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Abstract

Combination devices—those comprising drug releasing components together with functional prosthetic implants—represent a

versatile, emerging clinical technology promising to provide functional improvements to implant devices in several classes. Landmark

antimicrobial catheters and the drug-eluting stent have heralded the entrance, and significantly, routes to FDA approval, for these

devices into clinical practice. This review describes recent strategies creating implantable combination devices. Most prominent are new

combination devices representing current orthopedic and cardiovascular implants with new added capabilities from on-board or directly

associated drug delivery systems are now under development. Wound coverings and implantable sensors will also benefit from this

combination enhancement. Infection mitigation, a common problem with implantable devices, is a current primary focus. On-going

progress in cell-based therapeutics, progenitor cell exploitation, growth factor delivery and advanced formulation strategies will provide

a more general and versatile basis for advanced combination device strategies. These seek to improve tissue–device integration and

functional tissue regeneration. Future combination devices might best be completely re-designed de novo to deliver multiple bioactive

agents over several spatial and temporal scales to enhance prosthetic device function, instead of the current ‘add-on’ approach to existing

implant device designs never originally intending to function in tandem with drug delivery systems.

r 2005 Elsevier Ltd. All rights reserved.
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Table 1

Advantages of local drug release strategies over systemic drug therapy

1 Lower doses required

2 Greater control over toxicity and bioavailability of dose

3 Less susceptibility to promoting antibiotic resistance

4 Extended duration of release

5 Possibilities to combine local and systemic drugs with different

kinetics

6 Controlled release from surfaces of combination devices directly

to site

7 Avoidance of systemic drug exposure

8 Direct mitigation of device-centered infection using

combination device release
1. Introduction to combination devices

Drug/medical device combination products represent an
emerging new trend in implantable therapeutics. Combina-
tion devices have drawn increasing attention from both
pharmaceutical and medical device companies as a strategy
to overcome several long-standing clinical problems invol-
ving complications associated with device implantation.
Using locally controlled drug delivery, combination
products have already found applications in various areas
of cardiovascular disease, diabetes, orthopedics, and cancer
[1]. Drug and device combinations can be designed in
coordinated strategies to elicit mutually reinforcing effects
and provide, in certain circumstances, significant medical
advantages over administering both the drug and the
device in their conventional, separate forms. Formal
regulatory recognition and development of the combina-
tion device design motif world-wide is relatively new [2],
with flexible performance features and biotechnology both
advancing on many contributing fronts, combination
products represent a promising new opportunity for
improving implanted prosthetic device performance and
associated quality of life issues.

According to the US FDA’s definition, ‘‘a combination
device comprises two or more regulated components, i.e.,
drug/device, biologic/device, or drug/device/biologic, that
are physically, 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’’ [2].
With increasing clinical and commercial interest in
combining medical devices with pharmacological agents
for joint marketing, both the European union and the US
FDA have recently established new policies and guidelines
for these combination products [2]. FDA approval of the
drug-eluting coronary stent (DES, i.e., Cordis’ CY-
PHERTM, Johnson & Johnson, USA) in 2003 opened the
gate for broadly adapting similar technology to combine
the device and pharma worlds that have remained largely
separate to date. While combination device approvals in
Europe (i.e., ‘‘CE mark’’) pre-date introductions elsewhere,
formation of the US FDA’s Office of Combination
Products in 2003 recognized the need for a dedicated
group to manage the regulation of combination products.
Clear precedents and approval protocols should now spur
significant growth in the combination products market
estimated to reach $9.5 billion by 2009 according to a
recent report [1]. Effective exploitation of capabilities of
both medical devices and drug delivery in combination
approaches requires intelligent incorporation of new
technology, changes and refinement of both existing drug
delivery systems and medical devices, shifts from tradi-
tional devices and drug forms, and compliance with new
FDA and EU regulations [2]. Product efficacy is not as
simple as a linear combination of status quo technologies
in both the device and delivery arenas: neither current
product has been designed or utilized with the intent of
exploiting the benefits of the other, and as such cannot
necessarily maximize benefit from a simple add-on
combination. As combination products are currently
developed in diverse medical areas, comprehensive under-
standing of appropriate controlled release strategies with
distinct therapeutic advantages to more complex combina-
tion products is critical. This article reviews current
controlled drug release techniques from local devices,
especially those relevant existing first-generation combina-
tion products, as a basis for identifying needs and
improving designs for next-generation products.

2. Device-based local drug release versus systemic

administration

Combination devices are predicated on the principle of
local controlled drug delivery from an implanted prosthetic
device whose primary purpose is functional or structural
replacement of host tissue. Optimal dual function (i.e.,
drug release and prosthetic performance) are ideally
coordinated and designed to work in tandem. Hence, drug
release properties from the device are not simply adjunct to
device implantation, and must be thoroughly understood.
Drugs are clinically administered in diverse ways, including
topical (nasal, cutaneous, ocular, aural), oral, intravenous,
intramuscular, subcutaneous, sublingual, and other local
administration routes [3]. While many delivery strategies
facilitate systemic drug bioavailability, local release seeks
to provide therapeutic drug concentrations only to
intended target sites for prolonged times required to
produce the desired pharmacological outcome. Due to
numerous acknowledged advantages (see Table 1), local
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drug release strategies are frequently considered to address
thrombosis, osteomyelitis, periodontitis, biomedical de-
vice-related infections and other microbial pathologies, or
inflammatory complications that are refractory to most
conventional methods of systemic drug administration
once established.

An ideal drug delivery system should (a) provide
effective drug doses continually to target site, and (b) offer
possibilities for continuously therapeutic drug release over
prolonged periods [4]. Drug release rates and durations
depend upon each clinical context, including the therapy
sought, disease or pathogen, device design, tissue implant
site, and drug susceptibility and clearance mechanisms.
These considerations then require careful assessment of
target site pharmacokinetics, effective dosage and release
kinetics requirements, formulation of device design factors
to enable effective drug dose delivery without impairing
device performance, as well as analysis of site, side-effects
and toxicity, and selection of clinically effective drugs in
each context. In treating thrombosis, for example, the
adherent clot or coagulation film can deter drug release
from the device. In the case of implant-based infections,
increased complexity associated with wound site compro-
mised healing biology and microbial colonization, antici-
pated primary and secondary pathogens, tissue site drug
toxicity and local metabolism, and infection susceptibility
must all be considered in drug selection, dosing and release
mechanisms.

Drug release properties from many current devices
are currently unsatisfactory or at least, sub-optimal,
primarily due to poor design, biomaterial selection,
drug release mechanism, drug selections, matrix/device
fabrication methods and manufacturing specific to local
host implant site environmental characteristics. Addition-
ally, drug dosing requirements for extended release regi-
mens (e.g., months to years) cannot be readily
accommodated by simply adapting known release technol-
ogies to existing medical implant designs. Many factors
need to be considered for dosing strategies including
therapeutic indices, bioavailability, toxicity thresholds,
and efficacy in the context of the therapy sought (e.g.,
pro-angiogenic, anti-coagulation, anti-inflammatory,
anti-fibrotic, and antimicrobial) and the tissue site. Special
therapeutic conditions warrant further design considera-
tions. For example, the release of ‘‘sub-therapeutic’’ or
‘‘sub-inhibitory’’ drug concentrations (e.g., those below the
minimum therapeutic or inhibitory concentration (MTC
and MIC, respectively)) from biomaterials devices into
surrounding tissue or fluids might actually exacerbate
infectious complications or induce resistance in wound-site
bacteria [5]. Therefore, local antibiotic release profiles
should ideally exhibit initial high release rates (burst
release) to counter any initial elevated infection risk
immediately post-surgery or implantation, followed by a
long period of drug release within the therapeutically
efficacious dosing zone to continually hinder latent
infection [6].
3. Device-related infection

