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This review article highlights recent activities in the field of biomimetic sys-
tems and their application in controlled drug delivery. A definition and over-
view of biomimetic processes is given, with a focus on synthesis and assembly
for the creation of novel biomaterials. In particular, systems are classified on
the basis of three subsets, which include biological, biohybrid and synthetic
structures. Examples focus on the current and proposed clinical significance
for systems that mimic processes where the underlying molecular principles
are well understood. Biomimetic materials and systems are presented as
exceptional candidates for various controlled drug delivery applications and
have enormous potential in medicine for the treatment of disease.
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1. Introduction

Biological systems and physiological processes have evolved over millions of years to
have precise properties and functions. Today, numerous engineers and scientists have
an appreciation for the sophistication of biological systems, and they look to these for
inspiration in their own research efforts. By studying and mimicking complex bio-
logical structures and processes, researchers design materials with enhanced properties,
and can provide solutions to fundamental problems in medicine, pharmaceutics, cell
biology and biophysics.

Biomimetic methods and materials are a fundamental example of the synergistic
opportunities that are present at the interface of biological systems and nanotech-
nology, the broad and fascinating field of bionanotechnology [1. In the context of
this article, the authors offer a critical review of recent literature within the bio-
mimetic field, and specifically, provide highlighted examples in drug delivery and
direct the reader to key articles and reviews in the literature.

2. Biomimetic synthesis and assembly

In nature, molecular recognition leads to the assembly of macromolecular and
multimolecular structures, and orchestrates complex processes through myriads of
molecular motors, metabolic pathways and cyto-trafficking species. These recogni-
tion processes are tightly regulated, and rely on numerous interactions at the atomic
level and cumulative interactions between secondary structures. Proteins, metal
ions, nucleic acids, steroids and carbohydrates interact with each other in exquisite
mechanisms that are only now coming to light using structural and genetic
approaches (e.g., elucidation of various signal transduction processes, binding
mechanisms and so on).

To illustrate the sheer efficacy and precision of recognition at the cellular and sub-
cellular level, one need go no further than the highly versatile proteins. Proteins build
and repair cellular structures and genetic material. As enzymes they control and cata-
lyse an incredible number of biochemical reactions with high specificity. As hor-
mones, they regulate the signal transduction pathways, which transport respiratory
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Figure 1. Classification of biomimetic systems. Biomimetic
systems can be classified as biological, synthetic, or biohybrid.
Biohybrid systems reside at the intersection of artificial and
biological systems.

gases and other metabolites and are responsible for muscular
contraction. They fashion the adaptive arm of the immune sys-
tem by forming a vast repertoire of antibodies and serve as the
major histocompatibility complex (MHC) molecules, which
are displayed on cell surfaces and are responsible for antigen
presentation and lymphocyte recognition, offering protection
against antigens of varying pathology. They form integrins,
which help in cell adhesion and signalling. All this is possible
due to the conformational complexity provided by chaperone-
mediated protein folding and post-translational modifications.

What principles steer biologically inspired researchers
today? Biomimesis is the process of coordinating molecular
recognition and interactions to design materials that can be
structurally similar to and/or function in similar ways as bio-
logical structures [2-8]. Central to the concept of biomimesis is
the need of a firm command of the internal machinery of the
cell and cellular systems. Vital questions in understanding bio-
mimesis are: how cells grow and divide, how they regulate
metabolic fluxes, how they move and interact with one
another, how hormones affect signal transduction pathways,
and how the cell responds to the environment (i.e., how cells
interact with their extracellular matrix and so on).

To clarify the context and definition of biomimetic systems,
the authors now describe some of these systems, and their sub-
classifications (Figure 1). Biomimetic systems may be classified
as biological, biohybrid and synthetic structures. Biological
structures denote materials consisting of natural biological
molecules such as proteins, DNA, RNA, and/or unnatural
biomolecules that have been assembled/synthesised by biologi-
cal systems, such as unnatural amino acids prepared via
genetic engineering methods. The biohybrid structures com-
prise materials that combine synthetic structures (e.g., poly-
meric chains, metal particles and so on) and natural biological
molecules. Lastly, synthetic structures represent materials
based on man-made building blocks, such as synthetic poly-
mers and unnatural amino acids (i.e., prepared in vitro such as
solid-phase synthesised peptides).

