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Preface

Nanotechnology involves the manipulation of matter on atomic and molecular

scales. This technology combines nanosized materials in order to create entirely

new products ranging from computers to micromachines and includes even the

quantum level operation of materials. The structural control of materials on the

nanometer scale can lead to the realization of new material characteristics that

are totally different from those realized by conventional methods, and it is expected

to result in technological innovations in a variety of materials including metals,

semiconductors, ceramics, and organic materials.

The application of nanotechnology in advanced and high-tech medical care is

known as nanomedicine. It covers a wide range of scientific and technological fields

ranging from fundamental aspects related to the creation of new materials to actual

applications in clinical medicine. The term nanomedicine was first mentioned in

literature in 1990 by Drexler. The National Nanotechnology Initiative in the USA

(2000) listed improved healthcare as one of the implications of nanotechnology,

and the European Technology Platform “Nanomedicine” started in 2005. In this

decade, more than 300 review articles have been published on nanomedicine.

At present, nanomedicine is advocated to have the following promising applica-

tions: (1) the development of medication using nanosized devices including nano-

spheres, nanomicelles, nanocapsules, and nanofibers, (2) nano-order regulation

of the interface between materials and cells/tissues, and (3) nanoimaging, which

includes single-molecule imaging, using optical systems in particular, as well as

whole body imaging at a very high resolution.

Nanosized objects perform various functions in the biomedical field. In the

human body, nanosized particulate substances behave very differently from larger

particles. In 1986, Maeda et al. found that the stained albumin, having a size of

several nanometers, naturally accumulates in the region of cancerous tissues, which

is now well known as the enhanced permeability and retention (EPR) effect. Many

studies in the field of nanoparticles are based on this finding. Another application of

nanoparticles is the delivery system using various polyplexes that are composed of

carrier molecules and plasmid DNA or nucleic acid drugs such as antisenses and

siRNA. In addition, nanofibers are mainly used for biodegradable scaffolds in tissue

ix



engineering because of their good cell adhesion properties. The second area is the

nanoscale regulation of the interface between materials and cells/tissues. Recently,

regulation of the microenvironment for stem cells, referred to as stem cell niches,

has attracted much attention. The elasticity of matrices, nanopatterning of cellular

adhesion machinery, and mobility of the interfaces are known to be very important

“cues” for cell functions. The third area is nanoimaging. Quantum dots, which are

strong tools for in vivo imaging, are promising and useful inorganic fluorophores,

and they are one of the most important nanomaterials. Other modalities in molecu-

lar imaging, such as magnetic resonance imaging using super-paramagnetic iron

oxide and microcomputed tomography, have also improved significantly.

Polymers and polymeric materials are important organic materials and have

played a very important role in the research and development of nanomedicines.

The polymeric materials that are useful in this field can be classified by their

chemical nature as follows: (1) water-soluble (compatible) synthetic polymers,

(2) polyelectrolytes and polyion complexes, (3) natural polymers, and (4) biode-

gradable synthetic polymers. On the other hand, higher-order structures and mor-

phology of the used materials such as nanowires, particles, vesicles, capsules,

shells, gels, cages, skeletons, and film membranes can also be considered as key

issues. For instance, tissue engineering requires two- or three-dimensional struc-

tures that are made from biodegradable polymers, and the synthesis of nanoparticles

requires the self-assembling nature of polymers or pre-polymers.

Several review articles focusing on the contribution of polymeric materials to

nanomedicine have been published. This volume of “Polymers in Nanomedicine”

in the series Advances in Polymer Science will be one of the pioneering review

books dedicated to the study of polymer science for medical nanotechnology.

In this book, we consider the importance of the chemical nature of polymeric

materials and target the three major themes leading to their actual application in

nanomedicines. With regard to polymeric delivery systems, specific nucleic acids

and vaccine–antigen delivery systems are reviewed. Furthermore, general drug

delivery systems using biodegradable synthetic polymers and poly(ethylene gly-

col)-modified drugs are discussed. The understanding and control of biological

responses against artificial materials are important for the development of medical

devices and tissue engineering therapies. The control of cell adhesion, modification

of cell surfaces, and the development of biopolymer scaffolds are reviewed in the

context of tissue engineering. The last and the most important area addressed in this

book concerns imaging and therapeutic modalities.