All implanted medical devices, from transient, easily
inserted and retrieved contact lenses, urinary catheters and
endotracheal tubes, to more permanently surgically im-
planted cardiac valves, embolic coils, vascular grafts, hip,
knee and shoulder joints, pacemakers, coronary stents, and
plastic surgery augmentation devices suffer from recog-
nized risks of ‘‘device-related’’ or ‘‘implant-associated’’
infection [7]. This risk is both acute and chronic, with
periods of latency extending the entire life of the patient.
Pathogen-device colonization occurs too often, resulting in
host patient morbidity and device removal, or mortality.
Bacteria encounter the implant via several mechanisms: (a)
exogenous pathogens from skin, surgical instrumentation
or the local environment, gaining direct access to the
implant site during device placement, or (b) ubiquitous,
systemically circulating, non-pathogenic but opportunistic
bacteria spontaneously alter their phenotype to become
pathogenic at the implant site. The former event produces
immediate colonization while the latter event can occur at
any time post-implantation, even years after device
placement (so-called ‘‘latent infection’’). The host implant
site offers a continued opportunistic environment for
bacterial colonization: surgical trauma instantly reduces
tissue transport and perfusion, enhances inflammatory
reactions, blood clotting, edema, alters homeostasis, and
produces an abrupt, non-integrated biomaterial-tissue
interface. All of these factors favor microbial survival
and colonization of the site. In short, the implant site
overcomes acute phase reactions but chronically never
resolves to a true healing mode that stabilizes the site.
Additionally, most implant materials and designs manifest
poorly controlled, dynamic interfacial responses in phy-
siological milieu that favor microbial surface colonization
[8]. Adhesion of ubiquitous host planktonic bacteria to
device surfaces through their extension of fibrils, expression
of new sessile surface receptor patterns, and secretion of
polysaccharide adhesins is the first step in device-site
infection [9]. After surface attachment, rapid bacterial
proliferation produces sister cells eventually forming
resident colonies. Many pathogens, once sessile, use
quorum sensing mechanisms to adapt [10,11]; some create
protective, complex mucopolysaccharide barrier films
known as ‘‘biofilms’’ to enhance colony stability and
escape the host immune response. Once a biofilm is formed,
bacteria can shed to become free satellites that migrate and
attach to other, non-colonized surfaces. Through quorum
signaling the biofilm structure also facilitates cell-to-cell
communication, furthering phenotypic alterations, adapta-
tion against immune response, and cross-breeding that
promotes genetic exchange and antibiotic-resistance trans-
fer processes [7]. Bacteria within a mature adherent biofilm
colony are very difficult to eliminate, refractory to
administered antimicrobials, host immune mechanisms
and clearance. Systemization of implant-induced infection
is a serious complication (sepsis). Hence, removal of the
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device is often required to effectively treat the infection
both locally and systemically [12].

Nosocomial infections occur in more than two million
hospitalizations in the US each year, with the average
hospital cost near US $15,000 [13–15]. Increased clinical
use of both long-established and new innovative medical
implanted devices increases every year with consequent
higher infection incidence. With more extensive use of
medical devices in aging populations, accompanied by
serious infection problems associated with these medical
devices, design and study of improved methods for direct,
controlled, and local release of drugs to prevent device-
related infections remains a compelling priority. Innova-
tive, effective drug/device combination products are
required for improved performance of medical devices,
decreasing health care costs, avoiding systemic adminis-
tration of high levels of antimicrobial drugs and reducing
further risks of antibiotic-resistance.

Two main strategies have attempted to reduce incidence
of device-related infections: anti-adhesive biomaterials
using physicochemical surface modification methods (in-
cluding non-drug containing coatings, films and ion
treatments—not covered in this review), and direct
incorporation of drugs into or onto the medical device
[16], either immobilized or released. Depending on the
intended medical device application, cost-effectiveness and
usage period, drugs are combined with medical devices
using different formulation methods.

4. Drug-eluting stents

Since first clinical introduction in 1977 [17], percuta-
neous coronary intervention (PCI) has always been limited
by restenosis. As the most common therapeutic treatment
for coronary artery disease (CAD), PCI procedures now
number more than 1.5 million annually in the United
States [18]. Deploying a rigid but compliant endovascular
scaffold that prevents vessel shrinkage and recoil post-
intervention (i.e., an endovascular stent) mitigates inci-
dence of restenosis compared to balloon angioplasty alone
[19,20]. The stent has produced perhaps the greatest clinical
impact in combination device technology to date, generat-
ing a new billion-dollar cardiovascular device market
impacting millions of patients annually. Nonetheless, vessel
restenosis remains a major complication of stent place-
ment, so-called ‘‘in-stent restenosis’’, requiring re-interven-
tion at rates up to 50% in several patient classes, depending
on the anatomical placement, pathophysiology, size and
lesion complexity [21,22]. To date, most systemically
administered drugs have shown disappointing results in
preventing in-stent restenosis [23–25] generally attributed
to poor drug bioavailability, toxicity, and insufficient drug
concentration at injury sites. Substantial effort has been
directed toward optimization and testing of novel drug
eluting stents (DES), which represent a highly visible
and successful precedent combination device clinical
technology.
Sirolimus, also called rapamycin, is perhaps the most
successful and extensively studied stent-released drug to
date because of its demonstrated effectiveness against in-
stent hyperplasia following coronary stent deployment [26].
Sirolimus is a potent inhibitor of cytokine and growth
factor-mediated smooth muscle cell proliferation. Its
mechanism of action is via receptor-based antagonism of
the intracellular enzyme, mammalian target of rapamycin
(mTOR [27]), the downstream mediator of the cell’s PI3K/
Akt phosphorylation signaling pathway that regulates
many basic cell functions. Receptor-based inhibition of
mTOR results in cell-cycle arrest in the late G1 to S phases,
a potent anti-proliferative and anti-hyperplastic event [28].
Sirolimus-eluting stents have demonstrated dramatically
reduced rates of restenosis compared to conventional bare
metal stents in several clinical trials involving 238–1058
patients with 6–12 months follow-up time [29–32]. Follow-
ing Europe’s lead, FDA’s approval of Cordis’ CY-
PHERTM sirolimus-eluting stent (2003) opened the gate
for adapting new technology combining both device and
pharmaceutical designs in the United States. The FDA-
approved and CE-certified CYPHERTM stent is now
routinely deployed in millions of PCI cases annually
throughout Europe, the Middle East, Canada, Asia-
Pacific, Latin America and United States. The remarkable
success of the sirolimus-eluting stent spurred substantial
interest in developing improved drug-eluting stents with
anti-mitotic sirolimus analogues [26]. Various immunosup-
pressive drugs (sirolimus, everolimus, tacrolimus, ABT-
578), anti-proliferative drugs (paclitaxel, antinomycin,
angiopeptin, etc.), anti-migratory drugs (batimastat) and
gene therapeutic reagents (antisense and siRNA, vascular
endothelial growth factor (VEGF), endothelial nitric oxide
synthase (eNOS and related genes)) have been combined
with stents and investigated for their local release and anti-
restenotic effects [33–36]. Very recently, the FDA approved
Boston Scientific’s TAXUS Express2TM paclitaxel-eluting
coronary stent [37], touting consistently low re-vascular-
ization rates throughout the stent, equivalent deliverability
with the CYPHERTM system, and immediate post-
procedure magnetic resonance imaging (MRI). Such in
situ device imaging capability (e.g., MRI for metallic
implants) provides new detailed diagnostic information on
device placement and lesion site healing. However, recent
data [38] suggest that sirolimus-eluting stents exhibit
superior performance in reducing incidence of stent
thrombosis compared to the paclitaxel-eluting stents.
As all clinically approved cardiovascular stents to date