To create biomimetic systems, one can use and mimic bio-
logical processes and interactions where the underlying molec-
ular principles are understood. This is illustrated by DNA-
mediated assembly and nanoconstruction [9-11], where the
complementary and well-understood pairing of the genetic
alphabet is exploited. These robust interactions, responsible for
the faithful preservation of the genetic materials, are excellent
targets for biomimesis.

3. Biological assembly and structures as
biomimetic systems

Nature arranges the subcellular world in many ways. Mimick-
ing this spontaneous organisation remains the endeavour of
scientists and engineers in the field. For the fabrication of
novel biomaterials, natural building blocks (e.g., peptides,
proteins and lipids) and natural processes (e.g., self-assembly
and genetic engineering) have been used. In a recent review,
Zhang [g] highlights the use of biological components and
processes to fabricate various nanostructured materials, such as
nanofibre peptides and protein scaffolds.

Peptides with precise sequences can be synthesised on a
solid resin (these are discussed in Section 5), or by geneti-
cally engineering bacteria, and these can be made with
unusual architectures (e.g., branching and rings) or with
unnatural amino acids [7). In particular, the genetically engi-
neered systems have been demonstrated as a powerful
method to generate macromolecules tailored at the molecu-
lar level resulting in desired properties [2-5,8]. Novel protein
structures that are created within living organisms are
expected to have a large impact, facilitating the creation of
novel materials with tailored structure for enhanced proper-
ties, such as specificity, stimulus-sensitivity and catalytic
aptitude. These biomimetic and functional architectures
have wide applicability in biomaterials and, specifically, in
targeted drug delivery applications.

Ghadiri et al. [12,13] synthesised nanotubes from the ring
arrangement of cyclic peptides, which show antimicrobial [14]
and ion channel properties [15) (Figure 2). A recent success
includes the demonstration that cyclic peptides, when used as
adaptors in P-barrel shaped o-haemolysin, can be used for
single channel detection and quantification of molecules.

For many years, the regeneration of damaged spinal cords
has been a research goal. Silva [16) developed a fibrous scaffold,
which assembles itself at the site of injection. The scaffold,
formed by a fluidic solution of peptide amphiphiles, starts
from an epicentre and spreads out in all directions, thus
resembling the neuronal morphology. During the self-assem-
bly, major amino acids, essential for neuronal growth, prolifer-
ate on the surface of the structure [17. In addition, growth of
astrocytes, which are large neuroglial cells, is inhibited, thus
enhancing spinal restoration.

Over the last 20 years, bioadhesion has been a focus area of
drug delivery research [18-22], allowing for enhanced control
over drug delivery (e.g., site-specific adhesion and increased
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Figure 2. Transmembrane ion channels and pore structures adopted by a ring conformation of cyclic o, L peptides. Cyclic
peptides are adaptors used in single molecule detection and quantification. Chem. Eur. J. 4(8):1367-1372 Copyright (1998), with

permission from WILEY-VCH Verlag.
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Figure 3. Self-assembled amphiphilic nanostructures.
Biomimetic peptide amphiphiles of lle-Lys-Val-Ala-Val sequences
have great potential in tissue regeneration of damaged spinal
cords. Reprinted (abstracted/excerpted) with permission from
SILVA GA, CZEISLER C, NIECE KL et al.: Selective differentiation of
neural progenitor cells by high-epitope density nanofibres.
Science (2004) 303(5662):1352-1355. Copyright (2004) AAAS.

residence time). Recently, there has been a particular focus
on integrins, which are cellular adhesion molecules [2324].
Yuetal. [251 created peptides for studying interactions
between amino acids, for testing them as biomaterial coat-
ings and for use as drug delivery devices (Figure 3).
Melanoma cells spread indiscriminately on carboxyl-coupled
Arg-Gly-Asp amphiphiles and did not spread on amino-cou-
pled Arg-Gly-Asp amphiphiles, showing that they are
effective cellular recognition agents.

Wu et al. [26] used a single-chain, single-gene approach to
produce genetically engineered antibodies (i.e., chimeric
structures) to provide immunotherapeutic treatment of can-
cer. Novel fragmented antibody constructs such as single
chain Fv (scFv) with human 1gG1 hinge and Fc regions
(scFv—Fc dimers) are designed to produce molecules for the
delivery of radionucleotides to tumours with reduced
immunogenicity, increased circulation life, and gained
effector functions [27).