The editors believe that incorporating contributions that cover topics ranging

from molecular design to tissue architecture into one book will prove to be helpful

and promote research in this rapidly developing area. We would like to thank all the

contributing authors and colleagues assigned to work with us during the editing

process.

Kyoto, Autumn 2011 Shigeru Kunugi

Tetsuji Yamaoka
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Functional Polymer Conjugates for Medicinal

Nucleic Acid Delivery

Ernst Wagner

Abstract Medicinal nucleic acids like antisense oligonucleotides, antagomirs,

gene vectors, mRNA, or siRNA are exciting novel drugs for manipulating gene

expression in a controlled, therapeutically useful way. Because of their physico-

chemical nature, medicinal nucleic acids cannot freely diffuse to the intracellular

target sites to exert their therapeutic function. Polymers have been developed as

carriers, which package nucleic acids and protect them against degradation. These

carriers specifically attach their nucleic acid cargo to cells via targeting ligands and

trigger intracellular uptake. They participate in intracellular delivery steps includ-

ing endosomal escape. Depending on the intracellular site of action, they may play

an important role in cytosolic migration, nuclear import, and subsequent presenta-

tion of the nucleic acid in active form. Ideally, polymers act in a bioresponsive way

to overcome the different delivery steps. Therapeutic developments with medicinal

nucleic acid polyplexes, including recent clinical trials, are discussed.

Keywords Gene transfer � Plasmid DNA � Polyplex � siRNA � Targeting
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1 Introduction

Polymers can be designed in non-immunogenic and biocompatible form, incor-

porating different physicochemical properties and attachment sites for (covalent or

noncovalent) modification. In theory, they are an excellent drug carrier platform for

targeted, repeated drug applications resulting in long-lasting therapeutic effects [1].

Medicinal nucleic acids present a novel class of drugs with exciting possibilities.

From the functional perspective, at least three subcategories can be defined. The

first category induces gene expression in a sequence-derived way; plasmid DNA

(pDNA) expression vectors [2–8], natural or chemically modified messenger RNA

(mRNA) [9, 10], exon-skipping oligonucleotides [11], and microRNA antagonists

(antagomirs) [12, 13] belong to this category. The second category triggers shut-

down of gene expression and includes antisense oligonucleotides [14, 15], synthetic

short interfering RNA (siRNA) [16–23] and microRNA [24], ribozymes [25], and

DNA decoys [26]. In the third category, medicinal nucleic acids may act by direct

interaction with proteins in form of RNA or DNA aptamers [27, 28], or immune-

stimulating and apoptosis-inducing RNA [29–31]. Targeted delivery is the major

bottleneck in the further development of such medicinal nucleic acids.

In the field of polymer-enhanced nucleic acid therapy, the road towards wide-

spread clinical use is still filled with many obstacles and challenges, despite signi-

ficant improvements in polymer-based carriers over the last three decades [32–35].

The major challenges include the following:

1. Precise chemical synthesis and analysis of polymers, which are macromolecular

structures more complex than small chemical molecules

2. Controlled supramolecular assembly of polymeric carriers with the nucleic acid

into uniform nanoparticles

3. Better understanding of the mechanisms and alternative pathways required for

further optimization of extracellular and intracellular targeted delivery of medic-

inal nucleic acids.

This chapter reviews the main delivery barriers for medicinal nucleic acids and the

strategies to overcome these barriers by using functionalized polymer conjugates

(Sect. 2). Chemical strategies will be presented to illustrate how polymers can be

designed to be bioresponsive (Sect. 3). The advantages of such dynamic polymer

systems responding to the biological microenvironment of the various delivery steps

will be discussed. Current therapeutic strategies using medicinal nucleic acids in

preclinical and clinical setting will be presented (Sect. 4).
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2 Functions Required Within Polyplexes for Overcoming

Delivery Barriers

Medicinal nucleic acids are too polar and too large to passively enter the intracel-

lular target tissue compartments where they should exert their therapeutic function.