comprise expandable metallic wire woven or etched tubular
designs for endovascular placement, anti-restenotic drugs
for delivery to the vascular wall can be directly adsorbed
onto the stent struts or incorporated into a matrix or
coating on-stent, and continually released after stent
deployment. The stent directly contacts the vessel wall
and protrudes into the endovascular tissue bed close to
cellular agents implicated in restenosis. Hence, stent-
released drugs are locally available to target smooth muscle
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cells in the vessel wall with high local concentrations and
minimal systemic bioavailability and toxicity. Most drug-
on-stent impregnation techniques and polymer coatings are
proprietary, but must be demonstrated biocompatible or at
least biologically inert. Although sirolimus and paclitaxel-
eluting stents demonstrate clinical effectiveness now up to 2
years after implantation [39], evidence for actual implant
site healing and normal tissue homeostasis are lacking.
Long-term concerns over late neo-intimal formation and
stent-based thrombosis still remain in drug-eluting stent
sites once drug elution is exhausted and chronic inflam-
matory responses dominate. Completely biodegradable
drug-eluting stents may prove ideal in this regard for
long-term applications if mechanical and safety concerns
can be resolved, providing initial restenotic prevention
while eventually resorbing completely to eliminate throm-
bosis risks and allow complete endoluminal healing [33,40].
Next-generation commercial drug-eluting stents will use a
FDA- and EU-approved degradable polymeric coating
(polylactic acid) over metallic stents for drug encapsulation
and release [41]. The ChampionTM stent (Guidant, Santa
Clara, CA) is one example currently in trials. With
restriction of this absorbable polymer to the abluminal
(outer) surface of each strut, drug and polymer are not
exposed to flowing blood in the arterial lumen, a primary
cause of current stent thrombosis with rates of 4–6% often
requiring aggressive systemic anticoagulant therapy (and
associated risk factors) [41]. Notably, eventual degradation
of bioresorbable polymers ensures predictable systemic
drug elimination over a finite time without drug retention,
while reducing potential risks for late adverse events
months to years after implantation [42].

Current commercial drug-eluting stents are coated with a
thin (�mm) non-degradable polymer coating (e.g., poly-
isobutylene or polymethacrylate copolymers). These coat-
ings are compositionally balanced for drug partitioning,
solubility and release, as well as processing and endolum-
inal compatibility. Loaded with micrograms of drug (e.g.,
currently approved for paclitaxcel or sirolimus, �140 mg/
cm2) per device, these coatings usually exhibit similar drug
release kinetics: an early significant burst release (24–36 h)
followed by slow continuous release over a longer period of
time (typically up to 6 weeks). Varying drug selections,
drug-loading methods, concentrations, coating chemistries
and designs, application methods, and polymer composi-
tion will influence initial burst rates, overall release
duration, bioavailability and therapeutic potential [43,44].
Even anatomical factors and disease pathology influence
drug delivery [45]. However, to realize more complicated
kinetic release profiles, including multi-step pulsatile or
slower, extended release, more complex, versatile and
programmable drug-eluting stent systems are needed. A
newly designed metallic stent containing unique honey-
comb strut elements with inlaid stacked layers of degrad-
able polylactide-co-glycolide (PLGA) reservoirs containing
paclitaxel has demonstrated programmable release
kinetics. A biphasic release profile was created by the
addition of blank layers of PLGA polymer within the
reservoir stacks. Early burst and late release behavior for
paclitaxel were adjusted both dependently and indepen-
dently, controlled by drug loading concentration, numbers
of layers, and positioning of the various layers within the
polymer reservoir stack. With this strategy, two or more
different drugs can be loaded in separate reservoir layers
and released separately in different time periods [46].
As one of the earliest products to be reviewed and

approved by the FDA as a combination product, drug-
eluting stents provide an excellent device platform for local
drug delivery and an outstanding example of a successful
prototypical combination product. Clinical recognition
and rapid success are attributed to their deployment
directly against and into the vessel wall target tissue,
prolonged tissue contact with minimal drug doses required
for efficacy. Several specific design factors for anti-rest-
enosis efficacy include stent-strut material, stent configura-
tion, polymer coating material, drug properties, drug
encapsulation and release strategy. While early bare metal
stents represented early prototypes to coat to release drugs,
more recent DES designs are based on drug selection and
programmed release designs intimately related into the de
novo stent strut and frame components [46]. While current
DES technology appears successful against in-stent rest-
enosis, further improvements and novel innovation in
combination de novo implant device designs are required
to address challenging interventional cardiology and
radiology problems at peripheral vasculature sites [47],
particularly venous and multiple lesion sites [48,49], with
more versatile therapeutic and pharmacological profiles,
and in other tissues, including needed biliary stent
applications [50].

5. Antimicrobial central venous catheters

Central venous catheters are used frequently in critical
care situations for delivery of critical fluids, parenteral
nutrition, and drug administration in a variety of hospital
settings. In the United States alone, 5 million central
venous catheters are inserted into patients every year.
Unfortunately, these catheters are also a major cause of
nosocomial infections: 100,000–500,000 catheter-related
bloodstream infections (CRBI) occur annually, with �US
$3700 to �US $28,000 medical remediation costs depend-
ing on the original central venous catheter placed. At least
25,000 patients die each year of CRBI [51,52]. Systemic or
oral administration of antimicrobial agents is not a
clinically preferred route to reduce CRBI infections.
Properly designed combinations of antimicrobial agents
delivered from these catheters could instead provide
efficacious concentrations of antimicrobial agents locally
at placement site without requiring high systemic anti-
infective dosing. Antimicrobial central venous catheters are
generally not considered as drug/device combination
products, as their original FDA approval and emergence
into clinical use preceded the more recently imposed
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combination product review approach used currently.
However, many different tactics used for attaching or
impregnating antimicrobial agents (including both anti-
septics and antibiotics) onto/into catheters should provide
precedents and inspiration for future improved combina-
tion products in various clinical areas.

Two main strategies for incorporating antimicrobials
onto catheter surfaces have been employed and have shown
promising results [53]. To enhance solubility and bioavail-
ability, many antibiotics are synthetically designed as
anionic derivatives (e.g., using carboxylate, phosphate, or
sulfate substituents) analogous to that of many natural
glycosaminoglycans (e.g., heparins, chondroitins), phos-
phorylated proteins, and other biological molecules [54].
The first application method, simple drug coating, uses
antibiotics’ anionic charges to bind them electrostatically
to medical device surfaces via intermediate layers of
adsorbed cationic surfactants, such as tridodecylmethy-
lammonium choloride (TDMAC). Hydrophobic alkylated
regions of these surfactants adsorb to catheter polymer
device surfaces by physical attraction, presenting cationic
charges on the surface available for anionic antibiotic
complexation [55,56]. The second method, drug impregna-
tion, incorporates antimicrobials into the polymer device
bulk material directly prior to injection molding or
extrusion in the same manner that common device
fillers such as pigments or stabilizers are added to
extrudable plastic resins [57]. Excipients to retard or
enhance drug release rates can also be co-formulated in
principle, although in practice, total mass loading of all
additives is limited by gross effects on polymer matrix
physical properties. These strategies have allowed incor-
poration of various antimicrobials to catheters, and
investigation of their anti-infective efficiency. Combina-
tions of antimicrobials are preferred over single agents due
to concerns over promoting antimicrobial resistance [58].
So far, the most effective agents used to treat catheter-
related infection are the combination of minocycline/
rifampicin (MR) antibiotics [59,60] and the combination
of chlorhexidine/silver sulfadiazine (C-SS) antiseptics [61].
Central venous catheters coated or impregnated with
both antibiotic and antiseptic combinations have been
FDA and CE approved and commercialized (e.g., C-SS:
ARROWgards, Arrow International, Reading, PA; MR:
BioGuard SpectrumTM catheter, Cook Critical Care,
Bloomington, IN).

