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Introduction: The need to optimize therapeutic outcomes while minimizing
side effects is a major driving force for research and development in the con-
trolled drug delivery field. Polymer nanocomposites (NCs) are an emerging
class of materials with remarkable potential for controlled drug delivery.
There are a range of release mechanisms that characterize polymer NC sys-
tems, and these may be perturbed not only by the addition of nanofillers,
but also by the type of drug and the interactions of the drug with the
components of the system.

Areas covered: The focus of this review is on non-degradable polymer NC sys-
tems. In particular, the types of drug delivery approach from these polymer
NCs and the theoretical models developed to describe those approaches are
discussed. The importance of component interactions and factors affecting
drug delivery from polymer NCs is also addressed.

Expert opinion: Despite the remarkable potential and extensive research
being conducted on polymer NCs for use in drug delivery, commercialization
and large-scale production are limited by the cost and difficulty in consistently
producing fully exfoliated NCs. A continuing challenge for the field is to
understand better the key interactions and structure-property relationships
arising from different polymer, filler and drug combinations.
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1. Introduction

Composite materials are defined as materials that consist of two or more distinct
components including a matrix and a filler that are combined on a macroscopic scale.
These components are incorporated such that the resulting new material shows the
desirable properties of its constituents, such as increased mechanical strength, stiff-
ness, fatigue resistance and wear resistance. With mechanical properties being the
major driver, composite materials have been widely used in automotive and aero-
space applications where high strength-to-weight and stiffness-to-weight ratios are
required [1].

Much like traditional composites, nanocomposites (NCs) consist of two or more
components; however, at least one dimension, the length, width, or thickness, of
one of the components is in the size range 1 - 100 nm [2]. Significant improvements
in properties can be achieved using very low nanofiller loadings, typically 1 - 5 wt%
in comparison with the 10 - 70 wt% filler content in conventional composites [3].
These filler nanoparticles reinforce and strengthen the matrix, which can be con-
structed of metallic, ceramic or polymeric base materials 4,5]. In this review the
focus is on polymer matrices.

The origin of polymer NCs can be traced back to the early 1950s, when Hauser
discovered that by replacing inorganic cations in nanoclays with an organic base,
the ability of the clay to swell in water was diminished and the surfaces became
organophilic (6]. This finding laid the foundation for the incorporation of such
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Article highlights.

o Polymer NCs are classes of material capable of
producing different modes of drug release through
different polymer, filler, surfactant and
drug combinations.

o Permeability and drug release in polymer NCs can be
modulated by adjusting filler content, surfactant,
dispersion and drug-component interactions.

« Drug delivery using polymer NCs can be classified into
four broad types on the basis of the manner in which
the drug is incorporated and released.

 Uniform dispersion of nanofillers is crucial in property
enhancement and is the major challenge in this field.

« A better understanding of key interactions between
drug, polymer and nanofiller could contribute to the
development of more accurate models in predicting
drug release from a NC system.

This box summarizes key points contained in the article.

modified nanoclays into organic polymers, the modifier hav-
ing a ‘compatibilizing’ effect on the normally hydrophilic
clay. In the absence of surface modifiers, the ability to disperse
typically polar nanofillers within a largely nonpolar organic
matrix is limited.

Much research investigating the swelling behavior of lay-
ered clays and intercalation chemistry of polymers has been
conducted [7-9], but the findings were not translated into
NC applications until the 1990s. In 1993, researchers from
the Toyota group successfully polymerized €-caprolactam in
cation-exchanged montmorillonite (MMT) to produce a
nylon-6 clay-based NC [10,11]. The resulting NC was well dis-
persed and showed dramatic improvements in mechanical,
physical and heat distortion temperature at very low layered
silicate concentrations [10,11]. This enabled research into other
potential fillers such as carbon nanotubes (CNT), carbon
fibers (CNF), glasses and metals [12-14].

The improvements in material properties observed in
polymer NC systems make them particularly attractive for
biomedical applications. Having the ability to improve
mechanical properties without altering the chemistry of the
polymer matrix is a useful tool to overcome regulatory con-
cerns with new chemistries in the biomedical environment.
Similarly, barrier properties are known to be affected by the
addition of nanofillers and this property may have significant
implications in the field of drug delivery. Drug delivery sys-
tems typically aim to provide therapeutic levels of active
agents at the target site in a controlled manner. Such systems
theoretically provide appropriate concentrations of drug at a
local site, which usually would not be possible through sys-
temic administration. Control of drug release locally is also
able to overcome issues of adverse side effects and systemic
toxicity that can be associated with systemic drug delivery.

This review discusses the components of polymer NCs and
properties relevant to drug delivery systems. The mechanisms
of release and applications relating to the use of polymer NCs

in drug delivery are discussed and categorized based on deliv-
ery approaches. In addition, the mathematical models devel-
oped in predicting permeability and the factors affecting
drug delivery from polymer NCs are also presented. Although
the focus is on non-degradable polymer systems that could be
used for applications such as stent coatings, catheters and
other such medical devices, the NC approach could equally
be exploited in a degradable system [13,15-17].

2. Components of polymer nanocomposites

Polymer NCs consist of the polymer matrix material and
the nanofiller, but in many cases a third component, the
organic modifier, is required to enhance compatibility of
the inorganic nanofiller with the organic polymer matrix, as
illustrated in Figure 1.

Choice of polymer matrix often depends on the appli-
cation, with much research concentrated on NCs based on
epoxies [18], polyimide [19], polystyrene [20], polypropylene [21],
polyethylene [221 and polyurethane [23]. Polymers have a vari-
ety of desirable attributes over metals and ceramics in medical
applications, such as flexibility, toughness, weight/volume
ratio, design flexibility and low electrical conductivity [24,25).

2.1 Nanofillers

Various types of nanoparticle filler have been used as rein-
forcement for rubber and plastics. This review discusses
some of the common nanofillers reported in drug delivery sys-
tems or biomedical applications, such as metals, metal oxides,

carbon nanotubes and nanofibers, silicates and layered double
hydroxides (LDH) [26-28].

2.1.1 Metals and metal oxides
Metal oxides such as TiO, are spherical nanofillers that have
been studied as fillers in various polymer types. Ng ez al. [29]
showed a dramatic increase in both modulus and scratch resis-
tance using TiO, particles with an average diameter of 32 nm
and 10 wt% loading in epoxy, whereas micrometer-
sized TiO, demonstrated only increased modulus. In the field
of bioengineering, TiO, can be used as a drug carrier for
active drug molecules as a result of its oxidizing properties
and chemical inertness. Nanocomposites based on poly(lactic
acid) and nano-TiO, as a carrier of anticancer drugs showed
more efficient delivery and potentially higher loading capacity
owing to the large surface area. This was attributed to electro-
static interactions and non-covalent binding between the drug
and TiO, creating a self-assembled surface that could readily
adhere to the surface of the targeted cancer cells and enhance
drug permeation [30]. In addition, there have been reports on
the use of nano-Ti in urinary tract applications because of its
encrustation-resistant properties and decreased adhesion of
Staphylococcus epidermidis (31).

Both gold (Au) and silver (Ag) have been explored in NCs
as fillers possessing desirable biological properties. An
improvement in thermal and mechanical behavior was found
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Figure 1. Polymer nanocomposite consisting of three
components. The inorganic nanofillers (rectangular stacks)
modified through electrostatic interaction with organic
surfactants (sphere shaped head group and tail), both of
which are incorporated in a polymer matrix.

by Hsu and co-workers when Ag/Au nanoparticles were incor-
porated in a polyether urethane. Following implantation in
porcine models, these materials also demonstrated improved
in vivo biostability compared with neat polyurethane, which
was attributed to free radical scavenging by the Ag/Au nano-
particles [32,33). Silver is well known for its antimicrobial
ability and has been used in catheters to prevent infection [34].
Incorporation of silver nanoparticles in polyether urethane
showed enhanced cellular proliferation, reduced monocyte
activation and lower bacterial adhesion 35]. Gold, on the
other hand, is a noble metal that is not cytotoxic and does
not elicit pro-inflammatory cytokines. Gold-incorporated
polyether urethane NCs also demonstrated lower bacteria
adhesion and platelet activation [36].