4. Biohybrid structures as biomimetic systems

Integration of biological entities with synthetic materials can
create biomimetic systems that use biological mechanisms
(i.e., enhanced affinity and specificity of binding, catalysis)
while enhancing physiochemical properties such as mechani-
cal stability, invivo lifetime, degradability and so on. Bio-
hybrid structures can also be created by synthesising
macromolecules with a combination of natural and unnatural
building blocks and/or sequences (i.e., aptamers that are syn-
thetic oligonucleotides, which bind nucleic acids, proteins,
small organic compounds and so on).

Biologically active molecules can be incorporated into poly-
mer networks (e.g., physically or chemically entrapped) to pro-
duce conjugated biomaterials. In a recent review [2g], the field

of stimuli-responsive polymers and their bioconjugates is
detailed, and their potential applications in drug delivery are
highlighted. In many situations, localised delivery is critical for
a therapeutic molecule to have optimised effect. Biologically
active entities conjugated to polymer networks have applicabil-
ity in targeted delivery of therapeutic compounds [29]. An
example of biomimetic targeting is via glycoprotein mimics.
Researchers have synthesised glycopolymers that function as a
synthetic multivalent ligand able to facilitate site-specific drug
delivery (3.

Lackey et al. (311 demonstrated a functional biomimetic
system, which involved the use of a pH-responsive polymer
as a membrane-disrupting agent that aided the transport of
antibody conjugates from the endosome to the cytoplasm.
This work highlights the use of endosomal releasing agents
for targeted therapeutics that are internalised through
receptor-mediated endocytosis.

Wang and colleagues [321 have prepared copolymers of
metal-chelating hydrophilic monomers and coiled coils,
which are thermo-sensitive due to the latter (Figure 4). The
backbone consisted of N-(2-hydroxypropyl)-methacrylamide
and the metal chelating (N’,N’-dicarboxymethylamino-
propyl)methacrylamide. The thermosensitive coiled coils used
to assemble the hydrogels were CC1 and CC2. The CC1
sequence has biological importance, and is part of the
sequence of the microtubule motor protein kinesin, which
induces cytoskeletal gliding through ATP hydrolysis, essential
for fundamental processes such as chromosome motility dur-
ing mitosis and meiosis. Hence, genetic engineering can aid in
the design and tailoring of stimuli-sensitive hydrogels with
well-defined volume transitions based on pH and temperature
changes in the environment.

Ehrick and colleagues [33] have produced stimuli-responsive
hybrid materials consisting of hydrogels and genetically engi-
neered protein. The stimuli-responsive hydrogel exhibited
three specific swelling stages induced by conformational
changes and binding affinities of the protein in response to
various ligands. The authors showed gating and transport of
biomolecules across a polymer network, demonstrating a large
potential in microfluidics and drug delivery.

Petka and colleagues [34] have prepared thermally reversible
hydrogels from proteins obtained from chimeric genes
(Figure 5). They inserted custom oligonucleotide sequences
into polylinker regions of the cloning vector pUC18 and then
directionally ligated into the expression vector PQE9, using
EcoRI and Hindlll. The genes coded for a protein that con-
sisted of a leucine zipper and polyelectrolyte domains. The tri-
block structure had a few interesting features, including a
terminal cysteine residue, intended for disulfide bridging
between individual strands and a His-tag at the N terminus,
so that it could be purified by affinity chromatography. They
observed coiled-coil formation at low pH, and protonation of
the Glu residues at higher pH, leading to dissociation of
heterodimer. The triblock protein underwent bridging and
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Figure 4. Hydrogels assembled from His-tagged coiled coils. Highly tunable a-helical coiled coils are used as crosslinks to prepare
hybrid hydrogels. Reprinted with permission from WANG C, STEWART RJ, KOPECEK J: Hybrid hydrogels assembled from synthetic
polymers and coiled-coil protein domains. Nature (1999) 397(6718):417-420. Copyright (1999) NPG.

formed complex networks. The fact that the biocompatibility
of these gels was high due to the poly(ethylene glycol) (PEG)-
rich region in the polyelectrolyte domain, and that the switch-
ing of these gels can be controlled by crafting custom
sequences, lends them great potential in controlled release.

Using oligonucleotide bridges, dendrimers can be used as
imaging and therapeutic agents. Choi and colleagues [35] have
designed a DNA-driven dendrimer assembly (Figure 6). Den-
drimers conjugated to different biofunctional moieties were
linked together using complementary DNA oligonucleotides,
which produced clustered molecules targeting cancer cells that
overexpress the high-affinity folate receptor.

