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The area of drug delivery systems has gained increasing 
attention in recent years because of limitations of conven-
tional drugs. For example, the severe toxic side effects of 
anticancer drugs on healthy tissues may cause physicians to 
reduce the administered dose, delay treatment, or even dis-
continue the course of chemotherapy. Drugs that are wide-
spread in the body can affect normal organs, resulting in 
dose-limiting side effects (e.g., cardiac toxicity of doxoru-
bicin) and restrict the amount of drug that can be adminis-
tered. Low concentration of drugs in the target tissues will 
lead to the suboptimal therapeutic effects and require more 
frequent administration.1–3 Recent advancements in pro-
teomics and genomics have led to the discovery of a large 
number of potentially clinically useful biologic medications. 
However, these biologics can also have shortcomings, includ-
ing being large-molecular-weight proteins or polypeptides 
susceptible to proteolytic degradation, hydrolysis, chemical 
modification, and denaturation. These properties often result 
in loss of activity and/or poor bioavailability of biologic drugs 
upon systemic administration.4,5 Many useful drugs are hydro-
phobic in nature and are difficult to solubilize in an aqueous 
environment, thus making it difficult to achieve a convenient 
pharmaceutical format for administration using conventional 
delivery strategies.2 To address these and other challenges, 
novel drug delivery technologies have been developed for 
more convenient, controlled, and targeted delivery.

Drug delivery systems can be internal or external devices 
or materials that facilitate the administration of medications 
to a patient. Internally administered drug delivery systems 
can be composed of a variety of materials that are func-
tionalized with therapeutics, ranging from metalloids to 
polymers to lipids.1,2,6 The advantages of these systems 
include the following: (1) lowering the adverse side effects 
of administered drugs by extending their release at a lower 

systemic dosage or targeting their delivery to the desired 
cells, (2) improving the bioavailability of peptides and pro-
teins by protecting them against different degradation and 
inactivation processes in the body, (3) enhancing the solu-
bility of poorly soluble drugs, (4) reducing the cost of treat-
ment by increasing the drug efficacy and lowering the drug 
dosage for certain therapeutic effects, (5) improving patient 
compliance by reducing the frequency of administration and 
the chances of missing or erring in a dose.1–3,5,6 On the com-
mercial side, more and more pharmaceutical companies have 
realized the advantages that new drug delivery technologies 
bring to enhance the value of their current products, and they 
are adopting these technologies to reformulate their off-patent 
drugs to fight off generic competition. In addition, numer-
ous potentially effective therapeutic agents developed by 
large pharmaceutical companies have been tabled because of 
severe toxicity during preclinical or clinical trials. The use of 
novel drug delivery technologies provides the potential that 
these drugs can be reformulated, and the substantial funds that 
were spent in the research and development of these therapeu-
tics can be recovered.

Polymer-based drug delivery systems can be broadly 
classified into three types: polymer-drug conjugate systems, 
reservoir-based systems, and monolithic matrix systems. 
In polymer-drug conjugate systems, drugs are delivered 
in the form of covalent conjugates with water-soluble and 
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biodegradable polymers. This has the potential to enhance 
the solubility of poorly soluble drugs and the bioavailability 
of rapidly degraded therapeutics.5 In reservoir-based sys-
tems, the drug reservoir is enclosed within polymer coatings. 
The drug releases through the rate-controlling porous poly-
meric membrane. Monolithic matrix systems are similar to 
reservoir-based systems, but in this case, the drug is dispersed 
or dissolved within a rate-controlling polymer matrix. In 
both reservoir-based and monolithic matrix systems, drugs 
are noncovalently contained or embedded within the poly-
mer matrices.3,5 This review focus on the reservoir-based, 
controlled-release polymer drug delivery system.

Reservoir-Based System
The reservoir-based system is one of the most common 
controlled drug delivery systems to date. In these systems, 
a drug core is surrounded by a polymer film, and the drug 
release rate is controlled by the properties of the polymer 
(e.g., polymer composition and molecular weight), the 
thickness of the coating, and the physicochemical proper-
ties of the enclosed drug, such as solubility, drug particle 
size, and molecular weight.3,7 Reservoir-based systems are 
most beneficial for one of the following two applications: 
(1) a mid-/long-term administration of a medication that is 
localized to a specific region (i.e., organ, body cavity, etc.). 
This is usually done if the area being targeted is difficult to 
reach via systemic administration (i.e., eye, ear) and/or the 
drugs administered are toxic and may require a long-term 

course of dosing (i.e., cancer treatments). (2) A drug depot 
for long-term systemic administration. This is generally 
administered as an intramuscular or subcutaneous injection 
or implantation. Based on the morphology, the reservoir-
based system can be classified as the following categories 
(Fig. 1).

Medical Devices Coupled With Drug 
Delivery Systems
An important influence in the development of stand-alone 
reservoir-based delivery systems is the implanted medical 
device coupled with extended drug delivery. The implanta-
tion surgery can be invasive and sometimes cause inflamma-
tion or infection. The coupled delivery of active therapeutics 
with medical devices can reduce or eliminate the trauma 
associated with the implantation. In addition, medical devices 
can serve as a vehicle to locally deliver certain drugs to the 
implantation site directly, enabling in situ therapeutic treat-
ment for some diseases. This review focuses on stand-alone 
drug delivery systems. However, the development of drug 
delivery coatings is important to touch upon as advances in 
this field have had significant impacts on the development 
of stand-alone systems.

Polymers used in the medical device drug delivery 
systems are required to be biostable, nonbiodegradable, bio-
compatible, and stable in contact with metals. In the early 
1980s, polyurethane was used by Medtronic Corporation as 
an insulator for pacemaker leads. However, the degradation 

Figure 1. Classes of reservoir-based polymer drug delivery systems.