In addition, they are rapidly recognized by the host defense system and easily

enzymatically degraded by nucleases. Cationic polymers can package nucleic

acids into polyplexes [36] and protect them against degradation. Cationic polymers

primarily bind nucleic acids via electrostatic interactions with the negatively

charged phosphate backbone. Nucleic acid binding depends on charge density,

size, flexibility, and topology of polymers. For example, linear polymers such

as poly(L-lysine) (PLL) [37, 38], linear polyethylenimine (LPEI) [39], and many

others linear structures [40, 41]; branched polymers such as branched PEI (brPEI)

[42]; and dendrimers including polyamidoamines (PAMAMs) [43–46] have been

used. In addition to electrostatic interaction, hydrogen bonding [47] and hydropho-

bic polymer interactions [48, 49] can increase the stability of polyplexes. Also,

caging [50–52] or covalent coupling to the nucleic acid [53–57] has been pursued.

Polymers can directly or indirectly (via targeting ligands) attach the cargo to cells

and trigger intracellular uptake. They can participate in intracellular delivery steps

including endosomal escape and cytosolic transport, nuclear uptake, and cytosolic

or nuclear presentation of the nucleic acid in bioactive form.

2.1 Extracellular Transport

Locoregional administration of gene vectors and other therapeutic nucleic acids,

such as aerosol delivery into the lung, various injections into muscle [2, 5, 58], brain

[59], the eye [60], or into isolated tumors [4, 8, 61] can be quite useful for the

treatment of some diseases. For many therapeutic applications, intravenous sys-

temic treatment would be preferred. However, vascular barriers and numerous

unintended interactions with biological surfaces including blood proteins, extracel-

lular matrix, and immune cells and other non-target cells mean that only a tiny

fraction (in the low percentage range or even less) reaches the actual target tissue.

Cationic polymers used for polyplex formation activate the alternative pathway of

the complement system, which is part of the innate immune system [62], and sys-

temically administered positively charged polyplexes are rapidly cleared by the

reticuloendothelial system [63, 64]. Also, dissociation of polyplexes by serum

proteins or extracellular matrix presents a significant problem [65–67].

Several of these problems can be solved by polyplex modification with polyeth-

ylene glycol (PEG). PEGylation has been broadly explored for surface shielding

(“stealthing”) of many liposomal and nanoparticulate carriers. In the case of

cationic polymers, Plank et al. [62] demonstrated that complement activation can

be reduced when the polymers are PEGylated. Such a modification can be

Functional Polymer Conjugates for Medicinal Nucleic Acid Delivery 3



introduced by direct, covalent incorporation of PEG into the polymeric carrier

[68–72], direct PEGylation of the nucleic acid [55, 73, 74], PEGylation after

polyplex formation [75–77], or by attachment in a noncovalent manner [78, 79].

PEGylation of polyplexes improves solubility, reduces the interaction with blood

cells and serum proteins, provides a better biocompatibility, and prolongs blood

circulation times [64, 80, 81]. In addition to PEG, other hydrophilic molecules like

poly(hydroxypropyl methacrylate) (pHPMA) [82, 83], hyaluronan/hyaluronic acid

[84, 85], various polyanions such as g-polyglutamic acid [86, 87], or the receptor-

targeting ligand serum transferrin [88] have been applied to reduce the positive

surface charge of polyplexes.

Shielded polyplexes with improved blood circulating properties are interesting

tools for systemic cancer therapy (see Sect. 4.2). Nanoparticles can take advantage

of the “enhanced permeability and retention” (EPR effect) [89] for passive tumor

targeting. The EPR effect is based on the leakiness of tumor vasculature, due to neo-

vascularization in growing tumors, combined with an inadequate lymphatic drain-

age. Nanoparticles with an elongated plasma circulation time can extravasate and

passively accumulate at the tumor site.

Polyplex surface shielding solves several crucial problems, but may also create

new problems. Shielding can strongly reduce the efficiency of subsequent cellular

steps of the delivery process [68, 69], and also can negatively alter other polyplex

characteristics. For pDNA/PEI polyplexes with optimum medium size of PEI, PEG

was found to reduce the polyplex stability in vivo [64, 65, 81]. For a discussion of

these aspects see Sect. 3.1.