The ARROWgardTM catheter impregnates C-SS on its
external surface whereas the BioGuard SpectrumTM

catheter is coated with MR on both internal and external
surfaces using TDMAC [53]. Both MR and C-SS
combinations have demonstrated broad-spectrum antimi-
crobial activity against Gram-positive and Gram-negative
organisms, and fungi. Many in vitro and in vivo studies
comparing microbial adherence and CRBI incidence
between MR and C-SS catheters using different infection
models have been reported in the past decade. Randomized
clinical trials [60,62] demonstrated superior performance of
MR-impregnated catheters versus C-SS coated catheters in
resisting CRBI, particularly in patients requiring vascular
access for over 7 days. While both MR [59,63–65] and C-SS
[61,66–72] catheters exhibited significantly reduced CRBI
in a number of pre-clinical and clinical studies, conflicting
results have led to doubts regarding the safety of C-SS
catheters [58,73–76]. However, MR and C-SS catheter
antimicrobial coatings are not entirely equivalent for
clinical comparison. Higher levels of chlorhexidine seem
to improve the performance of C-SS coated catheters
(C-SS+ catheters) [77] using a novel agar infection model
that simulates rat subcutaneous infection. In comparison
with C-SS catheters, C-SS+ catheters exhibited higher
chlorhexidine release and retention, resulting in signifi-
cantly lower bacterial adhesion than the C-SS catheter at
both day 7 and day 14. In this study, C-SS+ catheters
exhibited effective resistance against many tested organisms,
including Enterobacter aerogenes, Candida albicans, Pseu-

domonas aeruginosa, Staphylococcus aureus, S. epidermidis,
and rifampicin-resistant S. epidermides, whereas MR
catheters were effective only against S. aureus and
S. epidermidis. Another in vitro study [78] also showed
superior efficacy of C-SS+ catheters versus MR catheters
against Gram-positive S. aureus and S. epidermidis.
Both MR (BioGuard SpectrumTM) and C-SS (Arrow-

gardTM) catheters are acknowledged to reduce bacterial
adhesion and CRBI infection significantly more than
uncoated catheters. However, according to FDA public
health notices, chlorhexidine has the potential for serious
hypersensitivity reactions. Recently, miconazole- and
rifampicin incorporated into polyurethane central venous
catheters using a new diffusion process exhibited superior
activities against Gram-positive, Gram-negative and C.

albicans in vitro. Anti-infective efficacy of this new
antimicrobial catheter remained stable at room tempera-
ture for more than 1 year, and the antimicrobial activity
half-life exceeded 3 weeks [79]. Recently, significantly
reduced CRBI were reported compared to standard
unmodified polyurethane central venous catheters using a
randomized controlled clinical trial. No adverse effects or
antimicrobial resistance were observed [80].
Application of the C-SS- or MR-coated, or any

antimicrobially treated, catheter elicits concerns about
selective local emergence of organisms resistant to the
associated antimicrobials. Antibiotic-resistant bacteria
continually emerge at increasing rates as a result of
widespread and too-often indiscriminate clinical use of
antibiotics [81–83]. Bacterial resistance to antiseptics
(chlorhexidine and silver sulfadiazine) and antibiotics
(minocycline and rifampicin) has been reported on central
venous catheters in vitro [84]. Resistance in S. epidermidis

was found to develop more easily for the antibiotic
combination than for antiseptics, and more readily for
rifampicin than minocycline. Although no clinical emer-
gence of resistant bacteria has been reported using these or
any other treated catheters to date, continual monitoring to
locally releasing devices should be vigilantly pursued to
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determine resistance profiles of bacteria recovered from
colonized catheters.

Intravascular catheter materials can also be modified to
accommodate antimicrobial combinations. All catheter
materials must be biocompatible, withstanding implant
conditions within the vascular system without deteriorating
or causing patient complications. Several biomedical
polymers including polyethylene, fluoropolymer, polyvinyl
chloride (PVC), silicones, elastomeric hydrogels and
polyurethanes have been used in catheter fabrication with
notable clinical success [85–87]. Certain specific properties
must be considered when developing in-dwelling vascular
devices, for example, thromboresistance, flexibility, smooth
surface, lack of kink memory, no chemical leaching and
reasonable cost. These fixed catheter materials properties
also influence amounts of antimicrobials incorporated and
their release kinetics. To increase amounts of adsorbed
antibiotics, side-chain functional groups (acidic, basic and
ionic groups) have been introduced into device polymer
backbones to produce specific interactions with acidic and
basic functional groups on the antibiotics, amoxicillin, and
rifampin [88]. Antibiotic loading and release behavior were
influenced both by strength of drug–polymer interaction
and the resultant water swelling of the polymer matrix.
Specifically, when antibiotic–polymer interaction is domi-
nated by ionic interactions, adsorption of antibiotics onto
the polymer is favored by strongly positively and negatively
charged groups on the polymer surface, whereas for polar
antibiotic–polymer interactions, amounts of surface-
bonded antibiotics depend on matrix hydrophilicity.

While clinical trials have now shown that patient
infections are significantly reduced by using antimicrobial
catheters (mainly BioGuard SpectrumTM, ArrowgardTM)
[61,66,89], these results are difficult to translate to other
clinical situations [90]. Two recent reports [91,92] declared
that studies of antimicrobial central venous catheters suffer
from methodological and statistical flaws. Multiple factors
beyond device design can substantially influence the risk of
CRBI, including patient profiles, catheter care, and
insertion protocols. Several issues associated with use of
antimicrobial central venous catheters remain to be
addressed for unequivocal clinical acceptance. These
include lack of clear, convincing clinical trial data,
significant cost differential, potential toxicity and risk of
increased antimicrobial resistance.

6. Antimicrobial urinary catheters

Urethral catheters are used for bladder drainage as a
treatment option for patients with urinary retention,
general surgery recovery, bladder obstruction, paralysis
or a loss of sensation in the perineal area. More than 30
million urinary catheters were employed in the United
States annually. One out of 4 hospitalized patients receives
an in-dwelling urinary catheter [93]. Millions of catheter-
associated urinary tract infections (CUTI) occur annually,
with an average cost of US �$3000 to �US $4000 each
[94]. Nonetheless, CUTI are generally considered assumed
to be benign with low attributable mortality [95] but
significant collective cost and morbidity. Bacterial migra-
tion on and adhesion to inserted devices are important
factors in CUTI.
Many efforts have focused on catheter surface modifica-

tion in order to impede initial adhesion and biofilm
formation, and reduce CUTI incidence. The most extensive
clinical testing has combined catheters with antimicrobial
agents. One simple, common method to reduce CUTI
involves immersing the urinary catheter into an antimicro-
bial solution prior to urethral insertion. Immersion of these
devices (typically flexible polymer) into antimicrobial
solutions to allow direct drug sorption onto and into the
device surface constitutes the most straightforward method
for loading antimicrobial agents into medical devices.
Several studies [96,97] concluded that medical devices,
including prostatic stents and urethral catheters, immersed
in solutions of the broad-spectrum antibiotic, ciprofloxacin
(commonly used to treat sinusitis, otitis media, urinary
tract infections, and prostatitis), can significantly reduce
bacterial adhesion and consequently reduce CUTI risks. As
these antimicrobial agents are only physically ad- or ab-
sorbed to device surfaces, this method is unlikely to load
drugs for prolonged release to prevent bacterial infection
over long periods: loading is low, release is rapid, and dose
depletion occurs quickly. Nonetheless, certain practical
clinical advantages exist. Suitable catheters can be treated
by drug solution immersion immediately prior to clinical
placement, providing early, short-term protection against
infection, flexibility and direct control to clinicians in
certain situations.
Silver and its salts have been the most commonly used

antimicrobial agent applied to urinary catheters. Solubi-
lized silver ion (Ag(aq)