2.1.2 Carbon nanotubel/fiber

Carbon nanotubes and carbon fibers are unique structures
with high aspect ratios and excellent mechanical (flexibility
and strength), electrical and thermal properties, making
them the subject of intensive research as reinforcements for
polymer, metal and ceramic composites [37]. CNT were first
discovered by lijima in 1991 at the NEC fundamental
research laboratory in Japan [38]. CNT can be visualized as
rolled sheets of graphitic carbon either as a single-walled struc-
ture with diameter as small as 0.4 nm or multi-walled with
outer diameter from 5 to 100 nm [27). CNF can encompass
a range of morphologies from disordered bamboo-like struc-
tures to layers of ‘cup stacked’ structures with diameter on
the order of 50 - 200 nm. Polymer NCs based on CNT
and CNF show improved mechanical strength at low
volume fractions. Chang ez a/. (39] showed a factor of 3 modu-
lus increase with 1 wt% CNT in polypropylene matrix,
while a 13% improvement in fracture toughness and
33% improvement in bending strength were observed in
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CNPF-reinforced alumina NC loaded with 2.5 and 5.0 (v/v),
respectively [37].

2.1.3 Layered double hydroxides

LDH are anionic clays that can also accommodate organic
compounds through ion-exchange reactions from their inter-
layer anions. The chemical formula for LDH can be general-
ized as [M",_M"™ (OH),]** (A™),,, - yH,0, where M" and
M™ are divalent and trivalent cations, respectively, and A™
is the anion. The most commonly known natural occurring
LDH is hydrotalcite, having the formula MggAl,(OH);5CO3
4H,0, therefore LDHs are also known as hydrotalcite-like
compounds [40,41].

2.1.4 Smectite clays

There are generally three types of layered silicate (phyllosili-
cate) used in the synthesis of polymer clay NCs. They are
the 2:1 type, 1:1 type and layered silicic acids. The smectite
group, or 2:1 type, are most widely used for the production
of polymer NCs because of their high strength and high
aspect ratio along with their remarkable ability to exchange
ions [42,43]. Smectites commonly used in NCs are shown
in Table 1.

So far, montmorillonite is the most widely used layered sil-
icate because of its abundance in nature, low cost, ease of
chemical modification and, most importantly, MMTs have
silicate layers 0.96 nm thick and ~ 100 to several hundred
nanometers in length [4446). This high surface area
(~750 mz/g) and nanoscale dimension eliminate any size dif-
ferences between the filler and polymer, resulting in decreased
ductility, poor surface smoothness and degradation properties
seen in conventional composites [47].

The structure of MMT consists of a repeating triple layer
composed of two silica tetrahedral sheets sandwiching an
octahedral sheet of alumina. Isomorphic substitution of Si**
for A" in the tetrahedral layer and AI** for Mg”* in the octa-
hedral sheet will generate negative charges within the layers.
This behavior is then counterbalanced by cations such as
Na*, Ca®* and Li* occupying the ‘interlayer’ or ‘gallery’ [45,4s].
The layers with high aspect ratio are stacked by means of weak
dipole forces and the galleries are generally occupied by cati-
ons (e.g., Na*, Ca®* and Li*), which are responsible for the
swelling of clay in water (49]. The ability of these cations to
undergo ion exchange makes them potentially attractive for
biomedical applications [17,50].

2.2 Surfactant

As noted earlier, a practical problem in the synthesis of poly-
mer NCs is to disperse the inorganic nanofiller in an organic
polymer matrix. The principle underlying organic modifica-
tion of nanofillers is that an amphiphilic molecule can interact
both with charged surfaces of the filler and with the nonpolar
matrix. For example, cationic-organic surfactants, such as
alkylammonium cations, are commonly used in rendering
clays organophilic [2.20,51]. They lower the surface energy by
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Table 1. Notation and chemistry of common smectites [42,63].

2:1 type Substitution Cell formula

Natural

Montmorillonite Octahedral (Na,Ca)o.33(Al,Mg),Si4040(0OH), - nH,0
Hectorite Octahedral Nag 3(Mg,Li)3SizO10(0OH),

Saponite Tetrahedral (Cag 5,Na)o 3(Mg,Fe)5(Si,Al4010(0OH), - 4(H,0)
Synthetic

Fluorohectorite Octahedral Li1.12[Mga.sslis 12][SigO20]F4

Laponite Octahedral Na()][Mg5_4Li0_4]Si8020(OH>4

reducing the van der Waals interaction of the clay layers,
which allows organic species to diffuse into the layers and
achieve separation of the silicate layers [49). The degree of dis-
persion is dependent on alkyl chain length (10,18, degree of
quaternization (52,53 and the amount of alkylammonium
ions. On the other hand, anionic surfactants such as dodecyl
sulfate, dodecyl benzenesulfonate and laurate are commonly
used to modify the positively charged surfaces on LDH nano-
fillers [40). Carbon nanotubes undergo similar aggregation and
can be dispersed with surfactants such as triton X100 and
anionic sodium dodecyl chloride, with dispersion dependent
on the nature and surface charge of the surfactant [54,55).

3. Morphology of nanocomposites

Varying degrees of nanoparticle dispersion are usually
achieved in polymer NCs. In the case of clay particles in poly-
mer NC, three broad types of morphology exist, conventional
composite, intercalated NC, or exfoliated NC, as illustrated
in Figure 2. In conventional composites, clay particles exist
in agglomerated stacks or tactoids and there is no intercalation
of polymer between clay layers [5.49). In intercalated NC, poly-
mer chains are inserted into the gallery of the clay minerals
resulting in a well-ordered multilayer morphology with a
repeating distance of a few nanometers. Exfoliated NCs occur
when the clay platelets are completely separated and dispersed
in a continuous polymer matrix. The expansion of the layered
silicate is so large that the interaction between the layers is not
strong enough to keep the ordered morphology [56].

The ideal exfoliated morphology is where the individual sil-
icate layers are completely separated and uniformly dispersed
in the polymer matrix. Practically, morphologies of fabricated
NC usually lie between these idealized morphologies and a
partially exfoliated structure is the result [57]. Figure 3 shows
transmission electron microscopy (TEM) images of polymer
NCs at various magnifications to illustrate typical morpholo-
gies observed. To optimize the benefits that NCs have to offer
with regards to material properties, filler particles should be
exfoliated throughout the matrix material to increase the
number of available reinforcing elements that can carry
applied load and deflect cracks. Complete exfoliation is diffi-
cult to achieve and most NCs have been found to contain
some intercalation in their structure. Uniform separation of

nanofillers is reflected not only by their enhanced mechanical
performance but also by their significant decreases in gas or
water permeability. This is a useful property in terms of
drug delivery applications and is discussed below.

4. Exploitation of barrier properties for
drug delivery

Barrier properties refer to those characteristics of a material
that prevent permeation of molecules such as gas, water vapor
and liquids. Materials with good barrier properties are resis-
tant to or can retard diffusion of the permeating molecule.
This is especially important in packaging of food and bever-
ages where the loss of carbon dioxide in carbonated soft drinks
and moisture penetration into sealed foods can lead to prod-
uct spoilage. Materials with good barrier properties can be
particularly useful in drug delivery systems when prolonged
dosage and controlled release to prevent fluctuations in drug
concentration are required. Polymers are often used as drug
carriers but may not provide sustained therapeutic doses
within the desired time frame and release mechanisms are
mainly via diffusion. Diffusion can be perturbed by several
approaches, such as adjusting the composition of the polymer,
coating with an extra layer of polymer, or covalently attaching
the drug to the polymer backbone [17,58].

Nanofillers have the capacity to alter the barrier properties
of the base polymer either by acting as obstacles and retarding
permeation of molecules, or by enhancing penetration by act-
ing as carriers of penetrants. The alteration in barrier proper-
ties is potentially beneficial for drug delivery purposes as this
can have a direct influence on dissolution rate, release mecha-
nisms and drug uptake. Many polymers, such as polyethylene
terephthalate (PET), polyurethane, nylon, high-density
polyethylene (HDPE) and epoxy, demonstrate a reduction
in permeability up to an order of magnitude with a low per-
centage of fillers added [59.60]. An example given by Xu and
co-workers, showed that water vapor permeability of polyur-
ethanes could undergo fivefold reduction at 20 wt% silicate
loading even under conditions where the NCs were not fully
exfoliated [61,62].