2.2 Cell Targeting and Intracellular Uptake

By targeting cell surface receptors, defined target cells in various tissues can be

addressed. Targeting may be essential for efficiency, mediating cell-binding of

shielded polyplexes, and triggering enhanced polyplex uptake by receptor-

mediated endocytosis or related uptake pathways. Different ligands have been

found to be suitable for targeted nucleic acid delivery [90–94]. These can be

vitamins, carbohydrates, peptides, proteins and glycoproteins, antibodies in various

modifications, or nucleic acid aptamers. It has to be kept in mind that the mere

presence of targeting ligands does not guarantee targeting; there is no chemotaxis

involved. Polyplexes have to first reach the receptor by other means (e.g., by

passive targeting) to be available for biochemical receptor docking. It has been

observed by several groups that passive accumulation at the target site of targeted

and nontargeted polyplexes can be very similar. Active retention and endocytosis at

the target cells has been seen as a major functional difference and advantage of

receptor-targeted nanocarriers.

The 80 kDa glycoprotein transferrin (Tf) is responsible for intracellular iron

transport via the transferrin receptor (TfR), using a clathrin-dependent endocytosis

process. Tumor tissues frequently overexpress the TfR. While natural Tf recycles to
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the cell surface, Tf conjugates commonly are efficiently delivered to various intra-

cellular locations. For these reasons, Tf (or TfR binding antibodies and peptides)

has been used as targeting ligand for drug, protein, and gene delivery [95], includ-

ing the delivery of pDNA [68, 88, 96–105] and siRNA [106–108].

In most cases Tf has been incorporated into polyplexes by direct conjugation to a

DNA binding molecule. Ethidium homodimer [99] and many polycations, includ-

ing PLL and protamine [96–98], PEI [68, 100], polypropylenimine (PPI) dendrimer

[104], or PAMAM dendrimer [103], have been used for this purpose. Coupling has

been performed by modification of Tf lysine amines with bifunctional linkers [97]

or via periodate-oxidized carbohydrates [99, 102] of Tf. In some cases, a bridging

PEG linker has been applied [68, 103]. Tf has been attached to polyplexes also in

a more indirect way. Activated Tf has been added to polyplexes after polyplex

formation [109], Tf has been conjugated to polyplex surface-shielding copolymers

[82] or applied as a PEG–adamantane conjugate for noncovalent attachment to

cationic b-cyclodextrin-based polymers [101, 110].

Epidermal growth factor receptor (EGFR) is another receptor that is upregulated

in several cancers, such as glioblastoma, lung or colorectal cancer. Various EGFR

binding molecules have been explored as targeting ligands in polyplexes, including

recombinant EGF protein [111–114], EGFR binding antibodies [115], and peptides

[116, 117]. For EGF/PEG/LPEI polyplexes, the cellular uptake process was

evaluated in detail by real-time single particle fluorescence microscopy. HUH7

hepatoma cells expressing high EGFR levels were used in recombinant version,

with either enhanced green fluorescent protein (eGFP)-tagged actin (for visualiza-

tion of the actin cytoskeleton network) or eGFP-tagged tubulin (for visualization of

the microtubules). In the initial phase, both targeted and untargeted polyplexes dock

to the cell surface and slowly diffuse along the cell surface simultaneously with the

actin cytoskeleton, presumably via transmembrane contacts (mediated by trans-

membrane adaptor molecules). The presence of the receptor ligand EGF strongly

accelerated the intracellular uptake of polyplexes. After 5 min, 50% of the EGF-

targeted polyplexes were internalized, whereas less than 10% of untargeted poly-

plexes were internalized at this time point [114]. Within the cells, polyplexes were

found within endosomes, which migrate along the microtubule cytoskeleton.

Numerous other ligands have been evaluated for polymer-based tumor cell

targeting [118–124]. For example, bombesin, a peptide that binds bombesin receptors

expressed in tumors such as small cell lung carcinoma and gastric cancer, was used as

ligand for siRNA polyplex delivery [122]. The folate receptor is upregulated

in various cancers. Thus, the natural low molecular weight targeting molecule folic

acid was applied for delivery of polymer-based pDNA [123] and siRNA, with siRNA

covalently bound to folate via a short linker [124].

The neoangiogenic tumor vasculature overexpresses certain integrins and other

surface markers, which can also be used for targeting of polyplexes. The RGD

peptide motif has been successfully applied for integrin-targeted pDNA [125–128]

and siRNA [129, 130] delivery. In many cases, the PEG motif-containing peptide

was attached to the polycation via a PEG spacer. For RGD-PEG-PEI/pDNA

polyplexes, an optimum grafting with RGD-PEG was required because transfection
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efficiency decreased when the degree of PEG-RGD grafting onto PEI was further

increased [127]. RGD-PEG-PEI conjugates have been successfully used for sys-

temic anti-angiogenic siRNA therapy [129]. Repeated intravenous administration

into neuroblastoma-bearing mice resulted in sequence-specific inhibition of tumor

growth. Analogously, RGD-PEG grafting to a defined, oligomerizable lipopolymer

(named EHCO) was applied for systemic targeted delivery of an anti-HIF-1a
siRNA. The treatment was effective in specific silencing of HIF-1a gene expression

and blocking tumor growth in mice [130].

