and are not reviewed here.

3. Transdermal Patches

Transdermal patches offer a painless, patient-compliant interface to facilitate the systemic
administration of drugs. Many approved transdermal patches have a similar basic
composition; a protective backing layer that prevents drug leakage, a reservoir which stores
the drug which is ideally small and lipophilic, and an adhesive layer that facilitates skin
contact [49]. Some systems may employ an extra layer that improves the controlled release
of the drug. Many commercially successful transdermal patches have been developed for a
variety of applications ranging from birth control to smoking cessation. The first FDA-
approved patch was a 3-day patch that delivered scopolamine for motion sickness treatment
in 1979. Well over a dozen patches are currently in use and approved by the FDA (Table 2).
Of the various patches, fentanyl stands out as an example of a commercially successful
transdermal patch used for chronic pain management. The fentanyl patch has exceeded $1
billion annual sales multiple times, highlighting its commercial success [50, 51].

Development of Fentanyl Patch—Fentanyl is a potent opioid analgesic first
synthesized in 1960 [52] and was quickly approved in Western Europe due to its rapid onset
and short duration, which made it an attractive choice as an analgesic for surgery. Alza
Corporation and Janssen Pharmaceuticals began exploration of a fentanyl transdermal patch
to both increase the duration of fentanyl and provide the patients with a potent opioid that
could potentially be self-administered. A transdermal fentanyl patch, eventually known as
Duragesic®, was developed by Alza Corporation and Janssen Pharmaceuticals and was
approved by the FDA in 1990 for chronic pain [4]. This transdermal patch is a perfect
example of a DDS that took an existing molecule (fentanyl) and improved its delivery,
subsequently making it a commercial success. Several generic versions of fentanyl patches
are also available. Another notable commercially successful transdermal patch is
Lidoderm®, which was launched in 1999 and has reached annual sales of over $1 billion in
2012 [53].

Advantages and Limitations of Fentanyl Patch—Duragesic® offered two main
advantages over its counterpart, both of which improved patient compliance: (i) controlled
release up to 72 hours and (ii) formulated for self-administration. Fentanyl’s early success
arose from the rapid onset time and short duration. By reformulating fentanyl as a patch, the
applications were broadened from surgery room analgesic to potent, long lasting, pain
relieving medication that the patient could apply themselves as a predetermined dose. The
longer acting, dose-optimized fentanyl patch reduced the need for multiple doses and greatly
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improved patient compliance. Further, it offered at-home and on-demand application
without the need of an expert to administer the formulation. In the past, defects in the
production of fentanyl patches have led to their recall and changes in the patch design.

Lessons Learned from the Fentanyl Patch--Current Academic Research—The
limitations of first generation transdermal patches have inspired the next generation of
patches. The basic barrier function of the skin inherently limits drug transport from
transdermal patches. The stratum corneum, the outermost layer of the skin, prevents the
transport of molecules via its brick and mortar structure. Second generation patches have
been designed to perform the same functions as first generation patches but also enhance
transport of the drug through the skin. A number of techniques, which can be incorporated in
or used alongside transdermal patches, are being developed to enhance drug transport via
transdermal patch. These include: (i) ultrasound [54], (ii) chemical permeation enhancers
[55], (iii) microneedles [56] and (iv) iontophoresis [57]. Chemical permeation enhancers
disrupt the structure of the stratum corneum and significantly improve small molecule
transport through this barrier. Hundreds of permeation enhancers are known and have been
studied for this application. Sophisticated methods for high throughput screening of
combinations of permeation enhancers have been developed and are currently used in
industrial settings [58]. lontophoresis uses electric fields to improve drug transport through
the skin and the main advantage is the control over the quantity of drug transported, as it is
directly proportional to the applied current. This technique has been used to deliver opioids
[59], dopamine agonists [60], antiemetic agents [61], steroids [62] and peptides [63] in
humans. Ultrasound induces cavitation on the skin surface and enhances transdermal
transport. This technique has been used to deliver several drugs including lidocaine [64],
cyclosporine A [65], hydrocortisone, dexamethasone and Ibuprofen in humans [66].

Current Clinical Landscape and Future Outlook—Newer, more sophisticated,
transdermal patches and other transdermal DDS are being developed that are currently being
tested in clinical trials. Notably, microneedles are investigated as a physical means of
minimally piercing the skin, so as to avoid pain, prior to or jointly delivering a drug through
the porated skin for systemic delivery. Clinical studies have confirmed the ability of
microneedles to deliver variety of drugs including insulin [67-69], lidocaine [70] and
vaccines [71]. Commercial development of microneedles is also noteworthy. Zosano has
developed a titanium microneedle technology, applied via a reusable applicator, to deliver
parathyroid hormone (PTH) across the skin [72] for the treatment of osteoporosis [73]. PTH
delivery is desirable due to its potent bone building effect, but it is currently only available
as daily subcutaneous injections. Zosano Pharma-PTH (ZP-PTH) offers a much improved
non-invasive delivery method and a longer shelf life compared to subcutaneous PTH
injections. Phase |1 studies for ZP-PTH have shown that ZP-PTH was effective in increasing
spine bone mineral density, in a dose dependent manner. Further, hip bone mineral density
was shown to increase at 6 months with ZP-PTH which has not been shown with the current
approved subcutaneous treatment [73]. ZP-PTH has finished both Phase | and Phase Il trials
[74]. Corium International Inc. is developing biodegradable microneedles for PTH delivery.
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Other device-based technologies have also advanced from the lab to the clinic (Table 2). For
example, iontophoresis has been demonstrated to deliver fentanyl and lidocaine in humans
[75, 76]. Commercial devices exist for topical delivery of lidocaine such as the active patch
known as LidoSite® developed by Vyteris. Clinical trials have shown that a ten minute
application delivered lidocaine via iontophoresis to induce effective anesthesia for
venipuncture [76]. An ultrasound device, SonoPrep®, developed by Sontra Medical was
also approved by the FDA for delivery of lidocaine [77]. Systemic delivery of fentanyl using
iontophoresis has also made strong progress. IONSY S® was approved by the FDA and the
European Medicines Agency (EMA) in 2006. However, IONSYS® has not been launched in
the US and was recalled in Europe. This technology is currently under development at
Incline therapeutics.