Altered barrier properties of polymer NCs, in particular
significantly reduced permeability of moisture and gases,
have been explored for packaging materials and containers,
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Figure 2. lllustration of (A) conventional, (B) intercalated and (C) exfoliated polymer clay nanocomposite.

Figure 3. Morphology of polymer silicate nanocomposite showing (A) tactoids and agglomerated stacks, (B, C) intercalated
morphology and (D) partially exfoliated structure showing individual silicate sheets at x5000, x60,000, x100,000 and

x 150,000 magnification, respectively.

and in a variety of food and beverage products. However,
these properties have not been widely exploited for medical
applications [14,59,63]. The following sections first outline the
types of drug delivery approach and applications for non-
degradable polymer NCs. The mathematical models devel-
oped to predict the permeability are then presented, and the
factors that can influence drug delivery in polymer NCs
are outlined.

4.1 Drug delivery approaches in polymer
nanocomposites

Drug delivery approaches using polymer NC can be broadly
categorized into four types, as illustrated in Figure 4. All

delivery types are based on non-degradable polymer NC sys-
tems where release is by means of diffusion or from activation
through external stimulus. Depending on the various filler
and surfactant combinations, the drug release could be fast,
pulsatile, or sustained.

4.1.1 Type 1

Type 1 approaches represent cases where the nanoparticle is
the drug. Drugs are released by diffusion from the polymer
matrix, and release can be modulated by modifying the poly-
mer composition or concentration of the drug. This type
of drug delivery approach is prevalent in antibacterial
applications, such as urinary catheters, joint arthroplasty and
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Figure 4. Types of approach for drug delivery in non-degradable polymer nanocomposite. Dotted lines represent
the pathway of release. Nanoparticles activated by external stimuli are highlighted in red. Type 1 approach is when the
nanoparticle is the drug. Type 2 requires an external stimulus for drug delivery. Activated nanoparticles can cleave the
bonded drug (type 2A) or cause a physical change to the polymer (type 2B), thereby inducing release. Type 3 is where drugs
are added as a fourth component. Finally, in the type 4 approach, the drug is used as the modifier or a component of the

modifying system.

medical packaging [64.65]. Damm ez al. (65] compared the anti-
microbial efficiency of silver nanoparticles and silver micro-
particles incorporated in polyamide 6. The NC was able to
eliminate Escherichia coli completely within 24 h of release
at a loading of 0.06 wt%, whereas polyamide silver micro-
composites killed only 80% of bacteria in the same time
with loadings much higher than NC. The silver released
from NCs was therapeutically active and released at a higher
concentration than from microcomposites owing to the larger
surface area of nanoparticles. Hung and Hsu [35], on the other
hand, incorporated either silver or gold particles in polyether
urethanes. These silver and gold NCs showed much lower
bacterial adhesion and reduced monocyte activation com-
pared with neat polyurethane (35]. In addition, following
implantation in porcine models, these materials also demon-
strated improved 7z wvivo biostability compared with neat
polyurethane as a result of their capacity for free radical
scavenging [32,36].

4.1.2 Type 2

Type 2 drug delivery represents polymer NCs that require an
activator or external stimulus to assist release. This type can be
separated further into two subtypes, where the nanoparticles
are bound to the drug and can be activated to release the
drug (type 2A), or stimuli-responsive nanoparticles could
cause a reversible physical or chemical change to the polymer

matrix, thereby enhancing release (type 2B). Nanoparticles
that respond to external stimulation have attracted significant
interest in the last few years owing to their potential applica-
tions in drug delivery (66,67]. By responding to specific external
stimuli and releasing drugs in a pulsatile manner, the release is
independent of the biological environment and can provide
trigger-precise drug doses [68.69]. Drug release under non-
stimulated states is dependent on diffusion as well as interac-
tions between the drug and nanoparticle. While under stimu-
lation, a burst release of drug occurs. So far, systems have been
developed to respond to irradiation [68-71], heat [72], magnetic
fields (73771, magnetic induced heat (78, pH [79], ultra-
sound (80], electrical stimuli (81] and even combinations of
some of the above [82]. Although the nanoparticles in this
type 2 are often used alone or incorporated within a stimuli-
responsive polymer hydrogel, this approach can also be
applied to non-hydrogel polymers to minimize the loss of
drug after repetitive stimulation and potential leaching of
cytotoxic nanoparticles.

Electromagnetic radiation in the range 380 — 2500 nm has
been applied externally to NC to switch drug release on and
off (68]. Wavelengths in the visible light range typically cannot
penetrate > 1 cm in the skin owing to scattering, therefore
near-infrared (NIR) light (650 - 900 nm) is often used to
allow deeper penetration into the tissue [83]. Tanaka and
co-workers [71] reported coumarin-modified mesoporous silica
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nanoparticles loaded with the steroid cholestane, which
respond to UV light. Mesoporous silica nanoparticles are
cylindrical structured materials containing a hexagonal array
of pores (0.5 - 1.5 cm”/g) that allow easy loading of drugs.
The release of cholestane was achieved through cleavage of
the cyclobutane ring of the coumarin dimer by applying UV
light at a wavelength of 250 nm (71]. Similarly, Wu ez a/. [69]
reported a light responsive silica nanoparticle prepared by
covalent conjugation of photoactive ¢-nitrobenzyl bromide
molecules with amino groups on the particle surface. Drugs
with carboxylic, phosphate, or hydroxyl groups were cova-
lently attached and irradiated at 310 nm. On irradiation,
the photoactive groups transformed to cause an irreversible
cleavage of the drug-particle bond, inducing drug release [69].
Gold-filled NCs are also materials that display remarkable
potential in activated drug delivery systems [66]. The incorpo-
ration of NIR-sensitive gold nanorods into a temperature-
sensitive hydrogel was reported by Wei ez al [721. NIR-
radiated gold nanorods delivered localized heat to the polymer
matrix and induced a phase transition of the polymeric chains
from coiled to globular. The drug release was observed to
be faster in periods of NIR exposure as a result of the break-
age of hydrogen bonds between drug and polymer from
heat-induced conformational change [72].

The concept of using external magnetic fields to achieve
pulsatile release from polymer composites was first investi-
gated by Kost er al (73]. Insulin release was demonstrated
from a magnetic bovine zinc insulin ethylene-vinyl acetate
copolymer (EVA) composite through a low frequency oscillat-
ing magnetic field [73]. This is a very attractive technique
because the use of magnetic nanoparticles linked to insulin
can provide a sudden influx to the patient when required,
such as after a meal. The remaining insulin can then be
released more slowly at other times [73]. Alternatively, heat-
responsive magnetic nanoparticles are also gaining interest in
hyperthermia cancer treatment and areas of chemotherapy
where imprecise targeting can be overcome and drugs can be
localized and triggered precisely [84]. Magnetically modulated
release can be accomplished by either: i) aggregation of mag-
netic particles embedded in a polymer matrix, leading to
shape deformation to promote release [74,75); or ii) magnetic
heating of nanoparticles embedded in a thermally responsive
polymer [78]. In i), problems can arise from insufficient force
to create an opening in the polymer matrix and chain loosen-
ing from repeated friction between the nanoparticles and
matrix [75]. Problems related to case ii) would be the loss of
drug after each burst and the mesh size eventually becoming
comparable to or less than the drug so no release of drug
will happen. Therefore, for implantable drug delivery, which
requires drug delivery from weeks to months, further
improvement of this type of approach is required [78].