The NGR peptide, which shows high affinity for aminopeptidase N (CD13), has

been investigated as a peptide for targeting angiogenic tumor blood vessels. CD13-

targeted PEG-PEI/pDNA polyplexes displayed enhanced transgene expression

at the tumor site. When applied to p53 gene transfer, the polyplexes showed

encouraging antitumoral efficacy, such as significant regressions of lung carcinoma

and improved survival of treated mice [131, 132].

Cell targeting has also been applied in several tissues besides tumors. Hepato-

cyte targeting has been pioneered by Wu and Wu [133–135], using asialo-

orosomucoid as a liver-specific targeting ligand conjugated with PLL. As the

asialoglycoprotein receptor recognizes trimeric galactoside with high affinity,

many synthetic carbohydrate targeting ligands have been subsequently tested,

with encouraging effects for pDNA and siRNA delivery in vitro and in vivo

[56, 136–140].

Both Tf and lactoferrin (Lf) have been evaluated for brain-targeted delivery of

PAMAM-PEG polyplexes [103, 141]. Anti-TfR antibodies had been previously

extensively investigated for liposomal brain targeting. In a direct comparison of

PAMAM-PEG/pDNA polyplex delivery, Lf-targeting was found to be more effec-

tive than Tf-targeting, resulting in more than twofold higher brain accumulation

and gene expression [141]. Repeated systemic injections of Lf-modified pDNA

polyplexes delivering the glial cell line-derived neurotropic factor (GDNF) gene

provided effective neuroprotection in a rat brain lesion Parkinson model [142].

Various targeting ligands have been tested for pDNA delivery to the lung.

The receptor-mediated endocytosis pathway of airway epithelial polymeric immu-

noglobulin receptor was utilized for in vivo intravenous targeted delivery of

PLL-Fab conjugate/pDNA polyplexes [143]. Peptide-PLL conjugates targeting

the serpin–enzyme complex receptor at the apical side of the airway epithelium

was successfully used for topical delivery of CFTR-expressing pDNA [144, 145].

Lf receptors are present at high levels on bronchial epithelial cells but not alveolar

epithelial cells. Consistently, only in this cell type do Lf-PEI conjugates mediate

enhanced gene expression levels as compared to PEI polyplexes [146]. Conversely,

insulin receptors are expressed on alveolar but not bronchial epithelial cells. pDNA/

PEI polyplexes coated with insulin increased gene transfer to alveolar epithelial

cells up to 16-fold [147].

Also, small chemical drugs such as clenbuterol, an agonist specifically binding

the b2-adrenoceptor (b2-AR) [148], or prostaglandin I2 analogs iloprost and

treprostinil, targeting the prostacyclin receptor IP1 [149], have been coupled to

PEI and successfully applied for improved receptor-mediated gene transfer of
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pDNA/PEI polyplexes to the lung. Gene expression in the lungs of mice after

aerosol delivery of pDNA with iloprost-grafted PEI was 14-fold higher than for

plain PEI polyplexes.

The selection of the receptor ligand can have an impact both on cell binding and

intracellular uptake. “Dual targeting” options have been developed with the option

to combine two targeting ligands in an effective way; for example, combining

ligands with unique cell binding characteristics but moderate internalization with

co-ligands mediating efficient endocytosis. In transfections of prostate cancer cells,

synergistic dual targeting characteristics were observed with DNA polyplexes

containing two different peptide ligands. PEGylated PEI/DNA polyplexes were

decorated with RGD peptide ligands for integrin targeting and with peptide B6 for

TfR targeting. In a series of flow cytometer experiments, either cell association or

cell internalization with and without ligand competition were evaluated. RGD was

found to play a major role in cell surface binding, whereas B6 had a major role in

intracellular uptake [150].