Methods are also being developed to use devices to perform continuous glucose monitoring
across permeabilized skin. Symphony® (Echo Therapeutics) uses a non-invasive device to
permeabilize the skin and then using a biosensor patch to monitor glucose levels for diabetic
patients. It provides a means to avoid needle sticks and offer minute-by-minute glucose
monitoring with limited skin irritation in a compact and lightweight package [78].
Symphony has demonstrated continuous transdermal glucose monitoring [79] and has
applied for a CE mark. Microneedle-based technologies are also being developed for
painless collection of blood. A device (Touch Activated Phlebotomy, TAP™) has recently
received a CE mark approval.

4. Oral Drug Delivery

Oral delivery is by far the most commonly used mode of drug administration. This is
evidenced by the number of oral formulations that breached the top 100 sold drugs in 2013
(Table 1). Predetermined doses, the simplicity offered by patient self-administration and
systemic delivery, all incorporated in one tablet or capsule, are the main advantages of oral
delivery. There are a variety of capsules in the market, and in fact, novel capsule designs
offer an opportunity to develop novel oral DDS. No peptides or proteins, however, are
currently delivered by the oral route due to rapid degradation in the stomach and size-limited
transport across the epithelium. Yet, much effort has been spent on developing oral delivery
systems for proteins, especially insulin.

Development of OROS®-Osmotically Driven Devices—Osmotically-driven DDS
have been a topic of long-standing interest [80]. The interest in osmotically-driven pumps
exhibited significant jump in the mid-70s [81]. The early designs of osmatic pumps
eventually led to the establishment of the osmotic-controlled release oral delivery system
(OROS®) technology. The controlled delivery offered by OROS®, which was developed by
Alza, was tuned via a semi-permeable membrane which surrounds the drug and allows for
water penetration into the drug reservoir. Water permeates into the drug reservoir and via
osmotic pumping, facilitates drug release from an open pore. The rate of drug release is
dependent on the osmotic properties of the drug and the design parameters can be tuned to
control the release profile. The simplicity of the system paired with the advantages over
simple oral tablets led to a lasting impact of OROS® on oral drug delivery. The first
product, Osmosin, was launched in Europe in 1982 and withdrawn in 1983 due to severe Gl
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tract irritation and, in some cases, intestinal wall perforation [82]. Since then, these issues
have been addressed and, to date, numerous drugs in the clinic have been FDA approved and
utilize osmotically driven capsule systems (Table 2) with many more in clinical trials.
Collectively, these products speak for the high commercial impact of OROS®. Concerta®,
one of approximately 10 products that utilize OROS® technology, has generated over $1
billion in sales multiple times [83].

Advantages and Limitations of OROS®—The main advantage of OROS® is that it
allows controlled release of therapeutics. Several simpler drug pills suffer from non-
controlled drug release which leads to sharp peaks and valleys in pharmacokinetic profiles.
OROS® allowed improvements in terms of maintaining drug concentration in plasma within
a safe and therapeutic range [84]. This allowed less frequent dosing and fewer side effects.
Some OROS® capsules are designed to release the drug in certain regions of the GI Tract
which provides another layer of sophistication. As with most oral DDS, OROS® offers a
benefit of known predetermined dose. Further, OROS® provides an avenue for the delivery
of poorly soluble drugs, as evidenced by the success of Procardia XL® [82]. At the same
time, OROS® suffers from certain limitations that generally limit all oral delivery systems,
namely poor delivery of peptides and proteins. In addition, the localized drug release has
been shown to cause Gl irritation and ulcers [85], though such issues have been relatively
rare [86].

Lessons Learned from OROS®--Current Academic Research—Several oral drug
delivery platforms have been developed, some inspired by OROS®. These include
protective coatings for the drug reservoir [87] and functionalized surfaces for mucoadhesion
to intestinal mucosa [88]. The primary excitement in the field of oral delivery, however, has
been improving the ability to deliver proteins and peptides [89]. In general, most approaches
have focused on improving protein absorption in the Gl tract or limiting proteolytic
degradation of proteins [2, 90]. One method to improve these aspects is the use of
mucoadhesive systems that increase the residence time of oral DDS in the Gl tract [91].
Many mucoadhesive systems have been proposed and studied in small animals, ranging
from particle systems [92] to patches [93]. Other techniques include using chemical
permeation enhances to improve protein adsorption in the Gl tract [94], targeting
endocytotic pathways for enhanced cellular uptake [95] or enhancing the lipophilicity of
proteins to improve partitioning into epithelial cell membranes [2]. Some have used specific
enteric capsule coatings designed to degrade in specific sections of the Gl tractor even co-
administer enzyme inhibitors, both with and without adsorption enhancers, so as to avoid
significant proteolytic activity.

Current Clinical Landscape and Future Prospects—Oramed has developed a
technology to deliver peptides and proteins by oral administration. The technology makes
use of protease inhibitors to prevent degradation of the protein in the stomach, an absorption
enhancer to facilitate passage through intestinal epithelium and an enteric coated capsule to
ensure release of capsule contents in the small intestine. Recent studies in humans showed
that an Oramed insulin pill taken prior to each meal in type | diabetes patients, in
conjunction with normal subcutaneous insulin injections, were able to reduce glycemia
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throughout the day [96]. Oramed has recently finished Phase Il trials in the US. Emisphere is
developing Eligen® technology that can be applied for the oral delivery of molecules,
including proteins. The Eligen® technology is based on compounds that interact with drugs
and facilitate drug transport across the intestinal epithelium. Emisphere‘s technology has
been used in clinical trials to transport insulin, salmon calcitonin, GLP-1 analogs and
heparin via the oral route [97]. Clinical trials have also shown that Eligen®-delivered oral
vitamin B12 performs just as well as the standard B12 regimen of ~9 injections over a 90
day period [98]. Several other innovative technologies are being tested for oral delivery of
proteins and are at various stages of development. These include the use of mucoadhesive
patches [99], FcRn-targeted nanoparticles [100] and hydrogels [101, 102].