4.1.3 Type 3
Type 3 represents cases where the drug is added in polymer
NCs that contain inorganic nanofillers, most commonly

Chung, Simmons & Poole-Warren

silicates. Drugs are released through diffusion but are forced
to follow a longer path owing to the presence of impermeable
nanoparticles. Mathematical models developed to predict bar-
rier properties of this type are the most common in the liter-
ature and are discussed in later sections. Drugs in this type of
NC delivery system are added as a fourth component in the
system [85]. Specific examples of applications of this type of
drug delivery system can be found in anti-inflammatory agent
delivery systems [86,87]. Studies on the incorporation of
dexamethasone into polyurethane clay NC showed that the
drug did not lead to a disturbance in morphology and demon-
strated an adequate reduction in inflammatory response
over 14 days [se]. Similarly, a study by Cypes ez al. (87] also
showed that the controlled release of dexamethasone in this
system was achieved by addition of silicate and there was a
dependence on silicate loading [87).

Oral chemotherapy is another area of drug delivery that
may benefit from NC delivery approaches. Methylmethacry-
late chloromethylstyrene copolymer NC (PMMA-MMT)
incorporated with active 1,2,4-triazine derivatives were inves-
tigated by Salahuddin e 4/ (8s] for this purpose. The incorpo-
ration of cationic 1,2,4-triazine and their derivatives resulted
in a range of release profiles that varied according to pH
and the condition of the buffer (acidic or neutral) [ss].
Another interesting area using NCs as drug delivery systems
is in transdermal pressure-sensitive adhesives. This is to obtain
better control over the drug release kinetics and to improve
adhesive properties in pressure-sensitive patches [89].
A model dye, solvent blue 35, with physiochemical character-
istics similar to commercial drugs in transdermal systems, was
used to study the release kinetics. Up to 75% reduction in dye
released was observed with 10 wt% clay over a 10-day period
with little burst effect. Shear strength also showed a 2.5-fold
increase due to the reinforcement of polydimethysiloxane
(PDMS) matrix [89].

4.1.4 Type 4

Finally, in type 4 approaches the drug is used as the modifier
or a component of the modifying system. Polymer molecules
that have the ability to interact with the charged nanofiller
surface and also regions that can interact with the polymer
matrix can conceivably be used to compatibilize the nanofiller
with an organic polymer. A new approach different from
other types is where the therapeutic activity was achieved
through selection of organic molecules that have a dual func-
tion, being a modifier and drug at the same time [9091]. The
use of chlorhexidine (CHX) as both a drug and modifier in
PDMS and polyurethane clay NC have been reported [91,92].
Polyurethane clay NC modified with CHX resulted in a range
of morphologies that depended on the amount of clay and
saturation level of CHX. In both cases where MMT was
100% ion-exchanged with CHX and where free CHX was
added, the bacterial number of S. epidermidis dropped almost
two orders of magnitude [91]. Styan ez al [90] previously
reported that modifiers such as Ethoquad® O/12PG (EQ)
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and 1-aminoundecanoic acid (AUA) possess biological activ-
ity either used alone or co-modified. Whereas AUA alone
showed no inhibition of bacterial growth but maintained
cell viability, an increase in EQ resulted in an increase in activ-
ity against S. epidermidis but decreased cell growth, suggesting
the possibility of controlling antibacterial activity by adjusting
levels of EQ [901.

4.2 Mathematical models in describing release
Mathematical models predicting the permeability of polymer
NCs are often applied to assess diffusion through polymer
matrices with added fillers (type 3). Theoretical models devel-
oped for this type of system are the focus of this section and
are more complicated than types 1 and 2, where diffusion is
through a non-degradable, non-swelling or swelling type
polymer membrane [59,93]. Enhanced barrier properties can
be explained by the concept of tortuous paths, as shown
in Figure 5, where nanoparticles act as impermeable barriers
forcing the permeating molecules to travel around and follow
the longer and more tortuous pathway in order to diffuse
through the NC. The tortuosity factor is defined as the ratio
of the actual distance the penetrant has to travel to the shortest
distance it would travel in the absence of obstacles and is
expressed as:

Actual distance

t= JE—
Shortest distance 2W

From this expression, it can be seen that the sheet-like mor-
phology of silicates is likely to be more efficient than spherical
particles in maximizing the path length owing to the large
length-to-width ratio [12,59].

Accurate predictions from various mathematical and com-
puter simulations of barrier properties and drug release behav-
ior are difficult because of the complexity of polymer NC
systems. A model commonly referred to in the literature is
the tortuous path theory developed by Nielsen [94]. Although
highly simplified, it is often used as a preliminary estimation
of the permeability behavior in NCs as well as the starting
point for the development of further mathematical/computer--
based permeability models. It assumes that nanoparticles in the
form of platelets with length Z and thickness W are distributed
evenly and aligned perpendicular to the diffusion direction, as
shown in Figure 5. The equation is as follows:

r__ %
5 1+LVf
2W

where P, is the permeability of the composite, P, is the per-
meability of the polymer, V}, is the volume fraction of the
polymer and Vs the volume fraction of the filler. This rela-
tionship shows that the relative permeability of NC decreases
with increasing amount of filler and increasing aspect ratio.
The limitations of Nielson’s model are that it is valid only if
the clay loading is < 1 wt% and the assumption of uniform
dispersion, size and orientation is often not the case in reality.

Several other models that have been proposed to predict the
barrier properties of NC are shown in Table 2. Many of these
are similar to Nielson’s model, but have also considered fac-
tors such as particle orientation [95], particle shape [96-98], state
of aggregation, resistance [99] and polymer—clay interactions
within the NC system [100].

The experimental deviation in Neilson’s model was
observed by Yano ez al. (101] when the permeability of polyimi-
de-clay hybrid incorporated with four different types of clay
mineral was examined. Hectorite and saponite were shown
to contain aggregates and were not fully exfoliated, therefore
calculated values overestimated the permeability of these
respective NCs [101]. Several studies have noted that although
the predicted curve based on Nielson’s model did not
completely match the experimental result as it did not take
into account the degree of dispersion, the agreement is satis-
factory and can provide a general trend in the permeability
behavior in polymer NCs [102,103]. In particular, a study con-
ducted by Choudalakis and Gotsis [93] compared several
mathematical models as a function of platelet volume fraction
and aspect ratio. It was concluded that Nielson’s simple
model is adequate in describing the reduction in the relative
permeability in polymer NCs.

In summary, most of the models assume that the fillers are
a regular and uniform shape in a regular array in space. The
assumption is also that fillers are in complete exfoliation and
that the physical characteristics of the polymer remain
unchanged with the addition of the inorganic particles. The
arrangements are usually perpendicular or have an average
orientation at an angle to the main direction of diffusing
gas molecule. Despite these shortcomings, these models can
provide a preliminary guide to the relative permeability
of polymer NCs and be used to design systems with
desired outcome.

4.3 Factors affecting drug delivery in polymer
nanocomposite

The addition of inorganic nanofillers does not always result in
a decrease in permeability. Reductions in permeability are
highly dependent on the dispersion of the NC. Gorrasi
et al. [104) observed that the initial decrease in water vapor per-
meability plateau with increasing filler concentration. Also, a
slight increase in permeability was observed at the highest
filler concentration, which could be due to filler aggregation.
In fact, the largest reduction in permeability can often be cor-
related with samples showing the best dispersion [105-107). The
presence of non-uniformly dispersed nanofillers affects all
delivery types discussed, but in particular the types 3 and
4 approaches. As types 3 and 4 can potentially be used to
deliver sustained and controlled therapeutic doses, the drug
release is highly dependent on the structure of NCs. However,
an exfoliated structure is difficult to achieve as the morphol-
ogy is easily influenced by factors such as filler content,
surfactant type and compatibility between each of the
components [108]. Without uniform dispersion, the drug
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Figure 5. The concept of the tortuous pathway showing the
actual distance (filled line) a molecule has to travel in the
presence of nanofillers as compared with the shortest
distance (dotted line).