2.3 Intracellular Transport

Several enveloped viruses, and some physical gene transfer techniques such as

electroporation, deliver the nucleic acid into the cell by direct crossing of the cell

membrane. Lipid-based, enveloped systems can do this by a physiological, self-

sealing membrane fusion process, avoiding physical damage of the cell membrane.

For cationic lipid-mediated delivery of siRNA, most material is taken up by endo-

cytotic processes. Recently, direct transfer into the cytosol has been demonstrated

to be the bioactive delivery principle for certain siRNA lipid formulations [151].

Other systems like electroporation have no lipids that might help in membrane

sealing or fusion; for direct transfer of the nucleic acid across membranes they have

to generate transient pores, a process where efficiency is usually directly correlated

with membrane destruction and cytotoxicity. Alternatively, like for the majority

of polymer-based polyplexes, cellular uptake proceeds by clathrin- or caveolin-

dependent and related endocytic pathways [152–156]. The polyplexes end up inside

endosomes, and the membrane disruption happens in intracellular vesicles. It is

noteworthy that several observed uptake processes may not be functional in deliv-

ery of bioactive material. Subsequent intracellular obstacles may render a specific

pathway into a dead end [151, 154, 156]. With time, endosomal vesicles become

slightly acidic (pH 5–6) and finally fuse with and mature into lysosomes. Therefore,

polyplexes have to escape into the cytosol to avoid the nucleic acid-degrading

lysosomal environment, and to deliver the therapeutic nucleic acid to the active site.

Either the carrier polymer or a conjugated endosomolytic domain has to mediate

this process [157], which involves local lipid membrane perturbation. Such a lipid

membrane interaction could be a toxic event if occurring at the cell surface or

mitochondrial membrane. Thus, polymers that show an endosome-specific mem-

brane activity are favorable.
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PEI or PAMAM dendrimers are particularly effective in nucleic acid transfer

because of their intrinsic dynamic behavior in response to endosomal acidification.

These polymers are “proton sponges,” displaying only moderate (about 20%)

protonation of nitrogens at neutral pH, which increases with endosomal acidifica-

tion. The increased density of positive charges leads to an influx of chloride and

water into the endosome [158]. As a consequence of the “proton sponge effect,”

the endosome bursts due to the elevated osmotic pressure and the membrane

destabilizing effect of positively charged polymer domains. Efficient endosomal

escape, however, still presents a bottleneck. Especially for PEI, the window

between effective dose for endosome disruption and cytotoxic dose is very narrow.

Less cytotoxic, biodegradable proton sponge polymers containing ethylenimine

units have been developed, for example diaminoethyl residue-containing polyapart-

amide [41]. Similarly, the cytotoxicity of PEI can be reduced by modifications.

Introduction of propionic acid or succinic acid residues into branched PEI 25 kDa

diminishes positive charges at neutral pH by conversion into negatively charged

carboxylate groups. The modified PEI polymers are still proton sponges, containing

both protonable carboxylates and nitrogens. Because of a far lower cytotoxicity, it

was possible to apply higher doses of polymer for improved endosomal escape.

Efficient siRNA delivery was demonstrated with acid-modified PEI derivatives

under conditions where standard PEI was inactive [159, 160].

Other polymers like PLL cannot efficiently destabilize endosomes at nontoxic

concentrations. Incorporation of virus-derived inactivated particles [161, 162],

fusion proteins derived from bacteria such as listeriolysin (LLO) [163], synthetic

membrane-active peptides derived from viral fusion sequences (influenza virus,

rhinovirus) and analogs thereof [138, 164–168], either by covalent conjugation or

ionic association, has strongly enhanced the gene transfer efficiency of polyplexes.

Also, various synthetic versions derived from the highly lytic bee venom compo-

nent melittin (Mel) have been used in polyplexes [169–171]. The fusion agents can

be classified into two categories: those with a very pH-specific endosomal activity

(e.g., peptides containing acidic residues) that are not lytic at normal physiological

pH, and those displaying a pH-independent lytic activity associated with consider-

able toxicity, such as free Mel or LLO. Bioresponsive modifications and the mode

of incorporation have to be performed to reduce such unwanted side effects (see

Sect. 3.2).