52  Journal of Laboratory Automation 17(1)

of this polymer in the body and the associated inflammatory 
and fibrotic reaction have limited its continued usage in the 
development of novel medical devices using microfilamen-
tous scaffolds. Poly(styrene-block-isobutylene-block-styrene; 
SIBS) was developed to minimize these deficiencies. SIBS 
is a biostable thermoplastic elastomer, which shows physical 
properties overlapping silicone and polyurethane. SIBS was 
first introduced in the medical industry by Boston Scientific 
Corporation (BSC) in 2002. BSC introduced a drug-eluting 
TAXUS® coronary stent to reduce the incidence of coronary 
bypass procedures and associated morbidities.8 Various 
other polymeric materials have also been used with implanted 
medical devices for drug delivery, with stents being a com-
mon area of research. These polymers include a PEVA, 
PBMA, and PBMA combination, phosphorylcholine, dif-
ferent fluoropolymers, and Parylene C.9–13

Microspheres and Nanospheres Particles 
for Injection
Microspheres and nanospheres are some of the most desir-
able types of parenteral delivery systems due to the small 
sizes of these particles. Microspheres and nanospheres are 
small drug particles coated with different polymers, which 
can be administered by a routine injection using narrow-
gauge needles.1,7 They can also be administered orally. 
Upon administration, drugs are released in a rate-controlled  
manner from the polymer by diffusion or by degradation of 
the polymer matrix. The drug release rate for such systems is 
controlled by the polymer molecular weight and composi-
tion, particle size, and morphology. The size of the injected 
microspheres and nanospheres can be a limitation to their 
route of administration. For example, for intravenous admin-
istration, the administered particles must be smaller than the 
diameter of the capillaries (5–10 µm) in order to avoid being 
caught in the body’s circulatory system.14 Particles greater 
than this size are useful for intramuscular, subcutaneous, or 
cavity injection.

Microspheres and nanospheres can be prepared either via 
the polymerization of monomers or from linear polymers. 
The polymerization of monomers can be achieved by vari-
ous techniques, such as emulsion, dispersion, and suspen-
sion. Emulsion is typically used to form uniform particles at 
a nanometer scale (10 to 1000 nm). The technique typically 
involves the dispersion of a hydrocarbon monomer and a 
water-soluble initiator in water. A surfactant is employed for 
the formation of uniform micelles, and polymerization takes 
place inside these micelles. Dispersion polymerization results 
in particle size at the micrometer scale (0.5 to 10 µm). The 
technique involves dissolving the monomer, initiator, and sta-
bilizer (an organic polymer consisting of hydrophobic and 
hydrophilic parts) in an organic medium, and polymeriza-
tion takes place inside the monomer droplets. The polymer 
beads precipitate out from the organic solvent. Suspension 
polymerization is usually employed to produce micron-sized 

particles (50–500 µm). In suspension polymerization, the 
monomer is dispersed in a water phase with a stabilizer and 
an initiator, which is soluble in the monomer phase. 
Polymerization occurs within the monomer phase. In addi-
tion to the polymerization techniques mentioned above, a 
significant amount of work has also been conducted on 
dispersion polymerization in supercritical CO

2
, which 

eliminates the usage of toxic solvents and may prove to be 
beneficial to medical applications.7 Therapeutics are incor-
porated into the microspheres or nanospheres either via 
encapsulation in the polymer sphere or by dispersion within 
the polymer sphere matrix. The form of drug incorporation 
depends on the chemical properties of the drug and polymers 
used and the method used to produce the microspheres or 
nanospheres.

Additional common microsphere and nanosphere prepa-
ration techniques include solvent evaporation and spray dry-
ing. These methods are useful for polymers that cannot be 
made by the emulsion process, such as polylactic acid (PLA) 
and polyglycolide (PGA). They are also beneficial for some 
naturally occurring polymers (e.g., chitin, chitosan, and cel-
lulose). The solvent evaporation technique (or double emul-
sion technique) can be briefly described as follows: the drug 
is dissolved in water and then dispersed in an organic solvent 
(usually dichloromethane [DCM]) containing the polymer, 
forming the first emulsion. The first emulsion is then dispersed 
in a stabilized aqueous medium (usually polyvinyl alcohol) to 
form the second emulsion. Microspheres or nanospheres are 
formed as DCM evaporates and the polymer hardens, trap-
ping the drug inside the particles.15

The first Food and Drug Administration (FDA)–approved 
controlled-release system was Lupron Depot, injectable 
microspheres composed of lactic acid–glycolic acid copo-
lymer and leuprolide acetate. This system was introduced 
in 1989 to treat prostate cancer, and the drug release lasted 
for 30 days.3 Other microsphere or nanosphere drug deliv-
ery systems subsequently approved by the FDA include 
AmBisome (liposomal amphotericin B for fungal infection 
treatment),16 Adagen (PEG-adenosine deaminase for severe 
combined immunodeficiency disease),17 Doxil/Caelyx (Stealth 
PEG-stabilized liposomal doxorubicin for refractory ovarian 
and breast cancer),18 DepoCyt (liposomal cytosine arabinoside 
for meningitis),19 ONTAK (denileukin diftitox for cutaneous 
T-cell lymphoma),20 Mylotarg (gemtuzumab ozogamicin for 
CD33+ relapsed acute myeloid leukemia),21 PEG-Intron 
(PEG-interferon α-2b for hepatitis C),22 and Neulasta (peg-
filgrastim for reduction of febrile neutropenia associated 
with chemotherapy).23