release cannot be sustained, controlled and accurately pre-
dicted. Uniform dispersion is also important, albeit to a lesser
extent, in the types 1 and 2 delivery approaches. Modulation
of release from type 1 is largely governed by polymer composi-
tion, drug concentration and drug-polymer interaction. As
nanoparticles also act as the drug, agglomerated drugs could
create fluctuations in drug concentration that could lead to
periods of overdose and underdose. Similarly for type 2, if
the nanoparticles bound to (type 2A) or situated around
(type 2B) the drugs were not uniformly dispersed, the required
drug concentration could not be delivered on stimulation.
Another major factor that can influence drug delivery in
polymer NCs is component interactions. As mentioned previ-
ously, the often adapted tortuous pathway model and most
other mathematical models that describe the barrier properties
of polymer NCs do not consider the interactions between the
diffusing molecule and the polymer, filler or modifier. Several
studies in the literature have described drug delivery from
polymer NCs where release properties were mainly dependent
on the quantity of fillers, aspect ratio, level of exfoliation,
charge and the ionic strength of the medium (87,109-112). How-
ever, few studies have examined the interaction between the
drug and the constituents of the NC system and how that
affects structure and release behavior. It is well known that
interactions arising from hydrophobic, van der Waals, hydro-
gen bonding and cation-exchange processes between the clay
and drugs could affect drug release [50. By using ion-
exchange processes, layered clay minerals can accommodate
polar organic compounds between the layers and form a vari-
ety of intercalated compounds [113]. Basic drugs or molecules
tend to form stronger bonds to MMT that retard the release.
On the other hand, anionic and non-ionic drugs have much
weaker interactions with MMT, resulting in faster release [50].
In the case of polymer clay NCs, where most of the
material consists of the polymer matrix, interaction between
the drug and polymer could become more dominant than
the interactions with clay. One of the few studies that
explored this effect in hydrogel NCs was based on negatively

Chung, Simmons & Poole-Warren

charged clays (MMT [112] and bentonite [111], and positively
charged clay: hydrotalcite [110,114]) when a variety of model
dyes were added. By adding uncharged vitamin B2 to the neg-
atively charged gel, loading and release was dependent on
crosslinking density and the swelling ratio of the hydro-
gels [110,111]. The release of positive crystal violet decreased
owing to attractive forces with anionic gel, whereas negative
phenol red released rapidly owing to electrostatic repul-
sion [112,115]. If the charge between the drug and the system
is the same, then the release ratio is likely to be higher. For
polymer NCs to be used in controlled drug delivery where
the polymer matrix is usually neutrally charged, the addition
of a fourth component will further complicate the system.
These processes are not well understood at present and should
be taken into consideration as they can affect the resulting
release mechanisms. These studies demonstrated that the
enhancement in permeability from polymer NCs is depen-
dent on dispersion, filler content, compatibility and interac-
tions between each of the components in the system.
A good theoretical understanding of the likely interactions
between components combined with experimental confirma-
tion of the NC structure-property relationships is required
to develop a robust NC drug delivery system.

5. Conclusion

Opver the last 20 years, polymer NCs have been widely inves-
tigated owing to dramatic increases in their mechanical and
thermal properties. Furthermore, these improvements can be
achieved at filler concentrations much lower than conven-
tional composites, greatly reducing the mass of the material.
The main challenge in NCs is to achieve uniform dispersion
in order to prevent the particulates acting as stress concentra-
tors, thus affecting rigidity, strength and elongation proper-
ties. The marked improvement observed in mechanical
properties of NCs initially sparked interest in the automotive
and aerospace industry. However, the subsequent discovery of
altered barrier properties has resulted in the study of NCs as
alternatives to existing medical device materials. In particular,
a variety of nanofillers and polymers for polymer NCs is being
investigated for use in drug delivery systems. Some of these
nanofillers, such as smectite clays, LDH and CNT, do not
contain any biological activity but are intended to improve
the mechanical and barrier properties of NCs. They can
then be modified to provide biological activity or used along-
side a biological molecule for therapeutic purposes. Smectite
clays still remain the most commonly used nanofiller in poly-
mer NCs as they are inexpensive and easily modified and
the sheet-like morphology is optimal for both barrier and
mechanical improvements.

Drug delivery in polymer NCs can be categorized into four
broad types, all of which have different delivery approaches
(diffusion or activation) and intended purposes (fast, pulsatile
or sustained release). In the case where the nanoparticle is
the drug, the type 1 delivery approach is more suited to
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Table 2. Theoretical models in predicting barrier
properties of polymer nanocomposites [14,93,95-98,116].

Model Filler type Formula
Nielson Ribbon P 1—-®
E 1+ gCID
2
Cussler Ribbon )2 o’®?
regular arra —=01+ )
(reg y) P, —®
Cussler Ribbon 7252
(random array) L =1+ M)f1
PP 1-®
Fredrickson- Disk L. 1
Bicerano >
P 1+ pe’¢’
p2
where L =
161n” o
Gusev and Lusti  Disk P ad 0.71
Z¢ —exp| =] —/—
p P (3.47 )
Bharadwaj Ribbon P 1-®
Pp

G

For ribbon o Length/thickness; For disk o Radius/thickness; ®@: Volume
fraction of the filler; P.: Permeability of composite; P,: Permeability of
polymer; o Aspect ratio (width to thickness); p": Geometric factor; S:
Orientation factor (from -1/2 to 1).

short-term applications involving fast release. These can
include coatings for drug eluting balloons and devices that
only need anti-inflammatory/anti-thrombotic effects during
or after implantation. Types 2 - 4 should be considered in
applications where the main objective is to control drug
release. The stimuli-responsive nature in type 2 has rapidly
gained attention in the last few years as ‘bursts’ of drugs can
be released when needed. Gold, iron particles and mesopo-
rous silica are all nanoparticles widely investigated in this
type and are able to release the drug through direct cleavage
or by causing a conformational change to the polymer matrix.

The initial driving force for research of polymer NCs in
drug delivery arose from type 3 delivery systems. This is one
of the most commonly used NC-based delivery approaches
in releasing therapeutic molecules. The drug release behavior
in this type can be modulated through adjusting filler concen-
tration, level of dispersion and potential drug interactions.
Related to this are type 4 approaches, which have the active
agent acting in dual roles as both surfactant and bioactive
molecule. Achieving uniform dispersion and understanding
the interactions between constituents in these two types of
system is of critical importance for the development of a
robust, predictable delivery system. Release behavior can
deviate from mathematical predictions as fillers are typically

not ‘perfectly’ exfoliated and the addition of clay may in
fact actively promote or retard release due to drug-clay or
drug-polymer interactions.

In summary, polymer NCs offer the flexibility to accom-
modate a wide range of therapeutic drugs. Through careful
selection of drug and filler/polymer combination, a release
profile that optimally addresses the intended application can

be provided.

6. Expert opinion

The major advantages of polymer NC include improved
mechanical and thermal properties combined with the ability
to modulate barrier properties. However, only a few polymer
NCs have been manufactured and used commercially, with
the most publicized application being a timing belt cover
developed by Toyota. The reasons for the slow uptake of this
technology in medical applications are mainly related to lim-
ited theoretical knowledge and, consequently, poor under-
standing about how to control nanofiller dispersion, a key
factor in determining NC properties. Different combinations
of polymer, filler, surfactant and modification technique result
in different properties and modes of drug release. Also, the
greatest hurdle in large-scale manufacturing is the development
of a universal processing technique to produce NCs with
required or even tailored properties for a specific application.
This requires not only extensive laboratory testing but also a
fundamental understanding of the structure-property relation-
ship of NCs. Without a universal processing technique, the
properties of NCs cannot be controlled or replicated.

The observation that barrier properties may be modulated
in NCs is of high interest in developing materials for drug
delivery. Depending on the intended purpose, drug delivery
from polymer NCs can be fast and short lived, sustained or
trigger-precise. Fillers from different approaches can act as
reinforcement, possess biological features, or both. The deliv-
ery approaches described in types 3 and 4 are by far the most
commonly studied both experimentally and theoretically in
the literature. This is because both mechanical and barrier
properties can be improved at the same time. A key issue
that remains unresolved, particularly with type 3 and 4 sys-
tems, is nanofiller dispersion. As modulation of release occurs
through the addition of nanofillers, increasing the nanofiller
content will inevitably increase the likelihood of clumping.
Therefore, there is an optimum amount of nanofiller content
to reduce permeability but still maintain dispersion.