In the early 1990s, pioneering work was published [36,37]
demonstrating that large libraries of synthetic RNA molecules
could be screened in vitro to identify and capture ligands with
high-binding selectivities and affinities for a specific target.
These ligands were termed aptamers [36], and the selection

process was called systematic evolution of ligands by expo-
nential enrichment (SELEX) 7. These groundbreaking
developments opened the door to the widespread application
of the unique recognition capabilities of aptamers. In particu-
lar, they have proven to be valuable therapeutic agents with
comparable and some enhanced properties relative to anti-
bodies [38]. Such structures can be easily tagged with proteins
p9], fluorophores and antibiotics, and can be chemically
ligated with cytotoxic agents and radionucleides for therapy
and diagnosis of aberrant cells [40]. Perhaps the greatest impli-
cations of aptamers will be felt in gene regulation and
ribozyme function where such aptamer domains deactivate or
trigger function by the binding of certain small molecules
such as ATP and theophylline, and the natural aptamer
domain can be mutated for regulating protein expression.
Such aptamers, when tagged by fluorophores, are exquisitely
sensitive biosensors for proteins and other molecules [41,42], as

Expert Opin. Drug Deliv. (2005) 2(6) 1089

RIGHTES

Ay



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/02/12
For personal use only.

Applications of biomimetic systems in drug delivery

AL200000

N S
Y

000000 S

s
's

) oo

(7)
& Q00T
) 9

29
7

S\_
S
pH, S-s
000000 temperature
> —>
N «
RS E
S 8.S
s-S

Viscous liquid

Figure 5. Gelation of a triblock copolymer. Chimeric genes code for a leucine zipper, which shows excellent thermal and pH
modulated characteristics. Cysteine residues provide disulfide bridging between individual residues. Reprinted (abstracted/excerpted)
with permission from PETKA WA, HARDIN JL, MCGRATH KP, WIRTZ D, TIRRELL DA: Reversible hydrogels from self-assembling artificial
proteins. Science (1998) 281(5375):389-392. Copyright (1998) AAAS.

they undergo conformational switches when they bind to
their ligands.

5. Synthetic structures as biomimetic systems

Polymers, unnatural amino acids, aptamers and other syn-
thetic molecules or materials based on man-made building
blocks, have major roles in biomimetic design. This is pri-
marily due to the ability to tailor properties exactly in the
way the molecular designer intends. Synthetic biological
building blocks can take advantage of flexibility in design
and use various motifs that have programmable conforma-
tional states, which can produce novel carriers for drug deliv-
ery, designed therapeutics and sensing. a.-Helical coiled coils
are ubiquitous structural motifs in the proteome, and
abound in G proteins, motor proteins, chaperones, tran-
scription factors, cytoskeletal proteins and viral fusion pro-
teins to name just a few. Their amphipathicity has come
under scrutiny in recent years by engineers and chemists
alike, albeit for different reasons. Organic chemists are inter-
ested in the total syntheses of transcription factors, chaper-
ones and other structural elements and, hence, they have
studied the dynamics of coiled coils in solution. In addition,
these motifs can be characterised better in environments
independent of the cellular confines. Engineers are interested
in these motifs for tissue scaffolds and drug delivery. Hodges

et al. have conducted exhaustive investigations of coiled coils
over the last 15 years [43-50] by preparing vast libraries of pep-
tides by Merrifield’s synthesis. In particular, the studies have
dealt with putative leucine zippers (i.e., having Leu in
position d; Figure 7). In particular, the exquisite conforma-
tional switches of the G-protein-coupled receptors, formed
primarily of o-helical coiled coils, can be mimicked to
develop stimuli-sensitive drug delivery devices.

The terminals of coiled coils are quite amenable to modifi-
cation, and have been used for solubilisation during protein
crystallisation. Weissenhorn et al. [511 employed the trimeric
coiled-coil domains of GCN-pll to enhance the solubility of
the HIV glycoprotein 41. In addition, Kim and colleagues
used the Fos/Jun leucine zipper pair to assemble a- and
B-chains of DQ2. DQ2 is a MHC class Il molecule, which
presents gliadin epitopes to CD4 single-positive T cells. The
crystal structure obtained can be used to design therapeutics
for curing celiac disease, a chronic autoimmune digestive dis-
ease due to the ingestion of gluten (i.e., a protein found in
wheat, rye and barley) that damages the duodenum and limits
nutrient absorption [52. The crystal structure details the non-
covalent interactions responsible for the deamidation of cer-
tain residues in gluten peptides, which allows the MHC
class I molecule to capture it.