+ ) is the bioactive form, released in
many different ways from silver-containing coatings as an
anti-infective in multiple clinical contexts [98]. To clarify
mixed clinical results of silver-coated urinary catheters, a
meta-analysis with a total of 2355 patients was performed
[99] and demonstrated significantly improved performance
of silver alloy catheters but not standard silver oxide
urinary catheters over control catheters in treating CUTI.
One possible reason is that silver alloy remains in the
catheter for a longer time [100]. In the United States, silver
oxide catheters are no longer available. A recent compre-
hensive assessment of impregnated catheters intended for
short-term use in hospitalized adults using eight differently
designed trials compared silver alloy catheters with
standard catheters [101]. Risk of asymptomatic bacteriuria
was significantly reduced in the silver alloy group at less
than 1 week of catheterization, but to a reduced degree at
greater than 1 week. However, emergence of bacterial
resistance to silver was not tested in any of these trials. Two
new FDA-approved hydrogel/silver urinary catheters
developed by C.R. Bard (Covington, GA) provide
protection against CUTI. The Bardex I.C. (latex), and
LubriSil I.C. (silicone) catheters both feature a proprietary
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lubricious hydrogel surface coating over a layer of metallic
silver applied to both inner and outer catheter surfaces.
This unique combination permits smooth intra-urethral
insertion and enhanced infection protection, proven to
reduce CUTI incidence in several in vitro [102] pre-clinical
[103], and clinical studies [104,105]. Outside of silver,
catheters impregnated with urinary antiseptic, nitrofura-
zone [103], and the broad-spectrum antibiotic combination
proven effective in central venous catheters (see section
above), minocycline and rifampin [106] exhibited signifi-
cant reductions in CUTI in randomized human trials.

Since conclusions regarding the efficacy of systemic
antimicrobial agents to prevent CUTI are not clear, novel
technologies for incorporating antimicrobial agents into
urinary catheters for release may continue to provide new
combination product advances for preventing CUTI.
Current combination devices however are far from a final
definitive answer for CUTI. While silver-based medical
technologies are very common in multiple formulations
and delivery strategies [98], silver-resistant bacteria are
common in environments where silver ion is ubiquitous
(e.g., mining wastes). Concern over pressure that creates
such silver-resistant strains in medical practice is now
evident [107]. These concerns are applicable to other anti-
infective agents including chlorhexidine [108] and nitrofur-
oxan [109]. Urinary catheters that release more potent
antimicrobial agents in more diverse ways should be
pursued, and issues similar to those mentioned for central
venous catheters should best be carefully considered and
addressed in future designs.

7. Orthopedic device-based drug delivery

Bone defects resulting from disease, trauma, surgical
intervention, or congenital deficiencies represent a sub-
stantial clinical challenge world-wide for orthopedic
reconstructive surgeons. This also presents an immense
opportunity for bioengineers, tissue engineers and drug
delivery specialists to more rapidly produce bone. The
preferred treatment for such defects is autologous bone
graft, but harvest is painful, supply is limited, and risks of
infection, nerve loss, functional impairments, hemorrhage,
and cosmetic defects are significant. Additionally, ortho-
pedic hardware placement for fixation and stabilization
fractured bones during healing, or to functionally replace
complete tissues (e.g., in total joint replacements) repre-
sents millions of implanted devices annually. Bone-implant
integration (i.e., direct bone-implant bonding [110]) and
long-term stabilization is a common clinical problem with
substantial complications including infection, bone resorp-
tion, and loosening [111–113]. Frequently, despite mechan-
ical stabilization using fixation devices, fractures are either
slow-healing or non-union (�5–10% [114]). Hence, recent
advances in drug delivery are now being used in tandem
with orthopedic implants with future prospects as new
combination devices to promote and accelerate bone
neogenesis, more reliable bone healing and functional
tissue replacement [115]. Delivery of small molecule osteo-
inductive molecules as well as biological derived growth
factors, anti-osteoporotic agents, and osteo-synthetic
genetic materials (DNA, siRNA) to bone injury sites are
reported [116–119]. Because few reports demonstrate
efficacy for exogenous osteogenic factors delivered simply
as topical solutions in large animal models, matrix-based
delivery of these molecules is now common [118,120,121].
Osteo-precursor cell-based local delivery is now also
reported for bone engineering [118,122–124]. These bio-
technology approaches seek to accelerate and enhance
bone defect healing and bone-implant stabilization through
rapid local osteogenesis induced through local release of
cells, mitogenic and morphogenic agents [125]. Orthopedic
drug delivery vehicles are most often physically de-coupled
from the device (e.g., separate collagen sponge or
tricalcium phosphate granules delivering growth factors
directly adjacent to or placed into spinal implant cage
[120]) by either design or previous regulatory requirements.
However, new methods to effectively integrate and
combine delivery strategies into orthopedic, periodontal
fixation or total joint replacement devices for controlled,
local release and new bone-generating therapeutic potential
at the implant site would be clinically useful.
Bone infection (osteomyelitis) is a local or generalized

infection of bone and bone marrow typically caused by
bacteria introduced from trauma, surgery, implant use, by
direct colonization from a proximal infection or via
systemic circulation. Osteomyelitis in an implant context
is also prevalent and clinically difficult to treat, often
refractory to antimicrobials: the biofilm mode of pathogen
growth on an implant surface protects sessile bacterial
colonies against host immune response and antimicrobial
therapy through complex environmental factors [126].
Conventional therapy with systemic antibiotics is expen-
sive, prone to complications and often unsuccessful [127].
Major problems treating osteomyelitis include poor anti-
microbial distribution at the site of infection due to limited
blood circulation to infected skeletal tissue, and inability to
directly address the biofilm pathogen scenario. High
systemic dosage of antibiotics to facilitate sufficient tissue
and biofilm penetration is not preferable because of
possible serious toxic side effects. Controlled antimicrobial
release systems in orthopedic combination devices repre-
sent alternatives to conventional systemic treatments, and
include antibiotic-eluting bioceramics, drug-impregnated
bone cements, and natural and synthetic antimicrobially
loaded polymers [128].
One commonly used infection management method with

orthopedic implants utilizes antibiotics loaded into clini-
cally ubiquitous bone cement, polymethylmethacrylate
(PMMA), or PMMA beads. These non-biodegradable
polymer cements have been employed clinically to prevent
or treat osteomyelitis in various forms for nearly four
decades [129–131]. Several commercial antibiotic-impreg-
nated bone cements based primarily on PMMA/MMA
are now CE-approved, including SimplexTM P with
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erythromycin and colistin tobramycin (Stryker, UK) sold
in Europe for more than 20 years, and gentamicin-
containing PalacosTM PMMA cement (refobacin palacos
r-Knochenzements, Merck, Austria). A gentamicin-con-
taining PMMA bead, Septopals (E. Merck, Germany) is
also commercially available in Europe [126,132]. Until
recently, no antibiotic-containing bone cement was ap-
proved for use in the United States. Instead, surgeons
commonly added antibiotics off-label to bone cement
directly in the operating suite. In 2003, the first pre-
blended bone cement containing an antibiotic (Simplex P
with tobramycin developed by Stryker Howmedica Osteo-
nics) was approved for use in the United States. Later in
2003, Biomet, Inc. (Warsaw, IN, USA) announced FDA
clearance of their Palacos GTM antibiotic-loaded bone
cement.