Instead of peptide- and protein-based fusion elements, other membrane-active

agents can also be applied. Examples include a series of pH-sensitive copolymers

designed for the delivery of drugs or biomacromolecules [54, 172, 173]. Amphi-

philic copolymers consisting of methacrylic acid and butyl acrylate display pH-

specific lytic properties [54]. Alternatively, copolymers containing hydrophobic,

membrane-disruptive methacrylate blocks were reversibly masked with PEG chains

through pH-sensitive benzaldehyde acetal linkers [172]. Various pH-sensitive

polyglycidol derivatives with dicarboxylic acids of varying hydrophobicities

(glutaric acid, 3-methyl glutaric acid, cyclohexane-1,2-dicarboxylic acid) were

investigated for their ability to destabilize liposomes in an endosomal pH-sensitive
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manner. Some of these pH-regulated polymers, although mainly designed for

incorporation into liposomal drug delivery systems [174, 175], might be also useful

in the context of polyplexes.

Intracellular pathways after escape from the endolysosomal system into the

cytosol are less clear. Obvious bottlenecks include, in the case of gene transfer

(pDNA delivery), cytosolic transport to the perinuclear area, nuclear uptake, and

nuclear presentation of the pDNA to the transcriptional machinery in bioactive form.

In the case of siRNA (or mRNA and some other nucleic acids such as oligo-

nucleotides), cytosolic accessibility for the required function is essential. Besides

cytosolic transport [176, 177] and the nuclear import of large nucleic acid molecules

[178–180], incorporation of functional nuclear import peptide domains has been

evaluated [181–186]. Another bottleneck, nucleic acid unpackaging [187], i.e., partial

or complete dissociation from the polymeric carrier, which is required for biological

accessibility of the delivered nucleic acid, will be discussed in Sect. 3.3.

3 Polymer Design for Bioresponsive Activity

Natural viruses provide us with perfect demonstrations of how effective nucleic

acid transfer into mammalian cells can proceed. The “secret” of their efficiency is

their dynamic, bioresponsive behavior during delivery, which distinguishes them

from classic synthetic nanoparticles. Thus, it has been tempting for us and many

research colleagues [69, 92, 164, 188–194] to design nucleic acid nanoparticles

with virus-like characteristics (“synthetic viruses”).

Polymers can be designed to be bioresponsive and to change their properties in

various biological compartments, for example their conformation and charge. They

may contain chemical bonds that are cleaved under temporal or spatial control, or

they may associate/dissociate in a controlled fashion. Bioresponsiveness of the

carrier is required in several steps of the transport (Fig. 1).

A highly stable and shielded polyplex should circulate in the blood stream

without undesired interactions until it reaches the target cell. At that location,

specific interactions with the cell surface should trigger intracellular uptake.

While lipid membrane interaction is undesired at the cell surface, it should happen

subsequently within the endosomal vesicle and mediate polyplex delivery into the

cytosol. During or after intracellular transport to the site of action, the polyplex

stability should be weakened to an extent that the nucleic acid is accessible to exert

its function.

The following sections discuss how polymers and polyplexes can be chemically

designed to be bioresponsive in three key delivery functions: (1) polyplex surface

shielding, (2) interaction with lipid bilayers, and (3) polyplex stability.
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3.1 Bioresponsive Polyplex Shielding

In the blood circulation, polyplexes need to be shielded against numerous possible

biological interactions, but they should actively interact with the target cell surface

by electrostatic or ligand receptor interactions. In this regard, shielding with PEG or

other hydrophilic polymers provides many benefits (see Sect. 2.1). Irreversible,

stable surface shielding, however, may also be disadvantageous for the transfection

efficiency in at least two aspects: it may block interactions of the polyplex with the

target cell surface, and it may also prevent lipid membrane-destabilizing interaction

within endosomes. Targeting ligands can restore the cell surface–polyplex inter-

action in a receptor-specific manner [68, 75, 82], but it cannot restore cationic

polymer interactions with the cellular lipid membranes involved in endosomal

escape. As a solution for this problem, bioresponsive deshielding strategies (i.e.,

removal of the shielding molecules) have been developed (see Fig. 2). Location-

specific changes such as in pH [55, 56, 69, 76, 195–197], enzymatic activity [198],

or disulfide reducing potential [83] have been applied for timely removal of the

hydrophilic shield after nucleic acid nanoparticles have reached their target tissue.