5. Pulmonary Drug Delivery

Pulmonary drug delivery is mediated via the inhalation of drugs through a variety of means,
ranging from nebulizers to inhalers. Pulmonary drug delivery has been explored for systemic
as well as localized delivery of drugs to the lungs. The advantages for systemic delivery are
that inhalation offers a rapid systemic onset, in some cases on the order of minutes, which
results from the large surface area of lungs [103]. In case of localized delivery to lungs,
which has been the primary application for inhaled medications, onset is even more rapid.
This is essential to treat severe asthma attacks as, in many cases, people suffering from
asthma attacks require simple to use/access (patient compliant) and fast acting DDS. Of the
numerous inhalation DDS on the market, the metered dose inhalers have had the most
impact, effectively making asthma medications simple for patients to administer to
themselves. The metered dose inhaler has also inspired other inhalation DDS to push beyond
what was originally thought possible, such as the inhaled delivery of peptides or proteins.
Here, we highlight the development of the first metered dose inhaler.

Development of Asthma Inhalers—The metered dose inhaler (MDI) was first
conceived in the mid 50°s [104]. While other pulmonary DDS such as nebulizers had been
developed and used up to this point and found success due to localized lung delivery, they
were limited as they were fragile and, most importantly, not able to precisely control the
amount of therapeutic given to a patient. The MDI revolutionized pulmonary drug delivery
by offering a controlled method to deliver a known amount of therapeutic with each dose.
The first MDI was approved and marketed in 1956 [105]. The MDI design consists of a
canister which contains the drug formulation, the metering valve which dispenses the pre-
determined dose and a mouthpiece which facilitates the transport of the drug formulation to
the patient. Nearly 10 years ago, it was estimated that asthma inhalers generate sales of
about $25 billion a year [106]. More recently, the top two selling combination inhalers,
Advair® and Symbicort®, generated $8 and $3 billion, respectively, in 2012 [83].

Advantages and Limitations of Inhalers—MDIs offer numerous advantages for
delivery of asthma medication over nebulizers. The inability of older nebulizers to control
the amount of therapeutic dose resulted in increased, potentially fatal, side effects of
overdose or insufficient delivery. These inconsistencies allowed MDI inhalers to provide
much needed ease of administration in terms of both consistent dosing and simple
application procedures. The combination of the large dispersion area of aerosolized DDS
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that typically follow administration and the large surface area of the lungs synergistically
contribute to the delivery of inhaled therapeutics by facilitating the rapid uptake of
molecules into systemic circulation. Further, if local delivery to lungs is desired, inhalers
provide a direct access. However, inhalers are limited in their ability to deliver peptides and
proteins. Degradation of stored peptides and proteins is a particular issue for MDlIs. Dry
powder inhalers (DPIs) are potentially more advantageous than MDIs for protein storage as
they allow for the storage of proteins in a dry form, effectively extending protein shelf life.
Further, DPIs are typically activated by the patient’s air flow [107] as compared to MDIs
which requires coordination between actuation and inhalation. The patient is responsible for
this coordination and must know the proper ways to administer their own medication;
however, this issue can be addressed with proper training.

Lessons Learned from Inhalers--Current Academic Research—Recent research
has improved the use of MDIs and other inhalers by: (i) optimizing aerosol particle size for
ideal aerodynamic diameters for enhanced local delivery to lungs [108], (ii) engineering of
spacers to limit the loss of drug at target site during application [104] and (iii) improving on
the actual design and technology of the original MDI, to name a few [109]. In a broader
sense, inhalation research is focused on the delivery of larger molecules like peptides via the
inhalation route for systemic administration. Inhalation is an attractive route for protein
delivery due to the rapid absorption of drugs through the lungs, the lack of proteolytic
enzymes in lungs compared to Gl tract and the general non-invasive nature of inhalers.
Techniques have been developed to improve macromolecule delivery via inhalation
including absorption enhancers [110] and improved particle design for either deep lung
penetration [111] or extended delivery of encapsulated therapeutics [112].

Current Clinical Landscape and Future Prospects—Inhalers have been
predominately used, and FDA approved, for the treatment of asthma and chronic obstructive
pulmonary disease (COPD) (Table 2). As of December 2013, the FDA has completed the
phase-out of chlorofluorocarbon inhalers [113], with many products still remaining [114].
Many other devices have been approved or are in development for the treatment of other
diseases including cystic fibrosis (Cayston® and TOBI™ Podhaler™), diabetes (Exubera®,
approved in 2006 and withdrawn in 2007) and pulmonary arterial hypertension (Ventavis®
and Tyvaso®) (Table 2) [115]. Inhalation offers a broad platform that can systemically
deliver peptides and proteins in a patient-compliant, non-invasive manner. In particular, they
offer rapid absorption, lesser interference from proteases compared to oral route and high
permeability of the epithelium. These advantages over oral route for peptide and protein
delivery influence the landscape of clinical inhalation research, as the search for non-
invasive delivery of peptides and proteins continues to persist. Many inhalable DDS, as
highlighted below, are making strong strides to achieve routine clinical delivery of insulin.
In fact, one such product had been previously approved by the FDA.

The first FDA approved inhalable insulin formulation was Nektar’s Exubera®, which was
manufactured and marketed by Pfizer. The Exubera® formulation stored and delivered
insulin via a dry powder inhaler [115] so as to maintain peptide stability. Further, Exubera®
provided appropriate aerosolized characteristics to ensure pulmonary delivery, a low-dose
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powder filling so as to deliver small doses and a physical device to control dispersion and
reliable dosing to patients [116]. Despite successful clinical trials [117, 118], the additional
cost of Exubera [119] caused the discontinuation of the product [120]. MannKind Inc.
continued to develop an inhaled insulin product, AFREZZA® which potentially offers a
compact inhalation device, low dosing and rapid absorption [121]. AFREZZA® has
submitted a New Drug Application (NDA) and has recently announced positive Phase 111
clinical study results, namely weight advantages, reduced hypoglycemia and decrease in
fasting blood glucose levels compared to insulin aspart [122].