More detailed information about antibiotic-loaded
PMMA cement and beads is found in excellent recent
reviews [126,132–135]. PMMA can be loaded to deliver a
variety of widely used antimicrobials and some other
bioactive ‘‘agents’’ including anti-osteoporetic agents,
proteins (model protein, albumin) and peptides (e.g.,
growth factors) [136]. The intention in these non-degrad-
able matrices is to slowly release the soluble mixed
bioactive reagents from the solidified, often-glassy, non-
swelling PMMA bone cement monolith surrounding
the implant over time. Loaded drugs are usually released
in a typical bi-phasic fashion: an initial burst release
followed by a long, tail of low, and importantly, largely
incomplete release that continues for days to months.
Small molecule antimicrobial release behavior from
PMMA is influenced by relative loading amount [137],
bulk porosity [138], surface area and surface roughness of
the bone cement [138–140]. Addition of soluble lactose to
PMMA produces increased antimicrobial release by
percolation-based porous diffusion [137]. All of these
observations lead to the conclusion that PMMA bone
cement drug release occurs through solvent pore penetra-
tion, soluble matrix dissolution and solubilized drug
outward diffusion via networks of continuous, accessible
pores within an otherwise largely insoluble, dense, glassy
bulk PMMA matrix.

In vivo studies have demonstrated that antimicrobial-
loaded bone cement can prevent infection from intra-
operative challenge within a short time after implantation
[139,141–143]. This effectiveness in preventing infections is
further illustrated in prospective, randomized and con-
trolled clinical trials comparing antibiotic-loaded bone
cement to drug-free bone cement control groups [144,145].
Tobramycin is an aminoglycoside closely related to
gentamicin with a similar spectrum of activity, slightly
more effective against Pseudomonas [146] but less ototoxic
and nephrotoxic than gentamicin [147,148]. Its elution
characteristics are judged superior to those of gentamicin
[149]. A recent clinical study testing the pharmacokinetics
and safety profile of tobramycin bone cement [150]
demonstrated local tobramycin concentrations more than
200 times higher than systemic levels only 1 h after
administration. Systemic drug absorption was minimal
with rapid urine excretion. However, despite some promise,
drawbacks also limit clinical enthusiasm for use of
antimicrobial-loaded bone cement. For example, gentami-
cin and tobramycin are used most frequently by surgeons
for incorporation into bone cement in Europe and United
States, respectively [135,151–155]. Pharmacokinetic studies
indicate that antibiotic release from gentamicin-impreg-
nated PMMA cement or beads is far from satisfactory
[156–158]. Less than 50% of the antibiotic load is released
from implants within 4 weeks, and no continuous release
was observed thereafter, indicating significant bioavail-
ability problems. Recently, 19 of 28 bacterial strains
cultured directly from a clinically retrieved gentamicin-
loaded bone cement were gentamicin resistant, raising
concerns for the effectiveness of gentamicin-incorporated
implants [159].
Antimicrobial peptides represent a new alternative drug

class for incorporation into PMMA cement implants.
Antimicrobial peptide Dhvar-5, an antifungal peptide
found in human saliva, has been incorporated into PMMA
beads, and its release behavior and antimicrobial efficacy
have been investigated in vitro [160]. Its C-terminal net
positive charge can disrupt and penetrate the negatively
charged bacterial cell wall. The Dhvar-5 release profile is
characterized as a high concentration initial burst followed
by a continuous release with gradually decreased concen-
tration over a 28-day period. Up to 91% of incorporated
Dhvar-5 was released from PMMA beads in 1 month.
Large fractional Dhvar-5 release observed in this study was
explained by the freeze-dried amorphous powder formula-
tion with a relatively high volume fraction compared to
gentamicin sulfate. It was hypothesized that at higher
concentrations, Dhvar-5 creates a porous network
throughout the bead, allowing percolation-based pore
diffusion from the bead core.
Regardless of the different antimicrobial agents mixed

into PMMA liquid resins and its long tradition in
orthopedic device fixation, inherent limitations reduce
clinical enthusiasm for these combination implants.
PMMA is not biodegradable, so with any clinical failure,
secondary surgery is necessary to remove the PMMA
before new bone can regenerate in the defect. PMMA
polymerization exhibits a well-known, prominent exotherm
[161]. Both this heat and residual MMA monomer can kill
healthy surrounding bone cells and possibly inactivate the
antibiotic if PMMA is used in the popular ‘‘doughy’’ form
[131]. Other criticisms are the low PMMA bonding
strength to the implant surface and known soft tissue
encapsulation of PMMA. In cases of loosening and
removal, bone substance will also be lost. Biomimetic
synthetic hydroxyapatites (HAP) [162] are a more attrac-
tive natural candidate as composite materials for bone
cement due to their intrinsic non-toxicity, high biocompat-
ibility and ability to support growth of new bone tissue
[163,164]. HAP attempts to produce the same elementary



ARTICLE IN PRESS
P. Wu, D.W. Grainger / Biomaterials 27 (2006) 2450–2467 2459
inorganic chemical solid chemical composition as bone and
tooth mineral. Past work [131] investigated release
behavior of cephalexin- and norfloxacin-loaded HAP
cement in vitro. Drug release patterns of these antibiotic-
loaded HAP cements correlated well with the Higuchi
model [165]. The 4.8wt% norfloxacin-loaded cement
provided continuous antibiotic release to 250 h with
complete release estimated to be 3 weeks. Anionic
collagen:HAP composite pastes for antibiotic controlled
release have been developed using inorganic salts,
Ca(NO3)2 � 4H2O and (NH4)2PO4, mixed with anionic
collagen at a mass ratio of 20:1 followed by addition of
ciprofloxacin [164]. Antibiotic release rate is controlled by
the porosity and tortuosity in the composite, permitting
drug release throughout the healing process. Other
synthetic hydroxyapatite cements such as b-tricalcium
phosphate or calcium phosphate bioceramics, either alone
[166,167] or associated with natural [168] or synthetic
polymers [169], have also been studied to treat bone
infection with some claims to success. These composites
provide potential bulk compositional versatility for anti-
biotic-releasing formulations.

