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FOREWORD

Realization of the promise of drug—device combinations has been long in coming.
Following the rapid expansion of pharmaceutical and biological research and
development in the twentieth century leading to a host of new diagnostics and
therapies, methods of their administration improved in tandem. Meanwhile, the
effectiveness of drugs and largely mechanically based medical devices improved
as the underlying mechanisms of disease were uncovered, increasingly allowing
researchers to address the root cause of illness. However, the classes of drugs, devices,
and biologics remained largely separate from one another until the 1970s from a
commercial and regulatory perspective.

While the benefits of local administration of energy from medical devices in
increasingly complex medical devices such as pacemakers, implantable defibrillators,
radiation therapy, ablation devices, and diagnostics were recognized earlier, admin-
istration of drugs and biologics locally to minimize side effects resulting from
systemic exposure took longer to be translated. The convergence of advances in
the fields of polymer science, biochemistry, analytical chemistry, and controlled
release of small and large molecules from matrices has more recently allowed for early
applications of drug—device combinations to emerge as significant advances for
patient care and commercial successes. Prominent examples include drug-eluting
pacemaker leads, drug infusion pumps, and antirestenotic drug-eluting stents that
deliver significant advances in efficacy and ease-of-use for those therapies.

While these and other advances have led to therapies that address acute needs that
used to be largely fatal for patients, it has also resulted in an increasing number of
patients living in the aftermath with the effects of chronic disease. The resulting shift
in obvious clinical need toward chronic disease represents an opportunity for
researchers in academia and industry to collaborate in new ways to address these

vii



viii FOREWORD

problems. Recent advances in regenerative medicine, including the use of stem cells,
improvements in understanding of the underlying mechanism of cell-matrix inter-
actions, genomics, and minimally invasive delivery technologies, promise to disrupt
our current treatment modalities. In addition, as we uncover the mechanism and role
of the nervous system in modulating the body’s response to a diverse range of disease
states, the local delivery of energy and drugs by devices via neuromodulation
promises to be one of the most exciting tools to address chronic disease.

We believe that we have only scratched the surface of applications in which local
applications of pharmaceuticals or biologics, in combination with mechanical action
or energy input, can result in significant improvement in patient outcomes. The
contributions in this volume represent a cross section of the academic researchers who
have devoted their lives to understanding and translating the enabling technologies, as
well as the industrial leaders who have commercialized them and made them available
to patients globally. Our hope is that the energy and discourse ignited by the
discussion in this book, which accounts for some of the successes and challenges
presented in research and development of drug—device combinations, will lead to
wider understanding of the very real challenges, scientific or otherwise, for advancing
this concept to new, unimagined applications.

Davip Knapp

Vice President, Corporate Research

Tim GIRTON
Vice President, Interventional Cardiology R&D

Boston Scientific Corporation



PREFACE

Ask not only what devices can do for drugs or what drugs can do for devices; ask also
what new things that drugs and devices can do together.

Drugs treat diseases through chemical reactions. Devices treat diseases through
physical actions. The differing technical challenges in developing molecules and
macroscale devices are obvious. As such, drugs and medical devices have tradition-
ally been developed and used separately. Pharmaceutical companies and device
manufacturers operate in different markets and with different goals and business
models. Whereas drug companies tend to focus on blockbuster products that are
administered repetitively to patients, many medical devices, especially implants,
involve long-term use of a single unit. Pharmaceutical companies can expect a
relatively long period of profit from a successful drug, as there are few ways to
“upgrade” therapy based on a particular molecule, and it is difficult to predict the
success of related molecules. Generally speaking, all drugs must go through the same
discovery, development, and approval process. Devices, on the other hand, either
must undergo a full cycle of research, development, and approval if they are the first of
their kind on the market, or they represent incremental changes to predicate products.
It is a constant effort for devices to remain at the cutting edge, and many products can
only maintain their market share for relatively short periods.