Other future prospects for inhalable DDS focus on taking advantage of either: (i) the rapid
drug onset for near immediate treatment or (ii) the localized delivery to lungs for the
treatment of lung infections. Civitas is developing a pulmonary delivery platform called
ARCUS® which is focused on treating OFF episodes associated with Parkinson’s disease
with a formulation (CVT-301). CVT-301 is designed to deliver L-dopa and is to be used as
needed and in tandem with standard L-dopa oral formulated Parkinson’s disease treatments.
The ARCUS® inhaler is designed to provide immediate relief from OFF episodes. Briefly,
ARCUS® provides reliable delivery of a large, precise dose via a breath activated device.
ARCUS® utilizes a dry powder formulation that ensures both stability and delivery deep
into the lungs for systemic delivery. Phase | studies have shown that CVT-301 was
successful in achieving target L-dopa plasma levels and Phase 11 studies have shown
improved motor functions in Parkinson’s disease patients that were in the OFF state [123].
Currently, CVT-301 is undergoing Phase |1 studies to determine safety and efficacy in
treatment of OFF states in Parkinson’s disease patients. Cardeas is developing inhalable
antibiotics for pneumonia treatment using a single-use nebulizer to deliver two
synergistically acting antibiotics, amikacin and fosfomycin. Cardeas was recently granted
fast track review for their antibiotic combination product and has begun enroliment for
Phase Il studies for treatment of multi-drug resistant bacterial infections [124]. Early clinical
trials indicate that the Cardeas formulation is safe and tolerable for all tested doses.

6. Implantable Systems

Implantable DDS can be classified into two categories that define their release properties;
either passive delivery or active delivery. Passive DDS control drug release via the material
properties that constitute the implant. Passive DDS can tune drug release from the reservoir
by controlling rates of diffusion, osmosis, or concentration gradients. These passive release
methods are dependent on drug choice, membrane composition, size and tortuosity of
membrane pores, and the combination of these design parameters. On the other hand, active
implant DDS control drug release using a pump that can be activated by a number of
methods ranging from simple manual actuation from physical pressure to electrochemically
driven mechanisms that can vary drug delivery rates. Since some implantable DDS take
advantage of micro and nano-fabrication technologies, this may lead to longer approval
times as they may fall under the FDA Office of Combination Product review, which looks to
review medical therapies that combines elements from independently established fields
[125]. Implantable DDS have made a large impact in ocular drug delivery as traditional
methods require numerous intravitreal injections which can potentially result in a number of
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issues as discussed below. Here, we will highlight the very first of these intravitreal
implants, the Vitrasert® implant.

Development of Vitrasert®—The Vitrasert® implant was approved by the FDA in 1996
for the treatment of AIDS-related cytomegalovirus (CMV) retinitis. The conventional means
of delivering ganciclovir has been intravitreal injections; however, the nature of CMV
retinitis treatment requires many injections that result in complications that can arise from
repeated intravitreal injections. Theoretically, reservoir implants provide an attractive means
to deliver ganciclovir while limiting the number of intravitreal procedures, but no such
device existed at the time. The Vitrasert® implant consists of a ganciclovir reservoir that is
coated in both polyvinyl alcohol (PVA) and ethylene vinyl acetate (EVA) that is sutured on
the inside wall of the eye. The PVA mediates the release of drug and the EVVA controls the
surface area that the drug can pass through. The implant can maintain controlled drug
release for a period of 5-8 months, after which the implant must be removed and replaced in
order to continue treatment. In early studies, Vitrasert® showed zero order release of
ganciclovir [126] and in a Phase | trial showed efficacy for controlling CMV retinitis in
patients that showed little to no response to conventional ganciclovir therapies [127].
Vitrasert® was eventually advanced by Control Delivery Systems and has been approved by
the FDA.

Advantages and Limitations of Vitrasert®—Vitrasert® was the first implant
approved for CMV retinitis treatment. The alternative, intravitreal ganciclovir injections,
require frequent (weekly) administration over a period of months or years [128]. The issues
associated with these repeated intravitreal injections ranged from hemorrhaging to retinal
detachment [129]. Further, rapid drug clearance from the vitreous region led to more
frequent injections, on the order of 1-2 per week [128]. The Vitrasert® implant circumvents
the majority of these issues. Controlled release allows for better drug absorption which
lowers the number of required procedures compared to intravitreal injections. This results in
improved sustained release and better intraocular concentrations over a longer period of time
compared to both the combination of initial intravitreal injection alongside maintenance
intravenous injections [128]. Other advantages include localized delivery to the eye and
specified dosing. Vitrasert® lasts between 5-8 months before replacement is necessary. The
initial clinical trials showed that ganciclovir implants limited progression of CMV retinitis
nearly 3-fold longer than intravenous ganciclovir alone could offer [130]. The disadvantages
of Vitrasert® include the lack of systemic treatment as CMV infection can also appear as a
systemic infection and oral supplementation of ganciclovir is often required to prevent CMV
extraocular infection. Two separate invasive surgeries for the implantation and removal of
Vitrasert® are required and, independent of the Vitrasert® implant, can cause complications
due to the nature of eye surgery.

Lessons Learned from Vitrasert®--Current Academic Research—Retisert®,
approved by the FDA in 2005 for the treatment of chronic non-infectious uveitis, followed
Vitrasert® as the second generation of reservoir based implants. Retisert® provides reliable
drug delivery for up to 3 years, well past that of the 5-8 month limit of Vitrasert®. Retisert®
is also smaller compared to Vitrasert® which makes implantation and removal less invasive.
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Both of these products address areas of the pharmaceutical market where there is truly no
competitive alternative that offers long-term drug release. More recently, active release
implants which offer on demand drug release have been developed in academic labs
[131-133]. These devices can control drug release via a variety of mechanisms including,
but not limited to: physical forces, electrochemical methods, magnetic fields, laser induced
or electrothermal means. Further, currently researched devices can be fabricated via
semiconductor technology for more precise and reliable synthesis.