DeCrescenzo and colleagues [531 have studied coiled-coil
heterodimer formation in order to create highly specific
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Figure 6. Oligonucleotide-driven dendrimer assembly.
Dendrimers (A) are functionalised with certain molecules of
interest (B), linked with complementary oligonucleotides (C), and
then conjugated using the Watson-Crick rules of base pairing (D).
A and B (circled) are functional molecules of interest. EISENSTEIN
M: DNA helps dendrimers branch out. Nat. Met. (2005)
2(3):156-157. Copyright (2005), with permission from NPG.

biosensors. Here, a Cys-Gly-Gly-tag was added to the N ter-
minus of a peptide (heptad repeat of aValbSercAladLeueLysf-
GlugLys) to immobilise it on the biosensor surface. o-Helical
coiled coil association with another peptide (aValbSercAlad-
LeueGlufLysgGlu) was facilitated through Lys—Glu interac-
tions (¢ — ¢’ and ¢’ — g ; Figure 7) [53]. Sensorgrams of the
refractive index variations were analysed by nonlinear regres-
sion and binding affinity was modulated by using peptide
pairs of three, four and five heptads.

Coiled coils can also be used for designing more stable anti-
gen-binding sites. Arndt et al. have stabilised the traditionally
unstable Fv (fragment variable) antibodies using the coiled-
coil WinZip A2B1 [s41. In general, coiled coils have well-
defined structure and properties and have demonstrated great
potential as peptide-based drug delivery vehicles.

Today, polymer scientists and engineers can synthesise a
wide variety of macromolecules with precise control of their
molecular structure and physiochemical properties. By
designing the molecular functionality and structure of a syn-
thetic polymer network to mimic biological systems, three-
dimensional network structures exhibiting structural similari-
ties can be created with tailorable drug delivery properties

Venkatesh, Byrne, Peppas & Hilt

155.56]. In essence, biomimetic assemblies provide a molecular
platform that mimic biological systems with applicability in
encapsulating and delivering drug molecules.

Synthetic networks that can be designed to recognise and
bind biologically significant molecules can be prepared using
template-mediated polymerisation techniques (e.g., molecular
imprinting). There have been many excellent reviews on the
field of molecular imprinting, and the authors direct the
reader to the following papers [57,58]. Only recently researchers
have applied imprinting methodology in the design of poly-
mers for the recognition of biologically significant molecules
and application as controlled drug delivery systems [59-62]. Of
particular interest is a recent review that highlights the wide
applicability of these polymer systems in controlled drug
delivery such as sustained release, enhanced loading capacity
and enantioselective loading or release (Figure 8) [63]. The
review also discusses the future of designed recognition, con-
figurational biomimesis within polymeric gels, problems to be
solved in the design of synthetic recognition-based networks,
and recent efforts toward integrating imprinted polymers in
controlled drug delivery systems and sensing devices.

Hammer et al. have designed block copolymers structurally
similar to the lipid bilayer. Termed polymerosomes, these pos-
sess amphipathic properties, and are more robust and 10-fold
less impermeable to water than the plasma membrane [64,65].
The high degree of crosslinking makes the cells durable,
which makes it easy to dehydrate them into powders, and,
hence, increase their shelf life [s6]. Such structures can be used
to manufacture artificial cells, or to carry medication and
nutrition during space missions.

Strict control of molecular structure, which is an inherent
advantage of synthetic systems, is of high importance in the
design of materials with reproducible and consistent properties.
Deming has pioneered the use of transition metals as initiators
for the ring-opening polymerisation of N-carboxyanhydrides.
The use of organonickel as the initiator effectively suppresses
the chain termination and transfer reactions, resulting in block
copolypeptides of highly controlled chain lengths, which pro-
duce novel polypeptide hydrogels [67]. Variation of copolymer
chain length and composition produced various hydrogels,
characterised by confocal microscopy and transition electron
microscopy. At the molecular level, familiar conformations of
polypeptides were obtained with poly-(Leu) giving a-helices
and poly-(Val) giving B-sheets [es].