Hydrogel Systems
Hydrogels are three-dimensional, cross-linked networks of 
water-soluble polymers. Historically, there has been some 
debate in the field as to whether hydrogels are a separate class 
of drug delivery from monolithic matrices. For the purposes 
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of this review, the two are considered separate entities. 
Hydrogels are highly absorbent (up to 99.9% water), and they 
can be made from natural or synthetic polymers. The use 
of biodegradable hydrogels as carriers for controlled drug 
delivery has sparked particular interest because of their 
biocompatibility and inertness toward various drugs, espe-
cially proteins. Furthermore, hydrogels can be formulated 
into a variety of physical forms, such as slabs, microparti-
cles and nanoparticles, and films. The highly porous nature 
of hydrogels makes the drug release rate significantly 
depend on the diffusion coefficient of the drug molecules 
through the gel network. The porosity of hydrogels can 
be easily tuned by controlling the degree of cross-linking, 
which will affect the release rate of the entrapped drug 
particles.5,24,25

Hydrogels can be prepared by both physical and chemi-
cal cross-linking. Physical cross-linking can be triggered by 
the change of pH, temperature, and ionic strength and a 
variety of physicochemical interactions (e.g., hydrophobic 
interaction, charge condensation, hydrogen bonding, ste-
reocomplexation, and supramolecular chemistry). Chemical 
cross-linking involves adding additional cross-linking enti-
ties to covalently bond to hydrogels, leading to the chemical 
modification of the system. Small-molecule and polymer-
polymer cross-linking are the two major cross-linking strate-
gies in this category. Hoare and Kohane have done a thorough 
review on these techniques in their recent publication.24

Despite the various advantages of using hydrogel systems 
for drug delivery, there are limitations as well. The ability of 
hydrogels to rapidly swell with water can lead to fast release 
of the loaded drug and rapid degradation of the polymer. 
Hydrophilic drugs delivered through hydrogel systems typi-
cally have a release period of hours to days, which is much 
shorter than those delivered by microspheres or nanospheres 
based on more hydrophobic polymers. To extend the effec-
tiveness of hydrogels for drug delivery, several strategies 
have been developed, such as enhancing drug-hydrogel 
bonding by physical interactions (ionic interaction or copo-
lymerization), introducing covalent bonds between drugs 
and hydrogels, and modifying the microstructure of hydrogels 
(e.g., increasing the percentage of cross-linking monomer 
incorporated in the gel, forming a second hydrogel network 
within a prepolymerized hydrogel, generating a reduced-
permeability layer at the hydrogel surface, and coformulating 
particulate systems into hydrogel matrix).24,25

Hydrogel-based drug delivery systems have been devel-
oped for many applications. For example, controlled release 
of bone morphogenetic protein-2 by biodegradable hydrogels 
has shown enhancement of ectopic bone formation.26 Solid 
lipid nanoparticles containing ibuprofen have been incorpo-
rated into dextran hydrogels and are shown to be suitable for 
oral formulations.27 Multiple injectable hydrogels have been 
developed for the treatment of ear disorders. These include 
insulin-like growth factor delivered by gelatin hydrogels, 

which demonstrate hearing improvement in patients with 
sudden sensorineural hearing loss,28 and dexamethasone-
containing poloxamer hydrogels.29–31

Implants
In comparison with other reservoir-based drug delivery sys-
tems, implants are less common. However, multiple variations 
of these extended drug release implants have been used exten-
sively in the ophthalmology arena. One main reason for this 
is that the intraocular structures are easily accessible and are 
confined and isolated from the circulation by the inner and 
outer blood-retinal barriers. In the most common incarnation 
of this implant drug delivery system, a core of solid drug is 
surrounded by a permeable polymeric membrane whose 
thickness and permeability control the release rate of the 
drug into the body. The implants can be modulated into dif-
ferent shapes, such as rods, films, plugs, pellets, and discs. 
The release kinetics of this system suggests that if the drug 
concentration within the reservoir is constant (partially dic-
tated by the solubility of the drug), the driving force of the 
drug release is constant diffusion through the polymer coat-
ing, and zero-order release kinetics can be achieved. The 
drug release rate is determined by factors such as the release 
area, the thickness of the polymeric membrane, the implant 
form, and the drug solubility.32

Depending on the polymer used, the implant systems 
can be classified into nonbiodegradable and biodegradable 
implants (further expanded upon below). The polymers most 
employed in the nonbiodegradable implants include silicone, 
polyvinyl alcohol (PVA), and ethylene vinyl acetate (EVA). 
PVA is easily permeable for a variety of lipophilic drugs, 
whereas EVA is impermeable to most drugs and is used as a 
membrane around the drug core to reduce the release area of 
an implant. Silicone can be tailored to be both a permeable or 
impermeable layer depending on the thickness and grade of 
silicone used. Polymers used for biodegradable systems can 
be either naturally occurring polymers (e.g., bovine serum 
albumin, human serum albumin, collagen, and gelatin) or syn-
thetic polymers, such as PLA, PGA and polylactic-co-glycolic  
acid (PLGA) copolymer. With biodegradable implants, 
drug release is thought to occur during polymer degrada-
tion. As such, there is an initial drug-burst release usually 
associated with this type of system. This can be a major 
disadvantage when constant release kinetics are desired for 
the duration of therapeutic administration.4,5,32

Currently, there are only three implants for the eye that 
have been approved by the FDA: Retisert, Vitrasert,33 
and Ozurdex.34 Retisert, marketed by Bausch & Lomb, is 
an intraocular implant that contains fluocinolone acetonide 
(FA), to treat noninfectious uveitis. Retisert is composed of 
an FA tablet containing microcrystalline cellulose, magne-
sium stearate, and PVA. Vitrasert, also marketed by Bausch 
& Lomb, is a controlled-release intraocular implant that 
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contains 4.5 mg of ganciclovir surrounded by PVA/EVA. 
Vitrasert is used to treat cytomegalovirus (CMV) retinitis, the 
major ocular infection in AIDS patients.33 Ozurdex, devel-
oped by Allergan Inc. (Irvine, CA), is a biodegradable intra-
vitreal implant that provides sustained delivery of 700 µg 
dexamethasone to the retina and vitreous for the treatment 
of macular edema and noninfectious posterior uveitis.34

Various additional technologies (both polymer and non–
polymer based) for implantable reservoir-based drug delivery 
have been developed to expand use beyond ocular applica-
tions. These include the development of polymer beads 
and films for implantation. For example, Biocompatibles, 
a UK-based company, has developed a pipeline of biode-
gradable therapeutic-releasing beads for various applica-
tions. Multiple products have been approved for use outside 
of the United States and have progressed to clinical trials in 
the United States. These drug-loaded biocompatible beads are 
primarily hydrogels composed of either PVA or sulphonate-
modified N-Fil.