Current Clinical Landscape and Future Prospects—Other implantable DDS have
been developed and approved by the FDA (Table 2), and a few examples are highlighted
here. lluvien®, a microfabrication-based device has been developed to deliver fluocinolone
acetonide. lHuvien® does not require suturing as in the case with both Vitrasert® and
Retisert®, which provides a much less invasive procedure. The implant is designed to last
up to 3 years without requiring replacement. lluvien® delivers fluocinolone acetonide to
patients suffering from diabetic macular edema, which is typically treated via laser
photocoagulation that often leaves patients with irreversible blind spots. Similar to its
predecessors, lluvien® targets a disease that offers virtually no alternative in the form of
FDA approved drug therapies. lluvien® has been approved and is being marketed in many
countries including the UK, Germany and Spain and is currently being considered for FDA
approval. Ongoing Phase |1 clinical trials aimed at treating wet-age related macular edema
and dry-age related macular edema are also under way. Another FDA approved implant,
Ozurdex®, is used to deliver corticosteroid dexamethasone for treatment of retinal vein
occlusion. Ozurdex® is the first, and only, biodegradable implant that delivers
dexamethasone [134]. Following drug release from the implant, no surgery is required to
remove the implant from the body.

The Gliadel® wafer was FDA approved in 1996 for use as an adjunct to surgery in patients
with recurrent glioblastoma multiforme, an aggressive type of brain tumor. In 2003, the
Gliadel® wafer was approved for use as a first time treatment for brain tumors. It was the
first localized chemotherapeutic for initial treatment of brain cancer. The dime sized wafers,
which are comprised of the chemotherapeutic agent carmustine and the polymer matrix
made of poly (carboxyphenoxy-propane/sebacic acid) [135], are surgically inserted in the
cavity that remains following removal of brain tumors. Gliadel® has shown to increase
patient survival for up to 6 months in some cases, but also increased incidences of
postoperative wound infections and cerebral edema [136]. Current clinical Gliadel®
research looks to combine Gliadel® wafers with systemic chemotherapies and radiation
treatment for enhanced tumor cell death following surgery.

MicroCHIPS is developing a platform of implantable DDS, which utilizes a MEMS-based
technology for drug delivery [137]. These implants allow active control over drug release,
either at predetermined times or on-demand. Release of PTH has been demonstrated using
MicroCHIPs technology and offers precise dosing at scheduled intervals to overcome the
compliance issues associated with the daily injections conventional PTH treatments
currently require. Human studies have shown that PTH was delivered as programmed and
showed similar pharmacokinetics while offering less variation in dosing as compared to
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multiple PTH injections. Further, bone formation was increased in the short, 20 day, study
[138].

7. Antibody-Drug Conjugates

Antibody-drug conjugates (ADCs) are targeted bioconjugate pharmaceuticals that combine
the benefits of monoclonal antibodies and cytotoxic drugs to treat cancer. ADCs involve a
chemical linker that conjugates the antibody to the drug and can either be cleavable or non-
cleavable. Indeed, the vast number of monoclonal antibodies and drugs allow for near
endless combinations of ADCs. ADCs potentially offer a development path for highly toxic
drugs that are otherwise difficult to clinically implement due to off-target toxicity. As an
example, the ADC Brentuximab vedotin (Adcetris®) facilitated the use of the highly toxic
Monomethyl auristatin E (MMAE) in the clinic, which is otherwise challenging due to the
high toxicity of MMAE. To date, three ADCs have been approved by the FDA, the first one,
Gemtuzumab ozogamicin (Mylotarg®), has been withdrawn from the market in 2010. Here,
we will highlight the development of the most recently approved ADC, Trastuzumab
emtansine (commercialized by Roche), which has seen early commercial success.

Development of Trastuzumab Emtansine (Kadcyla®)—Trastuzumab emtansine
(Kadcyla®) is comprised of the monoclonal antibody trastuzumab, the potent cytotoxic drug
mertansine (DM1) and a linker that covalently attaches trastuzumab and DML together via
reactive succinimide ester and maleimide groups. trastuzumab is a monoclonal antibody
(FDA approved in 1998) that is used for the treatment of certain breast cancers by targeting
HER2 receptors. The main limitation of trastuzumab is eventual tumor resistance.
Combination of trastuzumab with DM1 can address this issue. DM1, is a derivative of
maytansine which are known to be a toxic class of therapeutics and have essentially no
therapeutic window [139]. The derivative itself, DM1, is 100 to 10000 fold more potent than
typical chemotherapeutics [139], which limits clinical use of DML1 to targeted applications.
The linker component utilizes activated maleimide reactive groups on trastuzumab’s surface
to bind to thiol groups on DM1 [140]. The Phase I11 studies of Kadcyla® showed an
increase in progression-free survival of 3.2 months, overall survival of 5.8 months and lower
toxicity when compared to treatment with lapatinib plus capecitabine in patients that were
previously treated with trastuzumab and a taxane [141]. Kadcyla® was approved by the
FDA in 2013 and generated a revenue of over $150 million within a few months of launch
[142].

Advantages and Limitations of Trastuzumab Emtansine—Kadcyla® offers the
benefits of a highly potent cytotoxic drug alongside the targeted abilities of the monoclonal
antibody trastuzumab. The main advantages are being able to combine two separately
established technologies to synergistically increase the therapeutic efficacy beyond what is
offered by individual components. The ADC directly addresses the clinical limitations of
each individual composition, namely the lack of long term efficacy of antibodies upon
repeated dosing and the lack of clinical utility afforded the highly potent DM1 drug due to
its high toxicity which typically results from lack of specific tumor targeting. What remains
is a highly potent targeted therapy, which chemotherapy cannot provide, for the treatment of
HER2 positive breast cancer. ADCs offer a larger therapeutic window and lower side effects

J Control Release. Author manuscript; available in PMC 2015 September 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Anselmo and Mitragotri Page 17

compared to traditional chemotherapies, stemming from their selective tumor targeting.
Unfortunately, the main issues that challenge successful monoclonal antibodies also limit
ADCs, specifically: (i) poor access to hypoxic tumor areas and generally poor tumor
penetration, (ii) issues concerning the non-target site uptake, and (iii) undesirable immune
system responses via Fc interactions [143].