The regulatory paths for the two kinds of therapies have traditionally been separate,
with differing sets of hurdles to overcome. Whereas any new drug must be considered
on its own, and undergo an exacting and expensive set of phases of study, the path for
approval of a device is somewhat less arduous if it is shown to be related to similar
products that are already on the market. Original devices, especially those that could
have impacts on patients’ safety, however, require thorough studies to be performed
to win premarket approval. Devices often have numerous components, all of which
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X PREFACE

are subject to extensive studies in order to control and minimize possible mechanical,
biocompatibility, electrical, or chemical failure modes following implantation.
Recently, there has been a trend toward drug—device convergence. A number of
drug—device combination products have been developed to enable or enhance each
other’s functions and achieve improved or even new therapies. During 2008-2012,
over 1000 new applications of combination products were submitted to U.S. FDA for
review, all having drug or biological delivery components. Currently, these types of
products represent a market of tens of billions of dollars. However, the definition of
drug—device combination products has not been clear. Typically, it refers to products
containing both drug and device components that act in concert to achieve functions
that otherwise are difficult or impossible to achieve by either component alone. Such
synergy is needed to justify the effort in producing combination products.
Drug—device combination products are recent innovation, but drug delivery
products can be tracked back to tablet, capsules, and syringes that have long been
used and may be considered as early “devices.” While these products are still
dominant as means for administering drugs, their utility, if not their design, is rather
straightforward. Advanced drug delivery for improved efficacy, low toxicity, and
convenient uses started in the 1960s. With advances in bioanalytical chemistry and the
mathematical and physiological understanding of pharmacokinetics and pharmaco-
dynamics, and the recognition of localized receptors as sites for drug action, it became
clear that targeted delivery of drugs could improve therapy and reduce unwanted side
effects. Of particular interest was control of the rate and locale of drug release. Rate
control could smooth the concentration profile of drug in the blood over time,
maintaining drug concentration within its “therapeutic window,” wherein the drug is
efficacious and nontoxic. On the other hand, release rate could be modulated by need,
as in the case of insulin, which should be delivered in concert with intake of
carbohydrate. By controlling the location of delivery, the drug could be focused
at the site of action and hopefully avoid issues associated with toxicity. Moreover,
direct delivery could lessen drug degradation that occurs as it passes through the harsh
environment of the gastrointestinal tract and the liver (first pass metabolism).
Based on these considerations, devices designed specifically for drug delivery
were developed. Such devices include implantable and externally worn drug pumps,
transdermal patches, implantable drug-loaded tubes or rods, injectable drug depots,
implantable and resorbable drug-loaded polymer wafers, drug-eluting eye inserts and
intrauterine devices, devices for intranasal and inhalation delivery of liquids and dry
powders, and a diverse collection of pen injectors, microneedle arrays, and buccal
patches. Besides these innovative methods of delivery, there has been a steady
improvement in traditional drug delivery devices. For example, syringe needles are
now so sharp that they are much less painful, and extended release tablets, capsules,
and other oral drug delivery “devices” such as osmotic pumps have stabilized and
improved the therapeutic value of drugs. I'V catheters can be directed to very specific
sites, such as the loci of embolisms, where local administration of streptokinase or
tissue plasminogen activator can dissolve the clots.
A more recent development has been the utilization of drugs to improve the
function of implanted devices. The “trivial” way to do this is to administer drugs
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systemically, including antibiotics, blood thinners, and anti-inflammatories, follow-
ing implantation. However, systemic administration leads to systemic effects, which
are often undesirable. By localizing the drug delivery to the site of implantation, these
systemic effects can often be reduced or eliminated. By incorporating the drug as a
component of the device, not only can such localized delivery be achieved, but also
delivery can be controlled in concert with the device’s action to achieve synergistic
therapeutic outcomes. Steroid-releasing cardiac pacing leads, heparin-coated vascular
grafts, drug-eluting stents, antimicrobial pouches, and so on are a few successful
examples.

The aim of this book is to summarize general principles surrounding synergistic
combination of drugs and devices, to improve the performance of either the drug or
the device. Emphasis is placed on the recognition of unmet needs that motivate the
development of combination systems, the research and development required to
introduce specific products, including recognition of special issues that arise when
combining drugs and devices, and in certain cases the special regulatory hurdles that
need to be overcome.

An overview of the general issues surrounding the development of drug—device
combinations is provided by Avula and Grainger in Chapter 1. This chapter also
summarizes progress in particular classes of devices, “case studies” of which are
presented in later chapters. In Chapter 2, Peppas et al. provide a historical review of
drug delivery devices, with emphasis on general principles and applications. This
chapter shows the remarkable progress that has been made in the past 50 years, and
demonstrates the ingenuity involved in combining physics, chemistry, engineering,
and understanding of anatomy and physiology to create a vast variety of devices for
drug delivery. The field has seen a rapid evolution from the relatively crude devices of
the 1960s to present systems whose manufacture requires advanced techniques. Many
of the latter devices are described in Chapter 3 by Stevenson and Langer.