The development of films for transdermal drug deliv-
ery and drug-eluting coatings for medical devices has led 
researchers to adapt these technologies for independent 
implantable drug delivery systems. This has led to the cre-
ation of polymer-based films for drug delivery. Some early 
applications for thin film drug delivery have also been in the 
ocular arena,32,35 but development has expanded to the treat-
ment of inflammation and cancer. These films have some 
advantages over traditional implanted reservoir systems in 
that they possess a flexible footprint that allows for increased 
versatility for applications in the body (i.e., contour to differ-
ent cavities, organs, etc.). There are some limitations as well, 
including a reduced drug load as compared with some other 
reservoir-based delivery systems. However, because of the 
platform nature of this system and the films’ flexible physical 
properties, these films fill a unique niche for drug delivery 
technologies. Parylene, a polymer that has been commonly 
used for decades to coat implanted medical devices, has 
been used both as a flexible backbone of these films and 
as a controlled release coating over deposited drugs.13 
These films have been developed further to incorporate addi-
tional advanced materials (i.e., block co-polymers, nanodi-
amonds) to facilitate drug loading and release.36,37 Various 
additional nanoporous polymeric materials have been stud-
ied for their controlled release potential, but because their 
physical properties, most would have applications as drug 
delivery coatings for implanted medical devices. Additional 
work would need to be performed with these materials to 
develop a stand-alone drug delivery system.

The major drawbacks for the implant drug delivery sys-
tems are the need for a surgical implantation and the poten-
tial requirement to remove the implant after it is empty. 
Recent research has been focusing on miniaturization of 
the implants (allowing for direct injection of the implant 
without a complicated surgery) and adopting biodegradable 

polymers to the system (eliminating the need for implant 
removal). In addition, thermo- and light-sensitive polymers 
are being incorporated into implantable drug delivery sys-
tems to achieve localized and targeted delivery.1,4

Polymers for Reservoir-Based Controlled 
Release Systems
Polymers used in the drug delivery systems can be classified 
into the following categories: diffusion controlled (non-
biodegradable), chemically controlled (biodegradable), and 
externally triggered systems (smart polymers responded to 
pH, temperature, etc.).

Nonbiodegradable Polymers
The polymers that are commonly used in diffusion-controlled 
systems are usually nonbiodegradable. In these systems, 
because the polymers are not biodegradable, there is usually 
no initial burst release, and the release kinetics are determined 
by the thickness and permeability of the polymer, the release 
area, and the solubility of the drug.32,33 The nonbiodegradable 
polymers that have been used most are silicone, cross-linked 
PVA, and EVA. These polymers have been approved by the 
FDA to be safe for the body. EVA, impermeable to many 
drugs, is often used as a membrane surrounding the drug 
core to reduce the release area (so as to reduce the drug 
release rate). PVA, on the other hand, is permeable to vari-
ous lipophilic drugs, so it is often used as a controlled elu-
tion membrane in the release area. The thickness of the 
PVA layer can be tuned to achieve desired release kinetics. 
Silicone can be used as an impermeable or permeable mate-
rial, depending on the thickness and grade used. Several 
implants using nonbiodegradable polymers have been 
developed to treat eye diseases such as CMV retinitis, uve-
itis, and diabetic retinopathy.32,33 Additional nonbiodegrad-
able polymers currently under development in drug delivery 
systems include various block co-polymers (vesicles and 
coatings) and parylene (films and coatings).36

Biodegradable Polymers
Biodegradable polymers find widespread use in the drug 
delivery industry. There are two types of biodegradable poly-
mers: natural polymers and synthetic polymers. Collagen and 
gelatin are the two natural biodegradable polymers that have 
been deployed most for drug delivery systems. There are 
numerous advantages of collagen, including its biocompati-
bility, nontoxicity, and the ease of isolation and purifica-
tion of large quantities. However, collagen is known to cause 
immunogenic responses in some patients, thus limiting  
its utility. A variant, atelocollagen, which is prepared by 
removing the telopeptide from collagen, has been used to 
decrease the potential immunogenicity. Other disadvantages of  
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collagen include its poor mechanical strength and the  
difficulty of developing reproducible release rates.5,38 Gelatin 
is a thermoreversible polymer. It is widely used for drug 
delivery because of its easy availability, low antigen profile, 
and low binding to drug molecules. However, in preparing 
the drug delivery system, gelatin is cross-linked with glutar-
aldehyde, which can bind to and inactivate some protein 
drugs.4,5

Synthetic biodegradable polymers include PLA, PGA, 
PLGA, polycaprolactone, polyparadioxane, polyphospho-
esters, polyanhydride, and polyphosphazenes. Among these, 
PLA, PGA, and their copolymer PLGA are the most well-
defined and used polymers in drug delivery.39 Their precur-
sors, lactic acid and glycolic acid, come from corn starch or 
cane sugar, which provide a great advantage over conven-
tional polymers synthesized from oil. These polymers are 
well suited for use in drug delivery because they are biocom-
patible with living tissue, and their degradation products, 
lactic and glycolic acids, are biocompatible and are easily 
eliminated from the body. PLA, PGA, and PLGA have been 
used to make microspheres for vitreoretinal and inner-ear 
drug delivery.33,40 They have also been used for peptide drug 
delivery systems because of their ability to shield the 
drug from enzymatic attack. Lupron Depot, Zoladex, 
and Decapeptyl are examples of FDA-approved peptide drug 
delivery systems using PLGA.5

Platform technologies for the delivery of therapeutics pack-
aged in biodegradable polymer matrices have been developed 
by multiple companies, including PR Pharmaceutical (using 
PLGA) and StarPharma (using dendrimers). Both systems 
use polymers to encapsulate therapeutics into microparticles 
or nanoparticles to increase the serum persistence of the 
drug as it is slowly released from the biodegradable pack-
aging. This allows for a decrease in the toxic side effects of 
drug administration and increases patient compliance. The 
microparticles/nanoparticles can either be injected or mixed in 
a gel-like substance for topical administration, depending on 
the desired location of activity.