Savic and colleagues have synthesised micelles from poly-
caprolactone-b-poly(ethylene oxide) for the delivery of hydro-
phobic drugs [691. The block copolymer was tagged with a
fluorophore to study the intracellular distribution of the drug.
Confocal microscopy demonstrated that they were endo-
cytosed and localised within various organelles such as the
mitochondria and Golgi apparatus but not the nucleus. It was
also shown that a noncovalently bound agent to the micelles
would be internalised more than the agent alone. Subse-
quently, the uptake of these micelles in pluripotent P19 mouse
embryonal carcinoma cells was studied [70]. It was shown that
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Figure 7. Helical wheel notation of a leucine zipper. The helical wheel notation shows the two a-helices forming a left-handed
superhelix. The leucine zipper model consists of a signature 'heptad’ sequence with leucine at position d. The positions a and d consists
of hydrophobic residues, while e — g* and g — €' hold together the coiled coil by electrostatic attractions.

the extent of internalisation was markedly reduced at low tem-
peratures and pH, and in the presence of drugs such as chlor-
promazine. Such micelles could be used in the delivery of
androgens and oestrogens during hormonal imbalances.

6. Expert opinion

In the last 25 years, there have been significant developments
in advanced drug delivery formulations, facilitating the crea-
tion of systems that do not simply release a drug at a specific
rate, but release the drug in a way that the pharmaceutical sci-
entist and molecular designer has designed [71,72]. Because
controlled drug delivery systems can improve safety, efficacy,
convenience and patient compliance, novel delivery methods
are a major focus of pharmaceutical companies [73].

In addition to the intrinsic activity of a drug, the delivery
of it in a specific, controlled manner to the desired site of
action is critical to its overall therapeutic effect. For instance,
the optimum therapeutic effect depends on the drug arriving
at the intended place at the right time and then staying active
for a certain period of time. Many drugs can interact with
different molecules in the body in ways that lead to adverse
side effects, and a physiomimetic delivery system that can
respond to the concentrations of certain molecules in the
body is invaluable and continues to be the goal for many
researchers. Essentially, this involves a mimicking of the nat-
ural response of the body/organs/tissues/cells to varying con-
centration levels of target biomolecules (e.g., release of
insulin in response to serum glucose levels or release of thera-
peutic molecules based on temporal relationships; i.e.,
chronobiological therapy).

There has been considerable work in the preparation of
intelligent biomaterials to address and achieve these desired
therapeutic effects and with varying levels of success. Only
recently has the potential of biomimetic systems as intelligent
biomaterials and in therapeutic applications begun to be real-
ised. These biomimetic structures based on proteins, DNA,
RNA, man-made building blocks (i.e., synthetic polymers and
unnatural amino acids) or combinations of these have been
demonstrated to mimic biological systems and processes. The
authors have introduced groundbreaking efforts that span a
variety of biomimetic systems, and they expect that this work
and the solid foundation it has provided will lead to methods
and materials that will revolutionise medicine. In particular,
the ability of biomimetic systems to provide biomolecular tar-
geting, sustained release and pulsatile release will facilitate
enhanced control over the delivery of therapeutic molecules.

The field of proteomics and protein folding is expected
to accelerate the discovery of biomimetic drug carriers. In
the early 1990s, genomics became a commercial enterprise
with high-throughput sequencing on an industrial scale
[74,75]. As the automation, speed and accuracy of sequencing
results increased, it dramatically decreased the time to
complete the Human Genome Project, which determined
the sequences of the 3 billion chemical base pairs and iden-
tified ~ 30,000 genes in human DNA as well as patterns of
variation across the genome. This was a tremendous accom-
plishment, but work is now beginning to probe the
potential of the sequence code (Box 1) [76]. This work is
expected to have a profound influence on the genetic and
mechanistic basis for disease and will lead to genotype or
phenotype-specific therapeutics.
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Figure 8. Configurational biomimesis in the production of
recognitive networks. A. Mimic recognitive proteins, peptide
sequences and enzymes by analysing the amino acids involved in
binding a particular molecule and duplicating complexation
interactions. B. Solution mixture of biomolecule (template),
functional monomer(s) (triangles and circles), crosslinking
monomer, solvent and initiator (I). The prepolymerisation complex
is formed via covalent or noncovalent chemistry. C. The formation
of the network (imprinting process). D. Wash step where original
template is removed. E. Networks can be designed to increase
partitioning or uptake within hydrogels and swellable materials.
F. Programmable collapse can lead to loading as well as
programmable release. Modulation of binding events can occur
via pH, temperature, or other stimuli sensitive mechanisms.