As in industrial applications, polymer NCs, although stud-
ied extensively as drug delivery systems, have not yet been
widely used in biomedical devices. The challenges presented
for developing these materials for the typically lower volume
biomedical applications are in part similar to those for larger
scale applications. The drug permeability in polymer NC
can be significantly perturbed by the varied properties of the
components that affect drug diffusion and partitioning (or
interaction). The addition of drug to the NC can also have
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a detrimental impact on the dispersion of the nanofiller.
A continuing challenge for the field is to understand better
the key interactions between the drug and the polymer, nano-
filler and/or the surfactant. This knowledge will contribute to
the development of more accurate models that will ultimately
allow prediction of the behavior of the drug in a NC system

Bibliography
Papers of special note have been highlighted as

either of interest (@) or of considerable interest

(e®) to readers.

1.

10.

11.

Jones RM. Mechanics of composite
materials. 2nd edition. Taylor & Francis,

Hoboken; 1998
LeBaron PC, Wang Z, Pinnavaia TJ.

Polymer-layered silicate nanocomposites:
an overview. Appl Clay Sci
1999;8(1-2):11-29

Eckel DF, Balogh MP, Fasulo PD, et al.
Assessing organo-clay dispersion in
polymer nanocomposites. ] Appl

Polym Sci 2004;93:1110-17
Utracki LA. Clay-containing polymeric

nanocomposites. Smithers Rapra

Technology, Shrewsbury; 2004
Chen C, Khobaib M, Curliss D.

Epoxy layered-silicate nanocomposites.

Prog Org Coat 2003;47(3-4):376-83
Hauser EA. Modified gel-forming clay

and process of producing same, in
United States Patent Office, 2,531,427.
Cambridge, Mass; 1950

Theng BKG, Walker GF. Interactions of
clay minerals with organic modifiers.

Isr ] Chem 1970;8:417-24

Blumstein A. Polymerization of adsorbed
monolayers. i. preparation of clay-
polymer complex. ] Polym Sci

1965;3(7):2653-64

Blumstein A. Polymerization of adsorbed
monolayers. ii. thermal degradation of
the inserted polymer. J Polym Sci
1965;3(7):2665-72

Usuki A. Swelling behavior of
montmorillonite cation exchanged for
omega-amino acids by
epsilon-caprolactam. ] Mater Res
1993;8(5):1174-78

A study showing the successful
incorporation of MMT into nylon 6 to
form a fully exfoliated structure. A
major finding in this field.

Usuki A, Koiwai A, Kojima Y, et al.
Interaction of nylon 6-clay surface and

mechanical properties of nylon 6-clay

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Chung, Simmons & Poole-Warren

Declaration of interest

South Wales.

hybrid. J Appl Polym Sci
1995;55(1):119-23
Thostenson ET, Li C, Chou TW.

Nanocomposites in context.

Compos Sci Technol 2005;65:491-516
Wu CJ, Gaharwar AK, Schexnailder PJ,

et al. Development of biomedical
polymer-silicate nanocomposites: a
materials science perspective. Materials

2010;3:2896-3005
Paul DR, Robeson LM. Polymer

nanotechnology: Nanocomposites.
Polymer 2008;49:3187-204

A short review describing the

various properties and applications of
polymer nanocomposites. In particular,

the focus was on polymer clay
based NCs.

Guo Q, Knight PT, Mather PT.
Tailored drug release from biodegradable
stent coatings based on hybrid
polyurethanes. ] Control Release
2009;137:224-33

Alexis F, Venkatraman SS, Rath SK,

et al. In vitro study of release
mechanisms of paclitaxel and rapamycin
from drug-incorporated biodegradable

stent matrices. ] Control Release

2004;98(1):67-74
Viseras C, Aguzzi C, Cerezo P, et al.

Biopolymer-clay nanocomposites for
controlled drug delivery.
Mater Sci Technol 2008;24(9):1020-36

Lan T, Pinnavaia TJ. Clay-reinforced
epoxy nanocomposites. Chem Mater

1994;6:2216-19
Nah C, Han SH, Lee JH, et al.

Preparation and properties of
montmorillonite based polyimide
nanocomposites. Polym Int
2004;53:891-7

Xie W, Hwu JM, Jiang GJ, et al. A
study of the effect of surfactants on the
properties of polystyrene-montmorillonite
nanocomposites. Polym Eng Sci
2003;43(1):214-22

Pavlikova S, Thomann R, Reichert P,
et al. Fiber spinning from poly

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

This work was supported by both the Australian Research
Council (Discovery Grant DP0558561) and a Faculty of
Engineering Research Grant from The University of New

(propylene)-organoclay nanocomposites.

J Apply Polym Sci 2003;89(3):604-11

Hasegawa N, Okamoto H, Kawasumi
M, et al. Polyolefin-clay hybrids based
on modified polyolefins and organophilic
clay. Macromol Mater Eng
2000;280/281:76-9

Dan CH, Lee MH, Kim YD, et al.
Effect of clay modifiers on the
morphology and physical properties of
thermoplastic polyurethane/clay
nanocomposites. Polymer

2006;47:6718-30

Sastri VR. Materials used in medical
devices. Plastics in medical devices:
properties, requirements, and
applications. Elsevier, Inc. Cambridge,
MA; 2010

Bhat SV, Synthetic polymers.
2nd edition. Biomaterials. Alpha Science
International Ltd, Oxford; 2006

Komareni S. Nanocomposites.

J Mater Chem 1992;2(12):1219-30

Koyama S, Haniu H, Osaka K, et al.
Medical application of carbon-nanotube-
filled nanocomposites: the microcatheter.

Small 2006;2(12):1406-11

Zhang W, Blackburn RS, Dehghani-
Sanij AA. Carbon black reinforced epoxy
resin nanocomposites as bending sensors.

J Compos Mater 2009;43(4):367-76
Ng CB, Schadler LS, Siegel RW.

Synthesis and mechanical properties of
TiO2-epoxy nanocomposites.
Nanostruct Mater 1999;12:507-10

Chen C, Lv G, Pan C, et al. Poly(lactic
acid) (PLA) based nanocomposites-a
novel way of drug-releasing.

Biomed Mater 2007;2(4):L1-4

Lai LC, Tyson DR, Clayman RV, et al.
Encrustation of nanostructured Ti in a
simulated urinary tract environment.
Mater Sci Eng 2008;28:460-4

Chou CW, Hsu SH, Wang PH.
Biostability and biocompatibilty of poly
(ether)urethane containing gold or silver
nanoparticles in porcine model.

] Biomed Mater Res 2008;84A:785-94

Expert Opin. Drug Deliv. (2011) 8(6)

775
RIGHTES

Wy



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/03/12
For personal use only.

Non-degradable polymer nanocomposites for drug delivery

33.  Hsu S, Chou C, Tseng S. Enhanced 44.  Chavarria F, Paul DR. Morphology and layered-silicate (clay) nanocomposites.
thermal and mechanical properties in properties of thermoplastic polyurethane Appl Clay Sci 1999;15(1-2):31-49
polyurethane/Au nanocomposites. nanocomposites: effect of organoclay 57.  Camino G, Tartaglione G, Frache A,
Macromol Mater Eng structure. Polymer 2006;47:7760-73 et al. Thermal and combustion behaviour
2004;289:1096-101 45.  Kalendova A, Posposil M, Kovarova L, of layered silicate-epoxy nanocomposites.