The drug release rate in a biodegradable system is gener-
ally thought to be controlled by the degradation of the poly-
mer. There are two types of degradation: surface and bulk 
degradations. In surface degradation, the polymer matrix is 
progressively removed from the surface, whereas the polymer 
volume fraction remains fairly unchanged. In bulk degrada-
tion, no significant change occurs in the size of the polymeric 
system until it is fully degraded, whereas the fraction of poly-
mer remaining in the system decreases over time. Both forms 
of degradation often result in autoacceleration (i.e., the deg-
radation product[s] further catalyze the degradation pro-
cess). Therefore, there is always an initial burst release and 
a final burst release of drug associated with these biodegrad-
able drug delivery systems. Continuing attempts are being 
made to minimize the burst effects and achieve a pseudo–
zero-order kinetic of drug release.4,32

Smart Polymers

Smart polymers, or environmental responsive polymers, 
are macromolecules that display physicochemical change 
in response to environmental stimuli, such as change in tem-
perature, pH, ionic strength, redox potential, biochemical 
agents, and ultrasound.4,41 The interests in smart polymers 
was sparked by the advantages these polymers could bring 
to drug delivery, including ease of application, localized 
delivery of drugs with site-specific action, prolonged deliv-
ery period, and decreased systemic drug dosage to minimize 
the associated side effects.

Many polymers show abrupt changes in their solubility 
upon temperature change, and this property can be deployed 
to develop polymer solutions that undergo sol-gel transition 
near their lower critical solution temperature. In these deliv-
ery systems, a liquid polymer/drug solution is injected into 
the target site at ambient temperature. As the body tempera-
ture warms up the solution, a polymer gel is formed, entrap-
ping the drug in the matrix. Extended-release formulation is 
achieved by the diffusion of the drug from the polymeric gel. 
One disadvantage of this system is a high initial burst release 
due to the shrinkage in volume, which expels a large amount 
of drug. Some polymers that show thermo-sensitivity are poly 
(N-isopropylacrylamide; PNIPAAM), poly (ethylene oxide)-
poly (propylene oxide)-poly (ethylene oxide) triblock copo-
lymers (PEO-PPO-PEO), and poly (ethylene glycol)-poly 
(lactic acid)-poly (ethylene glycol) triblocks (PEG-PLA-PEG).42 
Bovine serum albumin (BSA) has been shown to release grad-
ually from a system made of temperature-responsive chito-
san grafted with PEG (PEG-g-chitosan).43 Release profiles 
demonstrated an initial burst release of BSA in the first 5 h, 
followed by a sustained, diffusion-driven release until ˜70 
h. OncoGel, which is composed of paclitaxel and a PLGA-
PEG-PLGA thermo-sensitive polymer system (ReGel), is 
used for injection in tumors and release of paclitaxel over a 
period of 6 wk.35 OncoGel injection physically targets pacli-
taxel to the tumor site while limiting its circulation, resulting 
in an acceptable safety profile.

Because physiological pH varies systematically in the 
body, there has been a tremendous amount of effort to develop 
polymers capable of responding to pH changes. In addition 
to normal tissue pH variation, diseased and inflamed tissues 
show different pH profiles from healthy tissue. It is also well 
known that cancerous tumors produce acidic conditions 
in the extracellular milieu (pH ˜6.5).44 A pH-responsive 
polymeric system exhibiting sol-gel transition over phys-
iologically compatible pH ranges has been developed. 
The polymers used in this system include acrylic acid and 
methacrylic acid.42 In this system, the polymer matrix swells 
when the ambient pH reaches 8.5, releasing the entrapped 
drug from the system. Bae and colleagues45,46 have developed 
pH-sensitive polymeric systems to deliver the anticancer 
agent doxorubicin to the target tumor cells.45,46 Additional 
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systems have been investigated using polymers that are sen-
sitive to more than one stimulus. For example, PLA/PLGA-
PEG diblock or PLA/PLGA-PEG/PLA/PLGA triblock pH/
thermo-sensitive biodegradable hydrogels have been devel-
oped as a sustained delivery system of biological agents. In 
vitro studies of a PLGA-PEG-PLGA system show sustained 
release of Fc-leptin over a 7- to 10-d period.42

Future Trends and Commercialization 
Aspects
Research on polymeric extended drug delivery has shown 
great success in the past few decades in mediating safe and 
effective delivery of therapeutics to treat a wide variety of 
medical conditions. However, several challenges remain. 
The advanced treatment of diseases requires the precise 
delivery of a regulated dose of medicine for the desired time 
period. In addition, this administration must be done in a 
highly regulated and site-specific manner to achieve thera-
peutically relevant concentrations in the cells. Future thera-
peutic delivery systems should also be able to recognize key 
indicators of a particular disease and monitor the release rate 
of the drug accordingly. These programmable drug delivery 
systems offer an opportunity to create fully autonomous 
systems, which increases the precision of drug payload. 
Classical chemical engineering principles and control theories 
should be incorporated into designing such systems. One of the 
major shortcomings for many microsphere/microvesicle deliv-
ery systems can be their limited drug-loading capacity. The 
continued development of nanotechnology as applied to the 
drug delivery field strives to overcome this limitation and 
may able to achieve a much higher drug:polymer ratio. In 
addition, micronized solid drug core implants can be adapted 
for injection. This can further increase the drug-loading capac-
ity over a microsphere/microvesicle delivery system.