Lessons Learned from Kadcyla®--Current Academic Research—The early
success of Kadcyla® highlights the importance of selecting a highly specific antibody that
had previously shown clinical success and the selection of a highly toxic drug that likely
could not be delivered in its free, non-targeted, form. Research continues to focus on the
linker technology that conjugates the drug to the antibody. This is because both highly
specific and highly toxic drugs already exist, so cutting edge research is focused on linker
technology that can directly improve ADCs by improving homogenous attachment between
antibody and drug, thereby facilitating more predictable circulation, cell internalization and
drug release of ADCs. Some specific efforts involve chemically limiting the number of
potential binding sites on antibodies to have better control of drug-antibody stoichiometry
[144] and genetically encoding unnatural amino acids into antibodies for site-specified drug
binding [145]. Optimization of ADCs has been investigated for over 20 years [146] and so
the majority of research efforts are focused on ADCs currently in clinical trials [147, 148].

Current Clinical Landscape and Future Prospects—There are over 25 clinical trials
currently underway for ADCs [147, 148]. Many of them utilize the same, or similar,
cytotoxic drugs as the two currently approved ADCs, Kadcyla® and Adcetris®. The other
currently FDA approved ADC, Adcetris®, was approved in 2011 for the treatment of
Hodgkin’s lymphoma and anaplastic large cell lymphomas. Adcetris® is comprised of a
CD30-specific antibody, a highly potent antitubulin agent monomethyl auristatin E
(MMAE) and an enzyme cleavable linker that releases the drug when inside the target cells
[149]. The combination of these provides a potent therapy, as the drug component of
Adcetris®, MMAE, is too potent to have any clinical utility on its own and the antibody
portion, cAC10, has limited therapeutic effect on its own. Adcetris® generated sales of $136
million in its first year on the market (October 2011 to September 2012) [150].

Gemtuzimab ozogamicin (Mylotarg®) was the first FDA approved ADC; however, it was
withdrawn from the market in 2010, 10 years after its initial approval. The market
withdrawal was spurred by a clinical trial that indicated that Mylotarg® not only increased
mortality, but also added no benefit over alternative therapies [151]. Mylotarg® was used
for the treatment of acute myelogenous leukemia and consisted of an antibody directed
toward CD33, a highly potent cytotoxic calicheamicin derivative and an acid-labile
hydrazone linker [152]. Mylotarg® is still being tested in clinical trials and showing promise
in combination with chemotherapy [153]. As stated earlier, over 25 ADCs are currently in
clinical trials [148], and some of the ones in later development stages include: (i)
Inotuzumab ozogamicin, developed by Pfizer, which targets CD22 with a calicheamicin
payload attached via a hydrazone linker, (ii) Glembatumumab vedotin which targets
transmembrane protein NMB with an MMAE agent attached via an enzyme cleavable
dipeptide and has received FDA Fast Track designation for breast cancer treatment and (iii)
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Lorvotuzumab mertansine which targets CD56 with DM1 attached via a cleavable disulfide
linker and has been granted orphan drug status for the treatment of small cell lung cancer.

Summary and Outlook

There is no doubt that DDS have had a strong impact on pharmaceutical market. Novel DDS
have provided several advantages including local delivery, use of drugs that are otherwise
difficult to use and increased patient compliance. In addition, drug delivery systems also
provide means of patent extension, which further adds the value of new drug molecules. A
review of the field reveals several clinical and commercial success stories. Many sub-fields
of drug delivery, i.e., transdermal drug delivery, depot injections, and oral drug delivery,
have commercially successful products with annual sales exceeding a billion dollars. At the
same time, it should also be noted that the journey from an idea to a commercially
successful DDS is long and difficult, as evidenced by the few FDA approved products in
spite of a strong early research pipeline. At each step there are many roadblocks that can
spell immediate failure (Figure 3), thus preventing the clinical or commercial translation of
many promising DDS.

Strong academic research has provided numerous early-stage technologies for DDS.
Naturally, many commercially successful DDS began as novel ideas originating in an
academic research lab. The hypotheses that form the foundation of these ideas need to be
tested and verified as soon as possible. Proof of concept studies are essential in confirming
that the DDS is viable and can provide therapeutic benefits in vivo, even if just in small
animals. Given the high rate of fall-out during in vitro to in vivo translation, it is critical that
the idea be put to the ‘in vivo test’ as soon as possible. In vitro optimization of the DDS
must typically occur in order to provide the best chance for success at expensive, and often
lengthy, in vivo experiments. Further, success in small animal models does not guarantee
success in humans. Following up with publications and patents is also key. Strong
publications often provide validation of significant scientific breakthroughs through peer-
review [154] while patents are essential to secure commercial development.

Investors and industrial partners play a strong role in commercial as well as clinical
translation. While the two do not necessarily have to correlate, the high costs of clinical
studies and often requires strong financial commitments. Unlike technologies originated in
large pharmaceutical companies, academic inventions lack substantial capital and require
outside sources of funding and support in order to progress the technology. Further,
companies likely have access to therapeutic molecules that are in need of novel drug
delivery systems. Clinical trials are the ultimate test of efficacy and utility of a novel DDS.
Prior to FDA approval, DDS candidates must show efficacy and tolerability in pre-clinical
studies. Even after successful studies and commercial launch, side-effects still need to be
monitored and recorded, as it is difficult to cover all details in clinical trials. This is
evidenced by the recall of many drugs and DDS formulations after commercialization.
Indeed, many DDS fail when undergoing clinical trials for a variety of reasons, ranging
from: (i) lack of funds to support expensive clinical trials, (ii) lack of tolerability or high
toxicity in patients even in spite of therapeutically successful outcomes, (iii) lack of
therapeutic effect or (iv) study design failures stemming from patient selection, dosing
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issues or even selecting an appropriate endpoint. Timeline of development also needs to be
closely monitored in view of the finite patent life and extended regulatory approval times.