34.  Boswald M, Girisch M, Greil J, et al. et al. Influence of chain length on Polym Degradation Stability
Antimicrobial activity and intercalation process of polyvinylchloride/ 2005;90:354-62
biocompatibility of polyurethane and clay nanocomposites based on 58.  Goldberg M, Langer R, Jai X.
silicone cafheters C(.)ntaining low alkyl-amine. Plastics Rubbers Composites Nanostructured matrials for applications
concentrhatlc?ns of sdvc-r: a new 2004;33(7):279-85 in drug delivery and tissue engineering.
perspective in Vpreventlo.n of 46.  Chen C, Curliss D. Preparation, J Biomater Sci Polym Ed
polymer-associated foreign-body- characterization, and nanostructural 2007;18(3):241-68
infections. Zentralbl Bakteriol : :
1’;‘93;.120;35(2).61[;;3200 axterio evolution of epoxy nanocomposites. 59.  Pavlidou S, Papaspyrides CD. A review

’ ’ J Appl Polym Sci 2003;90:2276-87 on polymer-layered silicate

35.  Hung HS, Hsu SH. Biological 47.  Yasue K, Katahira S, Yoshikawa M, et al. nanocomposites. Prog Polym Sci
performances of poly(ether) In situ polymerization route to nylon 2008;33(12):1119-98
urethane-silver nanocomposites. 6-clay nanocomposites. In: Pinnavaia TJ, . Review reporting the advances and
Nanotechnology 2007;18:1-9 Beall GW, editors, Polymer-clay property enhancements in polymer

36.  Hsu SH, Tang CM, Tseng HJ. nanocomposites. John Wiley & Sons, layered silicate.

Gold nanoParticles induce.surf.ace New York; 2000 60.  Matayabas JC, Turner SR.

morphological transformation in 48.  Messersmith PB, Giannelis EP. Synthesis Nanocomposite technology for enhancing
p(h)lyurethane and affect cellular response. and characterization of layered the gas barrier of polyethylene
Biomacromolecules 2008;9:241-48 silicate-epoxy nanocomposites. terephthalate. In: Pinnavaia TJ,

37.  Maensiri S, Laokul P, Klinkaewnarong J, Chem Mater 1994;6(10):1719-25 Beall GW, editors, Polymer-clay
et al. Carbon nanofiber-reinforced 49.  Zilg C, Mulhaupt R, Finter J. nanocomposites, John Wiley & Sons,
alumina nanocomposites: fabrication and Morphology and toughness/stiffness New York; 2000
mechanical properties. Mater Sci Eng balance of nanocomposites based upon 61.  Xu R, Manias E, Snyder A]J, et al. Low
20073447:44-50 anhydride-cured epoxy resins and layered permeability biiomedical polyurethane

38.  lijima S. Helical microtubules of silicates. Macromol Chem Phys nanocomposites. ] Biomed Mater Res
graphitic carbon. Nature 1999;200(3):661-70 2002;64A:114-19
1991;354(6348):56-8 50.  Aguzzi C, Cerezo P, Viseras C, et al. 62.  Xu R, Manias E, Snyder A], et al. New

39.  Chang TE, Jensen LR, Kisliuk A, et al. Use of clays as drug delivery systems: biomedical poly(urethane urea)-layered
Microscopic mechanism of reinforcement Possibilities and limitations. silicate nanocomposites. Macromolecules
in single-wall carbon nanotube/ Appl Clay Sci 2007;36(1-3):22-36 2001;34:337-9
polypropylene nanocomposite. Polymer 51.  Chang JH, An YU. Nanocomposites of . A study assessing the barrier properties
2005;46:439-44 polyurethane with various organoclays: of polyurethane nanocomposites to be

40.  Costa FR, Saphiannikova M, Thermomechanical properties, used for drug delivery purposes.
Wagenknecht U, et al. Layered double morphology, and gas permeability. 63.  Zeng QH, Yu AB, Lu M, et al.
hydroxide based polymer nanocomposites J Polym Sci Part B Polym Phys Clay-based polymer nanocomposites:
in wax crystal control -nanocomposites 2002;40:670-77 research and commercial development.
stimuli-responsive polymers. In: Dusek 52.  Favre H, Lagaly G. Organo-bentonites J Nanosci Nanotechnol 2005;5:1574-92
K, .edltor, Springer-Verlag, Berlin with quaternary alkylammonium ions. 64.  Alt V, Bechert T, Steinriicke P, et al.
Heidelberg; 2008 Clay Minerals 1991;26:19-26 An in vitro assessment of the

41.  Li B, He J, Evans DG, et al. 53.  Lagaly G. Interaction of alkylamines with antibacterial properties and cytotoxicity
Enteric-coated layered double hydroxides different types of layered compounds. of nanoparticulate silver bone cement.
as a controlled release drug delivery Solid State Tonics 1986;22(1):43-51 Biomaterials 2004;25(18):4383-91

tem. Int J Ph;
52)301287f1(112)-8;rf;15 54.  Goh PS, Ng BC, Ismail AF, et al. 65. Damm C, Munstedt H, Rosch A.
’ ' Surfactant dispersed multi-walled carbon The antimicrobial efficacy of polyamide

42.  Vaia RA. Structural characterization of nanotube/polyetherimide nanocomposite 6/silver-nano-and microcomposites.
polymer-layered silicate nanocomposites. membrane. Solid State Sci Mater Chem Phys 2008;108:61-6
In: Pinnavaia TJ, Beall GW, editors, 2010;12(12):2155-62 66. LiD,He Q, LiJ. Smart core/shell
z((/).ll)’mfj;-cslay na;}ocor;lpoljxt;;(i]()ohn 55.  Gong X, Liu J, Baskaran S, et al. nanocomposites: Intelligent polymers

e ons, e 1o Surfactant-assisted processing of carbon modified gold nanoparticles. Adv Colloid

43.  Kormann X, Lindberg H, Berglund LA. nanotube/polymer composite. Interface Sci 2009;149(1-2):28-38
.Synthesis of epoxy-clay nanocomposites: Chem Mater 2000;12:1049-52 67.  Corr SA, Rakovich YP, Gun’ko YK.
influence of the nature of the clay on 56.  Gilman JW. Flammability and Multifunctional magnetic-fluorescent
structure. Polymer 2001;42:1303-10 thermal stability studies of polymer nanocomposites for biomedical

776 Expert Opin. Drug Deliv. (2011) 8(6)

RIGHTES

Wy



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/03/12
For personal use only.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

applications. Nanoscale Res Lett

2008;3:87-104

Alvarez-Lorenzo C, Bromberg L,
Concheiro A. Light-sensitive

intelligent drug delivery systems.
Photochem Photobiol 2009;85(4):848-60

Wu C, Chen C, Lai J, et al.
Molecule-scale controlled-release system
based on light-responsive silica
nanoparticles. Chem Commun

2008;(23):2662-4
Slowing II, Trewyn BG, Giri S, et al.

Mesoporous silica nanoparticles for drug
delivery and biosensing applications.

Ad Funct Mater 2007;17(8):1225-36
Mal NK, Fujiwara M, Tanaka Y.

Photocontrolled reversible release of guest
molecules from coumarin-modified

mesoporous silica. Nature

2003;421(6921):350-3
Wei Q, Ji J, Shen J. Synthesis of

near-infrared responsive gold nanorod/
PNIPAAm Core/Shell Nanohybrids via
surface initiated ATRP for smart drug
delivery. Macromol Rapid Commun
2008;29(8):645-50

Kost J, Wolfrum J, Langer R.
Magnetically enhanced insulin release in
diabetic rats. ] Biomed Mater Res
1987;21(12):1367-73

Paoli VMD, De paoli lacerda SH,
Spinu L, et al. Effect of an oscillating
magnetic field on the release properties

of magnetic collagen gels. Langmuir

2006522:5894-9
Gupta RK, Bajpai AK. Magnetically

guided release of ciprofloxacin from
superparamagnetic polymer
nanocomposites. ] Biomater Sci

Polym Ed 2011;22(7):893-918
Kaushik A, Khan R, Solanki PR, et al.

Iron oxide nanoparticles-chitosan
composite based glucose biosensor.

Biosens Bioelectron 2008;24:676-89
Neuberger T, Schopf B, Hofmann H,

et al. Superparamagnetic nanoparticles
for biomedical applications: possibilities
and limitations of a new drug delivery
system. ] Magn Magn Mater
2005;293:483-96

Satarkar NS, Hilt JZ. Magnetic hydrogel
nanocomposites for remote controlled
pulsatile drug release. ] Control Release
2008;130(3):246-51

Banerjee SS, Roy M, Bose S. pH tunable
fluorescent calcium phosphate

nanocomposite for sensing and controlled

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

drug delivery. Adv Eng Mater
2011;13(1-2):B10-17

Brazel C. Magnetothermally-responsive
nanomaterials: combining magnetic
nanostructures and thermally-sensitive
polymers for triggered drug release.