G. Within higher crosslinked matrices, the affinity can alter the

release profile and extend release. It can also lead to
enantioselective loading of mixtures.
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Box 1. Research challenges that remain after
sequencing the genome [76].

« Gene number, exact location and functions

* Gene regulation

= DNA sequence organisation

« Chromosomal structure and organisation

« Noncoding DNA types, amount, distribution,
information content and functions

« Coordination of gene expression, protein synthesis
and post-translational events

= Interaction of proteins in complex molecular machines

» Predicted versus experimentally determined gene function

< Evolutionary conservation among organisms

« Protein conservation (structure and function)

« Proteomes (total protein content and function)
in organisms

» Correlation of SNPs (single-base DNA variation
among individuals) with health and disease

« Disease-susceptibility prediction based on gene
sequence variation

« Genes involved in complex traits and multigene diseases

« Complex systems biology including microbial consortia
useful for environmental restoration

« Developmental genetics and genomics

SNP: Single-nucleotide polymorphism.

In the next 25 years, one will begin to see the tailoring of
therapeutics based on an individuals genetic predisposition
toward disease (i.e., individualised therapeutics). Inherent
within these developments will be incorporated drug delivery
carriers, which may or may not influence the underlying
therapeutic effect.

With the mapping of the human genome complete, the
relationship between structure and function as well as the
expression of genome sequences is of utmost importance in the
rational treatment of disease. Although understanding how a
protein folds into its native conformation from a given amino
acid sequence is still being studied and the structural basis of
several motifs is understood, it is known that much of the pro-
tein structure exists as a support for recognition processes (i.e.,
binding or catalytic sites). In the case of streptavidin (with
molecular weight 64,000 Da), several binding sites are present
solely for the binding of the relatively small (molecular weight
244 Da) biotin molecule. This complex has been studied for
decades and is still of great interest because it has the highest
interaction affinity of any noncovalent system known. With
the creation of novel synthetic recognition systems using bio-
mimetic strategies, one is beginning to approach these limits of
binding affinity. The selection process for the design of these
materials as well as the determination of optimal reaction con-
ditions can be accomplished with several methods; trial and
error, the configurational biomimetic approach, combinatorial
methods and lastly by computational simulation.
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The recent 2004 Gordon Research Conference entitled
Drug Carriers in Medicine and Biology discussed exciting
topics of research involving drug delivery including bio-
mimetic strategies [77]. It is evident that the study of biology
and biological processes is creating novel and successful strate-
gies for a number of drugs and carriers in terms of delivery
issues such as persistence, biodistribution, penetration, metab-
olism, systemic clearance, as well as imaging to treat a number
of disease or abnormal cellular states.

Of continued importance to biomimetic developments will
be the rational design of the constituent chemistry and subse-
quent linking of various synthetic and biological counter-
parts. If certain strategies to produce or obtain biological
structures are insurmountable and/or inefficient, researchers
have used a number ingeniously crafted methods based on
fundamental biology to obtain novel biological or hybrid
structures. However, the challenge lies in building precise
structural alignment as well as tunable or switchable function-
ality into materials as well as optimising delivery profiles and
release constraints.

In view of the various examples cited in this article, it is
clear that biomimetic systems can be put to many uses: to
investigate diseased cells and tissues; to target such locations

with therapeutic formulations; or just to study the internal
organisation of the cell. Biomimetic drug carriers are emerg-
ing in various clinical applications such as autoimmunity,
imaging and targeted therapeutic options for cancer and
infectious disease. In addition, the past has seen the use of
PEG for its stealth characteristics, but the future may hold
novel passivation strategies using biomimetic epitopes that are
recognised as self by the immune system effector cells. Further
designs of biomimetic systems have the potential to rapidly
transform the field of controlled release and greatly enhance
the performance of existing pharmaceutical compounds.

The development of micro and nanoscale delivery systems
78] has promised significantly improved treatment regimens
that were previously not possible. Within these efforts, major
emphasis has been focused toward engineering the architec-
tural design of materials at the molecular level, and bio-
mimetic processes are prime candidates for the creation of
enhanced delivery systems at the small scale with tremendous
promise to profoundly impact medicine and treatment
options for disease. Biomimetic materials and systems are
exceptional candidates for various controlled drug delivery
applications and have enormous potential to revolutionise
medical treatments.
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