Many of the DDS showcased here (Table 3) were developed or inspired by research at the
academic level. While the process from lab-level research to a commercial product is long,
there are many examples that illustrate the potential of ideas and proof-of-concept studies in

bu
de
co

ilding the foundation for these commercialized products or even facilitating the
velopment of new sub-fields in drug delivery. Partnering between pharmaceutical
mpanies and academic labs has the potential to further both fundamental drug delivery

research and translate these findings in the form of improved clinical therapeutics.
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Figure 1.

Schematics and brief descriptions of the 7 highlighted DDS: (i) microparticle-based depot
formulations, (ii) nanoparticle-based cancer drugs, (iii) transdermal systems (patches
highlighted here), (iv) oral drug delivery systems (OROS® highlighted here), (v) pulmonary
drug delivery systems (inhalers highlighted here), (vi) implants and (vii) antibody-drug
conjugates.

Microparticle-based depot systems comprise formulations of drugs, peptides, or proteins
encapsulated in biodegradable polymeric particles. These systems allow for the sustained
and controlled release of therapeutics over a long period of time, allowing for a reduced
number of treatments.

Nanoparticles are drug carriers that are capable of encapsulating and protecting drugs from
rapid degradation in vivo, improving both targeting and circulation profiles via surface
modification with application-specific ligands, and controlling the rate of drug release from
the particle.

Transdermal patches contain a backing layer that prevents drug leakage, a reservoir to store
the drug, a rate controlling layer that controls drug release and an adhesive layer that

Implant Strut

(vii)
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attaches to the skin. Transdermal patches allow for a painless, patient-compliant interface to
facilitate systemic administration of drugs.

OROS® technology is an osmotically driven system that controls the rate of drug release via
the design of the osmotic pump and the osmotic properties of the drug. OROS® allows for
the controlled release of therapeutics, via the oral route, which decreases dosing frequencey
and side effects.

Inhalers are compact devices that are used to store drug formulations which can be delivered
as inhalable aerosolized sprays. Inhalers permit rapid absorption of drugs through the lungs,
control over drug delivery via fixed doses, and the convenience of self-administration.
Implants are devices that either passively, through material properties, or actively, through
various actuation methods, control drug release rates. Implants allow for long-term delivery
of therapeutics, often reducing the number of invasive procedures required to maintain
similar therapeutic effect.

Antibody drug conjugates are chemical conjugates of monoclonal antibodies and cytotoxic
agents. Antibodies allow targeted delivery of highly potent cytotoxic drugs, thereby
reducing systemic toxicity.
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Figure 2.

Normalized pie chart for clinical trial search. Search on ClinicalTrials.gov that counted the
hits for clinical trials that are active and currently ongoing (but not recruiting). Thus, the
data present trials that are actually in process. Data has been normalized to the sum of the
total hits (180) for the following search keywords: (i) ‘Depot’ (41), (ii) “Transdermal’ (38),
(iii) “Inhaler’ (27), (iv) ‘Subcutaneous implant’ (7) and ‘Intravitreal implant’ (9) and ‘Birth
control implant’ (10), (v) ‘Nanoparticle and cancer’ (25), (vi) ‘Antibody drug conjugates’
(19) and (vii) ‘OROS’ (4). (Search conducted in Feb. 2014)
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5. dinical Trials

Establishment of safety and
efficacy inhumans

Substantial fundingisnecessary
to cover costs of development
and conduct of clinical studies

2.Proof of Concept In Vive 4, Commercial Translation 6. Commerdialized Product
studies

Financial backing for technology Successful launch and market
Verification of in vivo advancement follow up
compatibility of the techneology

The technology must Costs and patient/physician
The system must work invive demonstrate amarketneed and acceptance needsattention

and cause no harm scalability/productization

Figure 3.

The typical path that academic discoveries follow from initial ideation to a final
commercialized product. The challenges at each step are highlighted.
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Table 2
Examples of FDA approved drugs

List of approved drugs that fall into: (i) microparticle-based depot systems (biodegradable non-microparticle
based formulations have been excluded), (ii) NP-based chemotherapies, (iii) transdermal devices [4], (iv)
osmotically controlled oral formulations [82], (v) inhalers [114], (vi) implants (emphasis on intravitreal,
cancer, and birth control formulations) and (vii) antibody drug conjugates.
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Microparticle-Based Depot

NP-based Chemotherapy

Transdermal Devices

Osmotically Controlled Oral
Formulations

Zmax® (Azithromycin)

Decapeptyl®/Trelstar®
(Triptorelin)

Vivitrol® (Naltrexone)
Avrestin® (Minocycline)

Risperdal® Consta®
(Risperidone)

Sandostatin® LAR Depot
(Octreotide)

Nutropin Depot®
(Somatropin)

Lupron Depot®
(Leuprolide)

DepoCyt® (Cytarabine)
DepoDur® (Morphine)
Bydureon® (Exenatide)

Somatuline
LA(Lanreotide)

Abraxane®
(Paclitaxel)

Doxil®
(Doxorubicin)

DaunoXome®
(Daunorubicin)

Margibo®
(Vincristine)

Transderm-Scop®
(Scopolamine) Nitro-Dur®
(Nitroglycerin)

Catapres-TTS® (Clonidine)
Estraderm® (Estradiol)
Duragesic® (Fentanyl)
Androderm® (Testosterone)

Combipatch® (Estradiol
with norethidrone)

Lidoderm® (Lidocaine)

Climara Pro® (Estradiol
with levonorgestrel)

Oxytrol® (Oxybutynin)

Synera® (Lidocaine and
tetracaine) Daytrana®
(Methylphenidate)

Emsam® (Selegiline)
Neupro® (Rotigotine)
Exelon® (Rivastigmine)
Sancuso® (Granisetron)
Butrans® (Buprenorphine)