Biodegradable polymer cements and implants draw
increasing interest because of their advantages over
PMMA cements or PMMA beads in principle. First,
because biodegradable beads resorb at controllable rates,
surgical removal and soft tissue reconstruction are
unnecessary. Second, these polymers are able to provide
longer release periods and higher antimicrobial agent
concentrations to more completely treat particular ortho-
pedic infections, and third, biodegradability can be varied
from weeks to years, permitting different types of infec-
tions to be treated over different time scales [170–173].
Biodegradable FDA-approved polyesters, the poly(a-hy-
droxy acids) poly L-lactic acid (PLA), poly(glycolic acid)
(PGA), and poly(lactic-co-glycolic acid) (PLGA) (also
called polylactide, polyglycolide, and poly(lactide-co-gly-
colide), respectively) continue to attract immense pharma-
ceutical and biomedical interest [174–177]. Currently, a
number of FDA-approved clinically marketed products
utilize PLA and PLGA as excipients to facilitate sustained
bioactive drug release in several major device areas [178].
Specifically, in applications for treating osteomyelitis,
poly(D,L-lactide) (PDLLA), PLA, PLGA, PEG, PLA–
PLGA block copolymers and other copolymers are
manufactured into biodegradable beads, microspheres,
melt-extruded cylinders, suspension-extruded/coated cylin-
ders and drug-releasing coatings and matrix films [135], as
used for example on orthopedic devices [179,180]. Several
in vitro and in vivo studies have investigated antibiotic-
loaded bone implants containing biodegradable polymers
[4,128,130,173]. Predictably, release kinetics were found to
be influenced by polymer molecular weight, mass ratio of
polymer to antibiotic, bead size, copolymer composition,
and various manufacturing parameters [173]. PGA, PLA
and PLGA polyesters are all strongly hydrophobic, placing
practical constraints on formulating devices with sufficient
drug loading and dispersion for reliable delivery of
antimicrobials. To increase hydrophilicity and other
physico-chemical properties to improve drug–polymer
compatibility of these popular polyesters, various block
copolymer excipients or matrix analogs comprising biode-
gradable polyesters and poly(ethylene glycol) (PEG)
additives have been developed. PLA and PLA–PEG
copolymer monolithic disk implants containing gentamicin
sulfate were compared in vitro [130]. PLA–PEG copoly-
mers released antibiotics faster and exhibited more
pronounced inhibitory effects against Escherichia coli over
PLA homopolymers matrices, due to increased PEG–PLA
hydrophilicity, hydration rates, drug dispersion, and PEG-
assisted swelling characteristics.
Biodegradable polyhydroxyalkanoates (PHA) have also

drawn substantial interest, claimed to be superior to PLGA
for two primary reasons. First, as a polyester of biological
origin, PHA is considered environmentally preferable.
Second, PHA can be chemically and physically tailored
to produce diverse physicochemical properties of clinical
relevance, such as piezoelectricity claimed to induce new
bone formation on load-bearing sites, and drug loading
compatibility for release control [181,182]. Sulperazones

(sulbactam-cefoperazone 1:1)- and Duocids (sulbactam-
ampicillin 1:1)-loaded poly(3-hydroxybutyrate-co-4-hydro-
xyvalerate), (P(3-HB-co-4-HB)) rods were reported [183] as
effective biodegradable implants to treat osteomyelitis. In
this in vivo study, a hemolytic strain of S. aureus was
directly delivered into the medullary cavity of rabbit tibiae.
Surgery sites were almost completely healed at 6 weeks
using these antibiotic-loaded P(3-HB-co-4-HB) intrame-
dullary implants.
The increasing clinical use of orthopedic devices, their

well-known integration issues with host tissues, and needs
for improved bone defect solutions all provide new,
compelling opportunities for developing novel combina-
tion device–drug delivery products with long-term osteoin-
ductive and antimicrobial efficiency integrated into
functional orthopedic implants. This challenge, combined
with exciting new developments in bone biology and
molecular medicine, provides a versatile set of new
components for novel device designs. While biologically
derived mitogens and morphogens are current attractive
candidates (since modern proteomics, genomics and
signaling mechanistic elucidation has identified and
validated their innate biological importance), they
exhibit certain unattractive recombinant cost development
structures and more practical bioactivity and stability
issues associated with any bioactive protein formulated
into a polymer delivery system. Hence, more attractive
pharma options include discovery of potent non-biological
mitogen and morphogen small molecule surrogates
that recapitulate the relevant biological signaling
cascades in vivo without need for exogenous specific
chemokine or cytokine release [184]. This would allow
significant dose and formulating flexibility currently
unavailable.
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8. Mitogenic and morphogenic agent release for device

integration and tissue regeneration

As described above in orthopedic applications, the
expanding availability of increasingly diverse types of
endogenous growth factors (cytokines, chemokines) and
elucidation of their innate biological control mechanisms
have prompted an explosion of interest in their adaptations
for use in producing clinically important amounts of tissue
in regenerative medicine and tissue engineering [185].
Another important application would be to enhance and
accelerate implant device–tissue integration to mitigate
clinical problems as discussed above in Section 7 [186–188].
Continual discoveries in both cytokine mitogens (produ-
cing cell proliferation) and morphogens (producing cell
phenotypic alterations and differentiation), and chemo-
kines across virtually all major tissue types have prompted
generic approaches to growth factor delivery using
controlled release [189] as well as specific growth factors
delivered for specific goals, including neovasculogenesis
[190,191], bone neogenesis [125], and neurogenesis [192],
along with many other tissue engineering examples [193].
Because of the short half-life, pleiotropism, dynamic
interaction and inter-controls in signaling, and rapid
turnover of many growth factors in vivo, exogenesis
introduction of these bioactive agents to promote local
controlled tissue responses, tissue engineering and regen-
erative medicine must consider strategies to control growth
factor release and therapeutically relevant bioavailability.
Current costs for producing and formulating these agents
also limits dosing.

Combination devices are ideally suited to overcome many
of these challenges to either release or induce the local
cellular environment around the implanted device to
produce therapeutic levels of mitogens or morphogens
directly at tissue sites, from device surfaces, and within
tissue engineered matrices. The challenges are not trivial:
reliable protein and gene delivery is difficult (even locally),
formulation into release matrices is inefficient, control of
natural cycles and pharmacodynamics is not possible, and
current knowledge about how to recapitulate specific cell
signaling cascades to produce effective tissue growth without
adverse side effects (angioma, fibrosis, ectopic mineraliza-
tion) is woefully incomplete. Nonetheless, this represents an
important frontier where true bioactive molecular and
cellular signaling might be exploited onto and into
implanted devices using natural cascades to therapeutic
ends. Important clinical endpoints are therapeutic angiogen-
esis, enhanced functional tissue regeneration, and improved
device integration and biocompatibility with host tissue.

9. Other drug/device combination products

9.1. Wound dressings

CardioTech International, Inc. (Woburn, MA, USA)
just received FDA approval to market an antibiotic-
containing hydrogel wound and burn dressing intended
for use in the management of partial and full-thickness
wounds including venous stasis ulcers, diabetic ulcers,
pressure sores, blisters, superficial wounds, abrasions,
lacerations and donor sites. The wound contact surface
comprises a hydrogel containing mixed antibiotic compo-
nents including neomycin sulfate, bacimicin zinc and
polymyxin B sulfate (10,000 Units). A second outer layer
consists of a polymeric film [194]. The combination of
wound dressing with direct antibiotic release provides
obvious advantages over traditional wound dressings in
preventing bacterial infection, especially in high-risk
patients.

9.2. Cerebrospinal shunts

Infection remains a major clinical complication for use
of cerebrospinal fluid (CSF) shunts and is usually managed
by shunt removal, temporary insertion of an external
drainage and implantation of a new shunt system.
Morbidity and costs associated with this cyclic replacement
process throughout the life of patients with hydrocephalus
are profound. Rifampin-loaded silicone ventricular cathe-
ters capable of releasing rifampin in bacteriocidal concen-
trations beyond 2 months were used to prevent S.

epidermidis and S. aureus colonization and infection in
vitro and in vivo in a rabbit CSF infection model [195]. In
contrast to control groups, no animals with rifampin-
loaded catheters exhibited clinical signs of infection. After
animal sacrifice, no culturable bacteria (e.g., from catheter,
brain tissue, CSF, blood) were found in drug-releasing
shunts, in contrast to control catheters.