Pharma Res 2009;26(3):644-56
Liu KH, Liu TY, Chen SY, et al.

Drug release behavior of
chitosan-montmorillonite nanocomposite

hydrogels following electrostimulation.
Acta Biomater 2008;4:1038-45

Xu Z, Li C, Kang X, et al. Synthesis of a
multifunctional nanocomposite with
magnetic, mesoporous, and near-IR
absorption properties. ] Phys Chem C
2010;114:16343-50

Weissleder R, Ntziachristos V. Shedding
light onto live molecular targets.

Nat Med 2003;9(1):123-8
Zhao L, Xu X, Wang X, et al.

Fabrication, characterization and in-vitro
cytotoxicity of magnetic nanocomposite
polymeric film for multi-functional
medical application. Proc SPIE
2009;7493:749304

Zhou NL, Liu Y, Li L, et al. A new
nanocomposite biomedical material of
polymer/Clay-Cts-Ag nanocomposites.
Curr Appl Phys 2007;7(Suppl 1):58-62

Silva GRD, Ayres E, Orefice RL, et al.
Controlled release of dexamethasone
acetate from biodegradable and
biocompatible polyurethane and
polyurethane nanocomposite.

J Drug Target 2009;17(5):374-83

Cypes SH, Saltzman WM, Giannelis EP.
Organosilicate-polymer drug delivery
systems: controlled release and enhanced
mechanical properties. ] Control Release
2003;90(2):163-9

Anti-inflammatory drugs can be
incorporated into a polymer
nanocomposite and the release is
dependent on filler content, dispersion
and surfactant type.

Salahuddin N, El-Barbary A, Abdo N.
Effect of polymethylmethacrylate
montmorillonite nanocomposite on the
release of some biologically active
1,2,4-triazine derivatives. Polym Compos
2009;30(8):1190-8

Shaikh S, Birdi A, Qutubuddin S, et al.
Controlled release in transdermal
pressure sensitive adhesives using
organosilicate nanocomposites.

Ann Biomed Eng 2007;35(12):2130-7

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Chung, Simmons & Poole-Warren

Styan K, Abrahamian M, Hume E, et al.
Antibacterial polyurethane organosilicate
nanocomposites. Key Eng Mater

2007;342-343:757-60
Fong N, Simmons A, Poole-Warren LA.

Antibacterial polyurethane
nanocomposites using chlorhexidine
diacetate as an organic modifier.
Acta Biomater 2010;6:2554-61

Meng N, Zhou NL, Zhang SQ, et al.
Synthesis and antimicrobial activities of
polymer/montmorillonite-chlorhexidine
acetate nanocomposite films.

Appl Clay Sci 2009;42:667-70

Choudalakis G, Gotsis AD.
Permeability of polymer/clay
nanocomposites: a review. Eur Polym ]
2009;45(4):967-84

Excellent review focusing on
theoretical models describing the

permeability of nanocomposites.

Nielson LE. Models for the permeability
of filled polymer systems. ] Macromol
Sci A 1967;1:929-42

Bharadwaj RK. Modeling the barrier
properties of polymer-layered silicate
nanocomposites. Macromolecules

2001;34(26):9189-92

Cussler EL, Hughes SE, Ward WJ, et al.
Barrier membranes. ] Membr Sci
1988;38:161-74

Fredrickson GH, Bicerano J. Barrier
properties of oriented disk composites.

J Chem Phys 1999;110(4):2181-8
Gusev AA, Lusti HR. Rational design of

nanocomposites for barrier applications.

Adv Mater 2001;13(21):1641-3

Aris R. On a problem in hindered
diffusion. Arch Rat Mech Anal
1986;12:83-91

Sorrentino A, Tortora M, Vittoria V.
Diffusion behavior in polymer-clay
nanocomposites. ] Polym Sci Part B

Polym Phys 2006;44:265-74

Yano K, Usuki A, Okada A. Synthesis
and properties of polyimide-clay hybrid
films. J Polym Sci Part A Polym Chem
1997;35(11):2289-94

A study comparing the relative
permeability of nanocomposites
determined from physical experiment
against mathematical models.
Herrara-Alonso JM, Marand E, Little JC,
et al. Transport properties in
polyurethane/clay nanocomposites as

barrier materials: effect of processing

Expert Opin. Drug Deliv. (2011) 8(6)

777
RIGHTES

Wy



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/03/12
For personal use only.

Non-degradable polymer nanocomposites for drug delivery

conditions. ] Membr Sci 109.  Serizawa T, Matsukuma D, Akashi M. nanocomposite hydrogels based on poly

2009;337:208-14 Loading and release of charged dyes [acrylic acid-poly(ethylene glycol) methyl
103. Kim JK, Hu C, Woo RSC, et al. using ultrathin hydrogels. Langmuir ether acrylate] gels. ] Appl Polym Sci

Moisture barrier characteristics of 2005;21(17):7739-42 2004;94(2):692-9

organoclay-epoxy nanocomposites. 110. Lee W-F, Chen Y-C. Effects of 115. Lee WF, Jou LL. Effect of the

g y-epoxy p

Compos Sci Technol 2005;65:805-13 intercalated hydrotalcite on drug release intercalation agent content of
104. Gorrasi G, Tortora M. Vittoria V. behavior for poly(acrylic acid-co-N- montmorillonite on the swelling behavior

Synthesis and physical properties of isopropyl acrylamide)/intercalated and drug release behavior of

layered silicates/polyurethane hydrotalcite hydrogels. Eur Polym J nanocomposite hydrogels. ] Appl

nanocomposites. J Appl Polym Sci 20006;42(7):1634-42 Polym Sci 2004;94(1):74-82

Part B Polym Phys 2005;43:2454-67 111. Lee WF, Chen YC. Effect of bentonite 116. Takahashi S, Goldberg HA, Feeney CA,
105. Wang X, Du'V, Luo L. Biopolymer/ on the physical properties and et al. Gas barrier properties of butyl

montmorillonite nanocomposite: drug-release behavior of rubber/vermiculite nanocomposite

preparation, drug-controlled release poly(AA-PEGMEA)/bentonite coatings. Polymer 2006;47(9):3083-93

property and cytotoxicity. nanocomposite hydrogels for

Nanotechnology 2008;19:065707-14 mucoadhesive. J Appl Polym Sci Affiliation
106. Strawhecker KE, Manias E. Structure 2004:91(5):2934-41 Johnson Hsiang-Yu Chun%I, Anne Simmons' &

2

and properties of Poly(vinyl alcohol)/Na+ 112, Lee WF, Fu YT. Effect of ]I:aura Anne Poole-Warren

monmorillonite nanocomposites. montmorillonite on the swelling behavior Author for correspondence

Chem Mater 2000;12(10):2943-9 and drug-release behavior of "The University of New South Wales,

hoi . | nanocomposite hydrogels. ] Appl Graduate School of Biomedical Engineering,

107, Choi WJ, Kim HJ, Yoon KH, et al. Polym Sci 2003;89(13):3652-60 Sydney, NSW, 2052 Australia

Preparation and barrier property of poly 2

(ethylene terephthalate)/cla 113. Patel H, Somani R, Bajaj H, et al. Professor,

Y P Y lavs f | . The University of New South Wales,
nanocomposite using clay-supported Nanoclays for polymer nanocomposites, . . -
ints. inks d . Graduate School of Biomedical Engineering,
catalyst. ] Appl Polym Sci paints, inks, greases and cosmetics )
f lati drue deli hicle and Sydney, NSW, Australia
2006;100(6):4875-9 ormulations, drug delivery vehicle an
. Tel: + 61 2 9385 7662; Fax: + 61 2 9385 5949;
) . waste water treatment. Bullet Mater Sci

108. Osman MA, Mittal V, Morbidelli M, 2006;29(2):133-45 E-mail: l.poolewarren@unsw.edu.au

et al. Polyurethane adhesive ’ )

nanocomposites as gas permeation 114 Lee WE, Chen YC. Effect of

barrier. Macromolecules hydrotalcite on the physical properties

2003;36(26):9851-8 and drug-release behavior of
778 Expert Opin. Drug Deliv. (2011) 8(6)

RIGHTES