Ortho Evra® (Estradiol and
norelgestromin)

Qutenza® (Capsaicin)

Flector® (Diclofenac
epolamine)

NicoDerm®/Habitrol®/
ProStep™ (Nicotine)

Devices:
IONSYS® (Fentanyl)

SonoPrep® (Lidocaine via
ultrasound)

lontocaine (Lidocaine and
epinephrine via
iontophoresis)

LidoSite® (Lidocaine and
epinephrine via
iontophoresis)

Concerta®
(Methylphenidate)

Ditropan XL®
(Oxybutynin)

Teczem (Enalapril
Diltiazem)

Dilacor XR® (Diltiazem)
Covera-HS® (Verapamil)

DynaCirc CR®
(Isradipine)

Minipress® XL (Prazosin)

Procardia XL®
(Nifedipine)

Fortamet® (Metformin)
Altoprev® (Lovastatin)
Glucotrol XL® (Glipizide)
Invega® (Paliperidone)

Tegretol®-XL
(Carbamazepine)

Allegra D®
(Pseudoephedrine and
Fexofenadine)

Efidac/24®
(Pseudophedrine and
Bromopheniramine or
Chlorpheniramine)

Volmax® (Albuterol)
Orenitram™ (Treprostinil)

Sudafed ® 24 Hour
(pseudophedrine)

Exalgo®
(hydropmorphone)
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Ventolin® HFA (Albuterol)

ProAir® HFA (Albuterol)

Combivent Respimat® (Albuterol and ipratropium)
DuoNeb® (Albuterol and ipratropium)

Brovana® (Arformoterol)

QVAR® (Beclomethasone)

Pulmicort Flexhaler™ (Budesonide)

Symbicort® (Budesonide and Formoterol) Alvesco®
(Ciclesonide)

Breo™ Ellipta™ (Fluticasone and vilanterol)
Flovent®

HFA (Fluticasone)

Flovent® Diskus® (Fluticasone)
Foradil® Aerolizer® (Formoterol)
Perforomist® (Formoterol)

Arcapta™ Neohaler™ (Indacaterol)
Atrovent® HFA (Ipratropium)
Xopenex HFA™ (Levalbuterol)
Asmanex® Twisthaler® (Mometasone)
Dulera® (Mometasone and Formoterol)
Serevent™ Diskus™ (Salmeterol)

ADVAIR Diskus® (Salmeterol Fluticasone)
ADVAIR®

HFA (Salmeterol Fluticasone)

Spiriva® Handihaler® (Tiotropium)
Other (PAH, Cystic Fibrosis):

Cayston® (Aztreonam)

Ventavis® (Iloprost)

Tyvaso® (Treprostinil)

TOBI™ Podhaler ™ (Tobramycin)

Part 1l
Inhalers Implants Antibody Drug Conjugates
Asthma and COPD: Eye: Kadcyla®
i L i i i (Trastuzumab
Tudorza™ Pressair™ (Aclidinium) Vitrasert® (Ganciclovir) emtansine)
Proventil® HFA (Albuterol) Retisert® (Fluocinolone) Adcertis®

Ozurdex® (Dexamethansone)
Cancer:
Zoladex® (Goserelin)

Gliadel® (Prolifeprosan and
Carmustine)

Vantas®/Supprelin LA®
(Histrelin)

Viadur® (Leuprolide)
Birth Control:
Nexplanon® (Etonogestrel)

NuvaRing™ (Etonogestrel and
ethinyl estradiol)

Mirena®/Norplant
(Levonorgestrel)

Paragard® (Copper)

(Brentuximab vedotin)
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Case study summary
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Advantages, disadvantages and specific contributions to drug delivery of the 7 highlighted DDS.

DDS

Case Study (Target
Disease)

Advantages Compared to
Alternatives

General Disadvantages

Case Study Contribution

Microparticle Depots

Lupron Depot® (Cancer)

Longer-lasting

Lowers Injection Frequency

Potential Production Issues

. One of the
first examples
of controlled
peptide
delivery

. Changed the
way peptide/
proteins can
be delivered

Nanoparticles for Cancer
Treatment

Doxil® (Cancer)

EPR Targeted
Long-Circulating
Less Side-Effects

Lacks Active Targeting

EPR Effect can be
Unpredictable

. First FDA
approved
intravenous
cancer
nanoparticle

Transdermal Devices

Duragesic® (Pain Relief)

Extended Release
Patient Compliant

Designated Dose

Limited Permeability
Through Skin

. Took a
relevant
therapeutic
and provided
a means for
widespread
self
administration

Oral Delivery Systems

OROS® (Various, see
Table 5)

Designated Dose

Patient Compliant

Limited Delivery of
Peptides and Proteins

Unidirectional Release
Led to Gl Irritation and
Ulcers

. Platform
technology
that is still
relevant and
delivers new
therapeutics
over 30 years
later

Pulmonary Delivery Systems

MDI Inhalers (Asthma)

Designated Dose

Patient Compliant

Requires Patient Trained
in Inhaler Use

Challenging to Delivery Large

. Transformed
pulmonary
delivery by
offering
controlled,
on-demand
delivery

Implants

Vitrasert (CMV Retinitis)

Lasts 5-8 Months Instead of
Weekly

Limits Number of
Injections/Procedures Done
to Eye

Invasive Surgery for
Insertion and Removal

Potentially Lacks Systemic
Treatment

. Limited the
number of
invasive
procedures in
favor or less-
invasive,
longer-lasting
implants

Antibody Drug Conjugates
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Kadcyla® (Cancer)

Both Targeted and Highly
Potent

ADCs can use already FDA
approved molecules

New DDS and Not Yet
Optimized

Same Issues that Face
mAb

. DDS that
utilized an
already FDA
approved
molecule
(Trastuzumab)
to permit the
delivery of
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DDS

Case Study (Target
Disease)

Advantages Compared to
Alternatives

General Disadvantages

Case Study Contribution

highly toxic
agents
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