Chapter 4 by Lyu and Siegel discusses practical aspects of developing and
manufacturing drug—device combination products. The chapter starts with a discus-
sion of tests required for combination products that go beyond those needed for simple
devices and pharmaceutical products, due to possible interactions between the drug
and the device. Selection of materials for combination products is then considered,
first in general, and then specifically for drug delivery coatings and catheters. Several
physical and chemical interactions between the drug and the device, which play a
major role in a products’ performance, are then identified. Finally, commonly used
technologies for manufacturing combination products are reviewed, including dip
coating, spray coating, impregnation, extrusion, molding, powder molding, and
reservoir filling.

Chapter 5 by McVenes and Stokes reviews steroid-releasing cardiac pacing leads,
which lower the pacing threshold, increasing the safety margin and the battery life of
the pacemaker devices. The first such product received FDA approval in 1983. A
historical trail describing how engineers and scientists learned that inflammatory
reactions result in pacing threshold increase, and how they solved the problem, is
presented, including a description of a large animal study to screen drugs for reducing
pacing threshold. The chapter also presents the results of studies of steroid release
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over 7 years. These studies are important since the long-term release of steroid is
necessary for certain patient populations.

Chapter 6 by Begovac et al. describes the development of the PROPATEN®
Vascular Graft, which is composed of an expanded PTFE vascular graft function-
alized with a heparin surface coating. The heparin coating improves blood compati-
bility of the ePTFE graft, particularly thromboresistance. The chapter starts with a
discussion of the recognized needs for thromboresistive vascular grafts, and then
presents the steps taken in developing PROPATEN®™. The mechanism of action of
heparin is discussed, along with the strategy of chemically grafting heparin to a layer-
by-layer composite structure formed by cationic and anionic polymers. Product
development is discussed in detail, including design requirements, prototyping,
manufacturing, quality control, packaging, sterilization, and regulatory standards
and pathways. The results of clinical studies are then presented. Challenges as well as
potential side effects such as thrombocytopenia (HIT) are identified at the end of the
chapter.

Chapter 7 by Hildebrand focuses on pump-based infusion systems and therapies.
These systems can be transcutaneous, such as the most currently available insulin
delivery pumps, or implantable, such as those used to deliver neurally active drugs
such as baclofen and morphine sulfate to the intrathecal space. Pump-based systems
can infuse therapeutic agents over days to years. The chapter reviews the basic
components, including a pump, a catheter, the therapeutic agent, and accessories such
as a digital pump controller, and analyzes the clinical uses of pump-based therapies.
Bypass of Gl tract and programmable delivery of continuous and bolus doses are
shown to provide great advantages over conventional drug administration methods.
Potential interactions among pump components, the drugs, and the patient, which
impinge on product safety, are also discussed.

Chapter 8 by Chen and Roberson reviews the research and development that was
undertaken for the PROMUS Element Plus® drug-eluting stent. The chapter describes
the stent, the drug coating, and the delivery technology. Why certain things worked
and others did not is discussed in detail from the standpoint of mechanical, medical,
and deployment objectives. Of particular interest is the mathematical modeling that
was performed to understand drug release kinetics in vitro and in vivo, distribution
into proximal and distal tissues, and pharmacokinetics in the systemic circulation.
Pharmacodynamics is also described with emphasis on stent coverage by neointima as
a function of time after deployment of the stents. The chapter concludes by describing
the results of clinical studies. Safety and efficacy of the PROMUS Element were
demonstrated in terms of the 12-month target lesion failure rate.

Chapter 9 by Peckham et al. describes the development of the INFUSE® Bone
Graft product, which consists of a pack of recombinant human bone morphogenic
protein 2 (hrBMP2) and a sheet of absorbable collagen sponge (ACS) as the drug
carrier. A solution of hrBMP?2 is reconstituted and loaded into the ACS onsite in the
operating room, and the combination is implanted. The chapter reviews the historical
and biological background, manufacturing, pharmacological tests, preclinical tests,
postclinical studies, and regulatory path. The authors emphasize on how key
questions were identified through extensive conversation between the manufacturer
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and the regulatory agents during the precombination product era, when neither the
manufacturer nor the regulatory agent had experience. Insightful discussions are
presented to describe how studies were designed and performed to address the
scientific and clinical questions.