9.3. Dexamethasone release and fibrosis

Implant-localized fibrosis results frequently from foreign
body reactions. While some implant devices (e.g., hernial
or abdominal repair meshes) may actually become stabi-
lized by such avascular in-growth, other devices including
many catheters and sensors that require specific commu-
nication with host tissues are significantly and adversely
affected. Corticosteroids including dexamethasone have
therefore been used to reduce acute inflammatory events
responsible for fibrosis, including attenuation of inflam-
matory cell cascades, fibroblastic recruitment and collagen
production in implant sites [196]. Locally released drug
from polymer coatings on the implant, or polymer–drug
microspheres in the wound site have been reported for
cardiac pacing electrode tips (pacemaker leads) and
implantable electro-biosensors monitoring blood glucose
levels in diabetes management. Devices lacking local
device-based drug release are affected by implant-asso-
ciated fibrosis that limits device–tissue communication,
either electrically or biochemically. Double-blinded clinical
studies compared identical electrode configurations (Med-
tronic, Minneapolis, MN) with and without loaded steroid
(dexamethasone) over long time periods in vivo (6-months
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to 2-year follow-up periods) [197,198]. Constant pacing
pulse duration thresholds were shown for the steroid-
releasing leads, while control leads without steroids showed
a significant rise in pacing thresholds. A more recent
clinical study confirmed excellent performance of pace-
maker leads containing dexamethasone sodium phosphate
and dexamethasone acetate [199]. PLGA microspheres
alone or PLGA microsphere/poly(vinyl alcohol) (PVA)
hydrogel composites releasing dexamethasone have been
implanted subcutaneously into rats and investigated in
vitro and in vivo as a conjunctive therapy with implantable
sensors [200,201]. Dexamethasone release from PLGA
microsphere/PVA hydrogel composites exhibited approxi-
mately zero-order kinetics. These composites demonstrated
some in vivo capability to modulate both acute and chronic
inflammatory responses, and minimized fibrosis adjacent to
the implants [200,201]. Such composite coating design
provides some versatility for combination devices for
altering drug dosing via microsphere loading into the
hydrogel matrix, as well as through microsphere composi-
tion, and mixed microsphere-based dual drug administra-
tion. By contrast, glucose reporting performance of
biomedical polyurethane-coated amperometric glucose
sensors subdermally implanted into dogs for weeks was
not significantly affected by local dexamethasone release
from the polyurethane [202].

10. New approaches to deliver antimicrobial agents

Several studies have aimed to construct novel triggered
drug delivery systems that release antimicrobials at specific
locations at required times. These new systems are usually
triggered by certain endogenous host infection responses
such as inflammation-related enzymes, thrombin activity or
microbial proteases. Drug-conjugated polymers [203]
synthesized using 1,6-hexane diisocyanate (HDI), polyca-
prolactone diol (PCL), and the fluoroquinolone antibiotic,
ciprofloxacin, polymerized into the polymer backbone
release drug as the polymer degrades by an inflammatory
cell-derived enzyme, cholesterol esterase. Microbiological
assessment showed that released ciprofloxacin possessed
antimicrobial activity against P. aeruginosa after 10 days.
However, in this polymer design, the enzyme does not
specifically cleave precisely at the drug conjugation
position in the polymer backbone. Additionally, general
hydrolysis can also degrade the polymer. Hence, fragments
of ciprofloxacin bonded to different PCL and/or HDI
fragments may not display antimicrobial activity and could
also induce cell toxicity. Combinations of different
enzymatically labile polymer–drug linkages and modifica-
tion of the degradable polymer chemistry may solve this
problem [204]. Significant increases in thrombin-like
activity were reported in S. aureus-infected wounds [205].
These workers then developed a novel peptide to link an
insoluble polymer matrix with antimicrobials specifically
cleaved by thrombin [206]. A PVA–peptide–gentamicin
conjugate was developed and investigated both in vitro and
in vivo. Released gentamicin amounts were dependent on
local thrombin concentration associated with S. aureus

infection with bacteriocidal effects observed in animal
models of S. aureus infection.
These two sophisticated, new polymer–drug conjugate

examples provide some new directions for future con-
trolled, local antimicrobial release strategies. Triggered or
stimuli-sensitive approaches to new combination medical
devices, prompting antimicrobial or more general drug
release with pre-programmed temporal and spatial profiles
are possible. PVA is a candidate occlusive wound dressing
material; HDI and PCL could also be co-processed to form
a biodegradable implantable device. Furthermore, new
discoveries in microbiological phenotypes, proteomics and
infection mechanisms should allow development of new
pathogen-specific cleavable conjugates, new classes of
drugs and new anti-adhesive or anti-proliferative pharma-
cological targets exploited in combination with implantable
devices. This strategy could borrow from better-developed
enzyme-cleavable or targeted pharmaceutical approaches
for polymer–prodrug formulations in other therapeutic
areas [207–209].
11. Conclusions

With the recent proven clinical success of precedent DES
systems, recognition of the therapeutic value of locally
released antimicrobials in several clinical device classes
including catheters and bone cements, and launch of an
antibiotic wound dressing, local drug delivery/device
combination therapy is becoming an exciting new biome-
dical frontier, with associated diverse creative strategies
newly available. For many reasons, the surface of any
indwelling medical device provides an excellent platform
for the formation of bacterial colonies or biofilms,
producing life-threatening infections across most types of
implanted devices. In the case of antimicrobial strategies,
many different biomaterial approaches, different polymer
coating chemistries and architectures, and different anti-
biotics have been studied and, taken together, exhibit
unique opportunities to help mitigate device-related infec-
tions. These medical devices also provide drug reservoirs
for local delivery to infection sites with minimal systemic
toxicity, and capabilities for advanced pharmacokinetics,
drug mixtures, complex release mechanisms and site-
sensitive stimulated release controls. For other types of
medical device functional and integrative challenges,
combination approaches that utilize new developments in
local cell, tissue and molecular biology manipulation might
be accomplished. These include new activities from
delivered mitogens and morphogens, controlled apoptosis
and differentiation, enhanced host cell recruitment, tissue
regeneration, wound healing, vasculogenesis, and tis-
sue–implant integration, along with limited destructive
inflammatory reactions, infection and fibrosis. Increasing
appreciation for host tissue biology in the implant site will
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lead to breakthroughs in this area where combination
therapies might readily assist.

With the establishment of US FDA’s Office of Combi-
nation Products and other equivalent oversite organiza-
tions world-wide, exciting device precedents, clinical
successes, and corresponding new codes, pharmaceutical
companies and device manufactures are actively seeking
development opportunities for new drug/device combina-
tion products based on their existing drug and device
products. This could result in a blurring of business plans
between traditional drug and biomedical device companies
as the two approaches slowly converge in the combination
sector, and readily require the synergy of closely partnered
interaction (or even mergers) to fully capitalize on
innovative combination products. Additionally, combina-
tion devices up for FDA approval that exploit advantages
of an already-approved therapeutic entity could enjoy
expedited approval [1]. While this provides the most direct
route to product, improved performance might better be
gained from de novo device design that anticipates and
exploits drug delivery and device in vivo performance from
de novo design conception.

In order to take experimental model studies into reliable
clinical use, many further issues must be considered and
resolved. Device biomaterials must remain biocompatible
in the presence of drug modifications, and in some cases,
biodegradable materials are preferred to produce required
drug release control and duration. Bacterial resistance to
antimicrobials, especially to locally released antibiotics
must be carefully considered and monitored precisely at the
point of delivery. Mechanical and other functional medical
device performance properties must not be compromised
by combination with drug/antimicrobial release and
associated manufacturing processes. Significantly, the
commonly observed disconnect between in vitro and in
vivo efficacy and pharmacology testing must be overcome
with direct validation in a clinical context: mechanisms of
action and therapeutic benefit should be clearly elucidated
and not remain anecdotal.
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