Ultimately, the end goal of any drug delivery system is 
the production of a useful clinical tool. As such, a number of 
requirements need to be addressed when determining the 
feasibility of translation of these technologies from the labo-
ratory to the clinic, and there are many potential pitfalls in 
this process. First and foremost is the scalability of manufac-
turing. Even the most useful drug delivery system will never 
be commercialized and used by physicians if the processes 
for production are not amendable to scaling up. The devel-
opment of high-throughput, highly reproducible, and high-
yield processes for production is vital for the successful 
translation of drug delivery technologies. The use of self-
assembly processes for the production of polymers, matri-
ces, and films can facilitate the commercialization of drug 
delivery systems. In addition, scalable spin, spray, and vapor 
deposition techniques are processes that are currently under 
further development.

There is often a separation between the investigators who 
are developing drug delivery technologies in an academic 

setting and the processes that are required for translation into 
a commercial world. For many investigators, their focus is on 
technical design and intellectual pursuit, and they have no 
entrepreneurial interests. Although tremendous advances are 
made by these investigators in the drug delivery arena, these 
advances may not be harnessed for clinical applications. 
Other investigators make the leap into the commercial world 
and start small businesses for the commercialization of their 
technologies. These companies represent some of the best 
opportunities for further development and commercializa-
tion of promising drug delivery systems.

One interesting aspect to consider when investigating the 
translation of drug delivery technologies to the clinic is the 
funding process for small businesses. The traditional funding 
route for a start-up company is multiple rounds of financing 
via angel and venture capital investment groups. In this case, 
investors are looking for a product, a large market, and a 
potential for significant market share by the developed prod-
uct. A successful company will progress to a point where they 
can commercialize the product or be acquired by a larger 
company, accompanied by a significant return on investment 
for the angel and venture groups.

Some of the most valuable drug delivery technologies are 
platforms for which there are many potential applications and 
markets. When progressing through a traditional fundraising 
pathway, companies are often forced to choose a "lead" prod-
uct for continued development. Although this can work, a 
company with useful technology may go out of business if 
this lead product is not successful or deemed desirable. One 
of the most unfortunate consequences of this is that a plat-
form technology with huge potential may be abandoned.

To circumvent this, small companies need to be creative 
with their research and development strategy and diversify 
their product development. One resource to aid in this pro-
cess is the Federal small business grant program. Various 
departments of the US government have allocated funds 
for the support of small businesses, including significant 
amounts for biotechnology. Many universities are actively 
fostering collaborations between their academic laborato-
ries and small businesses. Additionally, large pharmaceu-
tical companies have also allocated funds to support the 
development of promising biotechnologies from universi-
ties and small businesses. These resources can be harnessed 
to aid small businesses in the development of multiple prod-
ucts and technologies for potential commercialization and 
translation to the clinic.

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with respect 
to the research, authorship, and/or publication of this article.

Funding

The authors received no financial support for the research, author-
ship, and/or publication of this article.



Yang and Pierstorff 57

References

 1. LaVan, D. A.; McGuire, T.; Langer, R. Small-Scale Systems for 
In Vivo Drug Delivery. Nat. Biotechnol. 2003, 21, 1184–1191.

 2. Allen, T. M.; Cullis, P. R. Drug Delivery Systems: Entering 
the Mainstream. Science 2004, 303, 1818–1822.

 3. Langer, R. New Methods of Drug Delivery. Science 1990, 
249, 1527–1533.

 4. Liechty, W. B.; Kryscio, D. R.; Slaughter, B. V.; Peppas, N. A. 
Polymers for Drug Delivery Systems. Annu. Rev. Chem. Bio-
mol. Engineer. 2010, 1, 149–173.

 5. Gombotz, W. R.; Pettit, D. K. Biodegradable Polymers for Pro-
tein and Peptide Drug-Delivery. Bioconjugate Chem. 1995, 6, 
332–351.

 6. Kraljevic, S.; Pavelic, K. Navigare necessere est—Improved 
Navigation Would Help to Solve Two Crucial Problems in 
Modern Drug Therapy: Toxicity and Precise Delivery. Embo. 
Rep. 2005, 6, 695–700.

 7. Freiberg, S.; Zhu, X. Polymer Microspheres for Controlled 
Drug Release. Int. J. Pharm. 2004, 282, 1–18.

 8. Pinchuk, L.; Wilson, G. J.; Barry, J. J.; Schoephoerster, R. T.; 
Parel, J. M.; Kennedy, J. P. Medical Applications of 
Poly(styrene-block-isobutylene-block-styrene) (“SIBS”). 
Biomaterials 2008, 29, 448–460.

 9. Fontaine, A. B.; Koelling, K.; DosPassos, S.; Cearlock, J.; 
Hoffman, R.; Spigos, D. G. Polymeric Surface Modifications 
of Tantalum Stents. J. Endovasc. Surg. 1996, 3, 276–283.

 10. Peng, T.; Gibula, P.; Yao, K. D.; Goosen, M. F. A. Role of 
Polymers in Improving the Results of Stenting in Coronary 
Arteries. Biomaterials 1996, 17, 685–694.

 11. Unger, F.; Westedt, U.; Hanefeld, P.; Wombacher, R.; 
Zimmermann, S.; Greiner, A.; Ausborn, M.; Kissel, T. 
Poly(ethylene carbonate): A Thermoelastic and Biodegrad-
able Biomaterial for Drug Eluting Stent Coatings? J. Control. 
Release 2007, 117, 312–321.