The research and development pathways for drugs and medical devices are
“mature” in the sense that those who wish to develop new products have a clear
path. A broad range of manufacturing technologies are available, and the regulatory
pathways are well laid out. Drug—device combination, however, is a relatively new
area considering almost the entire path from research, development, clinical study,
and regulatory approval through postmarket surveillance. The complexity involved is
both additive and multiplicative. The establishment of the Office of Combination
Products at FDA allows regulators to consider such complexities.

There are several basic questions that presently have no general answers or even
methods for study. For example, what is the best information that can be gathered
regarding the effect and toxicity of a drug that is released locally? How does one
characterize or at least predict local and systemic drug disposition in humans in a way
that can be predictive of success or failure? How does the response of tissues to the
device affect the drug’s pharmacokinetics and pharmacodynamics? Does the drug
affect tissue behavior such that its response to the device changes? These questions are
specific and fundamental to drug—device combination products. Efforts to addressing
these questions and those related to product development path should represent a
significant part of academic and industrial efforts to drive maturation of the tech-
nologies in the years to come.

The advent of advanced drug—device combination products is relatively recent. As
often occurs with new technologies in the biomedical arena, initial fervor is
supplanted by a latent period in which unanswered (and sometimes unanticipated)
questions need to be explored. Recent examples of this phenomenon include
genetically engineered protein drugs, gene therapies, and stem cell-based therapies.
Compared to the number of devices and drugs that are on the market, there are
relatively few drug—device combinations. However, where drugs and devices can be
combined so that one component enables or enhances the function of the other, we
expect that there will be continued motivation to advance the science and technologi-
cal development to further develop such combination products.

SuPING Lyu
Medtronic plc., Minneapolis, MN, USA

RoNALD A. SIEGEL
University of Minnesota, Minneapolis, MN, USA
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ADDRESSING MEDICAL DEVICE
CHALLENGES WITH DRUG-DEVICE
COMBINATIONS

MAHENDER N. Avura' anp Davip W. GRAINGER 2

'Department of Bioengineering, University of Utah, Salt Lake City, UT 84112, USA
’Department of Pharmaceutics and Pharmaceutical Chemistry, University of Utah,
Salt Lake City, UT 84112-5820, USA

1.1 INTRODUCTION

Implanted medical devices (IMDs) comprising synthetic biomaterials have seen
exponential growth in their applications and clinical use over the past five decades [1].
The scope and fields of use for IMDs have increased multifold with the advent of new
technologies, innovation, and improved understanding of human physiology and its
underlying problems. Increasing rates of medical device adoption can be attributed to
various factors, including aging median populations worldwide [2], innovations in
design and function that increase performance and reliability, rising standards of
living among patients in developing nations, and noted improvements in patient
quality of life offered by the devices. New IMDs continue to offer improved treatment
alternatives for cardiovascular, orthopedic, oncologic, and many other diseases [3].
Given these factors, the global medical device market is expected to continue
growing, reaching approximately US$302 billion in 2017 with an annual growth
rate of ~6% over the next 6 years (2011-2017) [4]. Tens of millions of people in the
United States alone have some kind of IMD in their body. Despite enhanced safety
and efficacy, new device design strategies are required to understand and address
complex human factors affecting device performance in vivo. Innovations in design,

Drug—Device Combinations for Chronic Diseases, First Edition. Edited by SuPing Lyu and Ronald A. Siegel.
© 2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc.



4  ADDRESSING MEDICAL DEVICE CHALLENGES WITH DRUG-DEVICE COMBINATIONS

biomaterials, surface modifications and biocompatible coatings, and device-based
onboard drug delivery mechanisms are among strategies employed to improve
clinical IMD performance.