 12. Westedt, U.; Wittmar, M.; Hellwig, M.; Hanefeld, P.; Greiner, A.; 
Schaper, A. K.; Kissel, T. Paclitaxel Releasing Films Consist-
ing of Poly(vinyl alcohol)-Graft-Poly(lactide-co-glycolide) 
and Their Potential as Biodegradable Stent Coatings. J. Con-
trol. Release 2006, 111, 235–246.

 13. Pierstorff, E.; Lam, R.; Ho, D. Nanoscale Architectural Tun-
ing of Parylene Patch Devices to Control Therapeutic Release 
Rates. Nanotechnology, 2008, 19, 445104.

 14. Kuramoto, K.; Shoji, T.; Nakagawac, Y. Usefulness of the 
Final Filter of the IV Infusion Set in Intravenous Adminis-
tration of Drugs—Contamination of Injection Preparations 
by Insoluble Microparticles and Its Causes. Yakugaku Zasshi 
2006, 126, 289–295.

 15. Vasir, J. K.; Tambwekar, K.; Garg, S. Bioadhesive Micro-
spheres as a Controlled Drug Delivery System. Int. J. Pharm. 
2003, 255, 13–32.

 16. Sperry, P. J.; Cua, D. J.; Wetzel, S. A.; Adler-Moore, J. P.  
Antimicrobial Activity of AmBisome and Non-liposomal 
Amphotericin B following Uptake of Candida glabrata by 

Murine Epidermal Langerhans Cells. Med. Mycol. 1998, 36, 
135–141.

 17. Bory, C.; Boulieu, R.; Souillet, G.; Chantin, C.; Guibaud, P.; 
Hershfield, M. S. Effect of Polyethylene Glycol-Modified 
Adenosine-Deaminase (PEG-ADA) Therapy in ADA-Deficient 
Children—Measurement of Erythrocyte Deoxyadenosine 
Triphosphate as a Useful Tool. Adv. Med. Biol. 1991, 309A, 
173–176.

 18. Muggia, F.; Hamilton, A. Phase III Data on Caelyx (R) in 
Ovarian Cancer. Eur. J. Cancer 2001, 37, S15–S18.

 19. Glantz, M. J.; LaFollette, S.; Jaeckle, K. A.; Shapiro, W.; 
Swinnen, L.; Rozental, J. R.; Phuphanich, S.; Rogers, L. R.; 
Gutheil, J. C.; Batchelor, T.; Lyter, D.; Chamberlain, M.; 
Maria, B. L.; Schiffer, C.; Bashir, R.; Thomas, D.; Cowens, W.; 
Howell, S. B. Randomized Trial of a Slow-Release Versus a 
Standard Formulation of Cytarabine for the Intrathecal Treat-
ment of Lymphomatous Meningitis. J. Clin. Oncol. 1999, 17, 
3110–3116.

 20. Olsen, E.; Duvic, M.; Frankel, A.; Kim, Y.; Martin, A.; 
Vonderheid, E.; Jegasothy, B.; Wood, G.; Gordon, M.; 
Heald, P.; Oseroff, A.; Pinter-Brown, L.; Bowen, G.; 
Kuzel, T.; Fivenson, D.; Foss, F.; Glode, M.; Molina, A.; 
Knobler, E.; Stewart, S.; Cooper, K.; Stevens, S.; Craig, F.; 
Reuben, J.; Bacha, P.; Nichols, J. Pivotal Phase III Trial of 
Two Dose Levels of Denileukin Diftitox for the Treatment 
of Cutaneous T-Cell Lymphoma. J. Clin. Oncol. 2001, 19, 
376–388.

 21. Nabhan, C.; Tallman, M. S. Early Phase I/II Trials with 
Gemtuzumab Ozogamicin (Mylotarg (R)) in Acute Myeloid 
Leukemia. Clin. Lymphoma 2002, 2, S19–S23.

 22. Glue, P.; Rouzier-Panis, R.; Raffanel, C.; Sabo, R.; Gupta, S. K.; 
Salfi, M.; Jacobs, S.; Clement, R. P.; Hepatitis C Intervention 
Therapy Group A Dose-Ranging Study of Pegylated Inter-
feron Alfa-2b and Ribavirin in Chronic Hepatitis C. Hepatol-
ogy 2000, 32, 647–653.

23.Siena, S.; Piccart, M. J.; Holmes, F. A.; Glaspy, J.; Hackett, J.; 
Renwick, J. J. A Combined Analysis of Two Pivotal Random-
ized Trials of a Single Dose of Pegfilgrastim per Chemother-
apy Cycle and Daily Filgrastim in Patients with Stage II-IV 
Breast Cancer. Oncol. Rep. 2003, 10, 715–724.

 24. Hoare, T. R.; Kohane, D. S. Hydrogels in Drug Delivery: 
Progress and Challenges. Polymer 2008, 49, 1993–2007.

 25. Hoffman, A. S. Hydrogels for Biomedical Applications. Adv. 
Drug Deliv. Rev. 2002, 54, 3–12.

 26. Yamamoto, M.; Takahashi, Y.; Tabata, Y. Controlled Release 
by Biodegradable Hydrogyels Enhances the Ectopic Bone 
Formation of Bone Morphogenetic Protein. Biomaterials 
2003, 24, 4375–4383.

 27. Casadei, M. A.; Cerreto, F.; Cesa, S.; Giannuzzo, M.; Feeney, M.; 
Marianecci, C.; Paolicelli, P. Solid Lipid Nanoparticles Incorpo-
rated in Dextran Hydrogels: A New Drug Delivery System for 
Oral Formulations. Int. J. Pharm. 2006, 325, 140–146.

 28. Nakagawa, T.; Sakamoto, T.; Hiraumi, H.; Kikkawa, Y. S.; 
Yamamoto, N.; Hamaguchi, K.; Ono, K.; Yamamoto, M.; 



58  Journal of Laboratory Automation 17(1)

Tabata, Y.; Teramukai, S.; Tanaka, S.; Tada, H.; Onodera, R.; 
Yonezawa, A.; Inui, K.; Ito, J. Topical Insulin-Like 
Growth Factor 1 Treatment Using Gelatin Hydrogels for 
Glucocorticoid-Resistant Sudden Sensorineural Hearing Loss: 
A Prospective Clinical Trial. BMC Med. 2010, 8, 76.

 29. Wang, X. B.; Dellamary, L.; Fernandez, R.; Ye, Q. A.; LeBel, C.; 
Piu, F. Principles of Inner Ear Sustained Release follow-
ing Intratympanic Administration. Laryngoscope 2011, 121, 
385–391.

 30. Piu, F.; Wang, X. B.; Fernandez, R.; Dellamary, L.; Harrop, A.; 
Ye, Q. A.; Sweet, J.; Tapp, R.; Dolan, D. F.; Altschuler, R. A.; 
Lichter, J.; Lebel, C. OTO-104: A Sustained-Release Dexa-
methasone Hydrogel for the Treatment of Otic Disorders. 
Otol. Neurotol. 2011, 32, 171–179.

 31. Wang, X. B.; Dellamary, L.; Fernandez, R.; Harrop, A.; 
Keithley, E. M.; Harris, J. P.; Ye, Q.; Lichter, J.; LeBel, C.; 
Piu, F. Dose-Dependent Sustained Release of Dexamethasone 
in Inner Ear Cochlear Fluids Using a Novel Local Delivery 
Approach. Audiol. Neuro. Otol. 2009, 14, 393–401.

 32. Bourges, J. L.; Bloquel, C.; Thomas, A.; Froussart, F.; Bochot, A.; 
Azan, F.; Gurny, R.; BenEzra, D.; Behar-Cohen, F. Intraocular 
Implants for Extended Drug Delivery: Therapeutic Applica-
tions. Adv. Drug Deliv. Rev. 2006, 58, 1182–1202.

 33. da Silva, G. R.; Fialho, S. L.; Siqueira, R. C.; Jorge, R.; 
Cunha, A. D. Implants as Drug Delivery Devices for the Treat-
ment of Eye Diseases. Braz. J. Pharm. Sci. 2010, 46, 585–595.

 34. London, N. J. S.; Chiang, A.; Haller, J. A. The Dexamethasone 
Drug Delivery System: Indications and Evidence. Adv. Ther. 
2011, 28, 351–366.

 35. Elstad, N. L.; Fowers, K. D. OncoGel (ReGel/paclitaxel)—
Clinical Applications for a Novel Paclitaxel Delivery System. 
Adv. Drug Deliv. Rev. 2009, 61, 785–794.

 36. Chen, M.; Huang, H. J.; Pierstorff, E.; Shin, E.; Robinson, E.; 
Ho, D. A. Parylene-Encapsulated Copolymeric Membranes 

as Localized and Sustained Drug Delivery Platforms. Ann. 
Biomed. Eng. 2009, 37, 2003–2017.

 37. Lam, R.; Chen, M.; Pierstorff, E.; Huang, H.; Osawa, E. J.; 
Ho, D. Nanodiamond-Embedded Microfilm Devices for 
Localized Chemotherapeutic Elution. Acs. Nano. 2008, 2, 
2095–2102.

 38. Sano, A.; Maeda, M.; Nagahara, S.; Ochiya, T.; Honma, K.; 
Itoh, H.; Miyata, T.; Fujioka, K. Atelocollagen for Protein and 
Gene Delivery. Adv. Drug Deliv. Rev. 2003, 55, 1651–1677.

 39. Panyam, J.; Williams, D.; Dash, A.; Leslie-Pelecky, D.;  
Labhasetwar, V. Solid-State Solubility Influences Encapsu-
lation and Release of Hydrophobic Drugs from PLGA/PLA 
Nanoparticles. J. Pharm. Sci. 2004, 93, 1804–1814.

 40. Tamura, T.; Kita, T.; Nakagawa, T.; Endo, T.; Kim, T. S.; 
Ishihara, T.; Mizushima, Y.; Higaki, M.; Ito, J. Drug Delivery 
to the Cochlea Using PLGA Nanoparticles. Laryngoscope 
2005, 5115, 2000–2005.

 41. Qiu, Y.; Park, K. Environment-Sensitive Hydrogels for Drug 
Delivery. Adv. Drug Deliv. Rev. 2001, 53, 321–339.

 42. Al-Tahami, K.; Singh, J. Smart Polymer Based Delivery  
Systems for Peptides and Proteins. Recent Pat. Drug Deliv. 
Formul. 2007, 1, 65–71.

 43. Bhattarai, N.; Ramay, H. R.; Gunn, J.; Matsen, F. A.;  
Zhang, M. Q. PEG-Grafted Chitosan as an Injectable Thermo-
sensitive Hydrogel for Sustained Protein Release. J. Control. 
Release 2005, 103, 609–624.

 44. Vaupel, P.; Kallinowski, F.; Okunieff, P. Blood-Flow, Oxygen 
and Nutrient Supply, and Metabolic Microenvironment of  
Human-Tumors—A Review. Cancer Res. 1989, 49, 6449–6465.

 45. Lee, E. S.; Na, K.; Bae, Y. H. Doxorubicin Loaded  
pH-Sensitive Polymeric Micelles for Reversal of Resistant 
MCF-7 Tumor. J. Control. Release 2005, 103, 405–418.

 46. Lee, E. S.; Na, K.; Bae, Y. H. Super pH-Sensitive Multifunc-
tional Polymeric Micelle. Nano Lett. 2005, 5, 325–329.