1.1.1 Combination Medical Devices

Drug—device combination medical products are innovative biomedical implants with
enhancements to device function provided by the onboard formulation and local
pharmacology of selected drugs at the implant site [5]. Combination devices couple a
drug loading and releasing mechanism onto an approved prosthetic implant.
Together, these seek to provide several improvements to the in vivo performance
and lifetime of implantable medical devices in various classes and capacities,
including cardiovascular, ophthalmic, orthopedic, diabetes, and cancer applications.
Drug—device combination products represent relatively new device class among
implantable medical devices, one that is drawing increasing attention from both the
pharmaceutical and device manufacturing industries and the clinicians to address
several long-standing problems associated with IMDs. In 2003, the Food and Drug
Administration (FDA) approved a coronary drug-eluting stent (DES) (Cordis
CYPHER™, Johnson and Johnson, USA) opening the market to similar officially
designated “drug—device combination products” in the United States [6]. Several
notable medical devices with locally delivered drugs had earlier precedent, namely,
steroid-releasing pacemaker leads, hormone-releasing intrauterine devices, antibiotic-
impregnated catheters, aerosolized drug inhalers, drug-infused condoms, and several
other precedents. Additionally, several combination products also existed earlier in
Europe than elsewhere, for example, antibiotic-releasing bone cements, drug-eluting
stents, heparin-coated catheters, and others (approved with the CE mark). FDA’s
Office of Combination Products (OCP) was established in 2002 to provide a pathway
for assigning principal FDA oversite and review policies to drug—biologic—device
combinations that could otherwise be confused or compromised by traditional FDA
review file assignments [7]. The objective was to provide a streamlined and consistent
process for assigning these new products to FDA Centers based on claimed primary
modes of action (i.e., device or drug). The OCP defines a “combination device” under
21 CFR 3.2(e) as “A product comprised of two or more regulated components, i.e.,
drug/device, biologic/device, drug/biologic, or drug/device/biologic, that are physi-
cally, chemically, or otherwise combined or mixed and produced as a single entity; or
two or more separate products packaged together in a single package or as a unit and
comprised of drug and device products, device and biological products, or biological
and drug products.” Table 1.1 summarizes this classification system. Most combina-
tion devices add a drug bioactivity adjunct to an already-approved implanted device to
counteract challenges faced by the device in the context of the local host tissue
environment. This can include inflammation, fibrosis, coagulation, and infection,
improving performance in several conditions. One prominent example is the use of
the drug-eluting stent, where local release of micrograms of drug to the vascular bed
has reduced the need for surgical intervention by 40-70% over bare metal
stents [8—10]. However, combination products are often optimized into an integrated
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TABLE 1.1 Diversity of Combination Medical Products Used in Physical or Chemical
Combinations, or Copackaged as a Kit, or as Separate Cross-Labeled Products

Combination

Product Type Clinical Examples

Drug and device Drug-eluting stents, antimicrobial catheters, tibial nail, and sutures

Drug and biologic Autologous platelet concentrate delivery of gentamycin to an open
fracture; demineralized bone matrix delivery of statins to bone
defect

Biologic and device Heparin-coated vascular grafts, insulin infusion pumps, spinal cages
with thBMP-2

Drug and biologic No precedents approved; fictional example: adenoviral NfkB

and device transgene delivery from Taxol-eluting vascular stent

system from separate drug and device products: They were never designed de novo to
complement each other in structure and function, that is, controlled drug delivery is
often an add-on feature to an existing FDA-approved medical device design that is
suboptimally adapted to the structural, mechanical, or electronic function of the
device [6]. New strategies and new technologies that combine drugs, devices, and
biologics de novo as coordinated, unified new designs are expected to provide a new
generation of combination products, more intelligently incorporating and merging
new technologies, changes, and refinements of both existing drug delivery mecha-
nisms and medical device functions, shifts from traditional devices and drugs, while
remaining compliant with regulations [6].

Diverse classes of drugs are used in combination devices to enhance medical
device and implant performance. Anti-inflammatory, antifibrotic, antiproliferative,
antithrombotic, and antibiotic drugs are primary classes of pharmaceutical agents
often combined with a controlled delivery mechanism suited to the application. Site-
and implant-specific drug interventions before, during, and after medical device
implantation can be used to alleviate several adverse host responses, providing a local
therapeutic strategy when a device design or systemic drug delivery alone is
insufficient. For example, anticoagulants are applied to cardiovascular and intra-
vascular implants to reduce device-based thrombosis, while antifibrotic, anti-inflam-
matory, and antiproliferative drugs are used for soft tissue implants and endovascular
stents susceptible to fibrous tissue in-growth and smooth muscle proliferation.
Antibiotics are released from orthopedic implants, shunts, and percutaneous and
urinary catheters that exhibit high infection incidence.

Conventional therapeutics are administered in different ways, including nasal, oral,
parenteral (intravascular, intramuscular, subcutaneous, and intraperitoneal), topical,
transdermal, and other administrative routes [11]. Although systemic administration
has its merits, local drug administration can in some cases provide comparable results
with significantly lower doses of drugs while limiting the drug efficacy and toxicity to
the tissue surrounding the implant site. Drugs are combined with delivery technol-
ogies to control rates and local dosing of therapeutics to tissue beds surrounding
implanted devices. Typically, drugs are released systematically from the device