pH-triggered deshielding strategies [199] include pH-labile acetal linkages

[172, 196, 200], and dialkylmaleic acid [56] or pyridylhydrazone [69, 76] bonds

Fig. 1 Bioresponsive polyplexes. (a) Systemic circulation of shielded polyplexes in blood stream

and attachment to cell surface receptor; (b) endocytosis into endosomes, deshielding by cleavage

of PEG linkers and activation of membrane-destabilizing component by acidic pH or other means;

(c) endosomal escape into cytosol; (d) siRNA transfer to form a cytosolic RNA-induced silencing

complex complex; (e) cytosolic migration and intranuclear import of pDNA; (f) presentation of

pDNA in accessible form to the transcription machinery
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incorporated into PEG–polymer conjugates. Deshielding at endosomal pH strongly

(up to 100-fold) enhanced gene transfer of targeted PEG-PEI/pDNA polyplexes

in vitro and in vivo [69, 76]. The most plausible explanation for this positive effect

is cleavage of the PEG inside the endosomes, exposing cationic PEI domains

with endosomolytic properties. In analogous fashion, DNA/PEI lipopolyplexes

containing PEG linked with the lipid layer via pyridyl hydrazone linkages were

far more effective than their pH-stable analogs [201]. Dynamic siRNA polycon-

jugates [56] contain an endosomal-sensitive dialkylmaleic acid linkage between a

cationic amphipathic (butyl-amino-modified) polyvinyl ether and PEG.

A different pH-triggered deshielding concept with hydrophilic polymers is

based on reversing noncovalent electrostatic bonds [78, 195, 197]. For example, a

pH-responsive sulfonamide/PEI system was developed for tumor-specific pDNA

delivery [195]. At pH 7.4, the pH-sensitive diblock copolymer, poly(methacryloyl

sulfadimethoxine) (PSD)-block-PEG (PSD-b-PEG), binds to DNA/PEI polyplexes

and shields against cell interaction. At pH 6.6 (such as in a hypoxic extracellular

tumor environment or in endosomes), PSD-b-PEG becomes uncharged due to

sulfonamide protonation and detaches from the nanoparticles, permitting PEI to

interact with cells. In this fashion PSD-b-PEG is able to discern the small difference

in pH between normal and tumor tissues.

Tumor tissues overexpress matrix metalloproteinases (MMPs). A liposomal

pDNA carrier (MEND) was developed containing PEG conjugated to lipid via a

peptide linker that is a target sequence for MMPs. In this strategy, PEG is removed

from the carrier via MMP-triggered cleavage [198]. Intravenous administration in

Fig. 2 Deshielding of polyplexes. After endocytosis of polyplexes into endosomes, deshielding

by cleavage of PEG hydrazone or acetal linkers
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mice resulted in enhanced pDNA expression in tumor tissue as compared with a

conventional, stable PEG-modified MEND.

3.2 Bioresponsive Lipid Bilayer Interaction

As outlined in previous sections, escape of polyplexes from endosomes to the

cytosol can be a major bottleneck in delivery. Membrane-active polymer domains

or other conjugated molecules can help to overcome this barrier (see Sect. 2.3), but

they may trigger cytotoxicity when acting extracellularly or at the cell surface.

Therefore membrane-crossing agents either have to be inherently specific for endo-

somal compartments (for example by pH-specificity), or they have to be modified to

be activated in endosomes. For example, the reducing stimulus of intracellular

vesicles has been used to activate formulations containing less active disulfide

precursors of LLO [163] or Mel [170].

Also, acid-labile masking of membrane-disruptive agents has been pursued.

Copolymers consist of hydrophobic, membrane-disruptive methacrylate polymers

were reversibly masked with PEG chains through pH-sensitive acetal linkers [172].

Dialkylmaleic acid derivatives were used for pH-reversible acylation of amino

groups of a membrane-destabilizing polyvinylether polymer [56] or the lytic, but

not pH-specific peptide Mel [57, 202–205]. Modification of Mel lysines with

dimethyl maleic anhydride (DMMAn) blocks the lytic activity. At endosomal pH,

DMMAn groups are released, unmasking highly lytic Mel for endosome disruption

(Fig. 3). PLL when covalently modified with DMMAn had a 1,800-fold improved

gene transfer activity over unmodified PLL [203] and, in a PEG-modified version,

could also mediate efficient siRNA transfer [57, 204].

3.3 Bioresponsive Polyplex Stability

The polymeric carrier has to stably bind the medicinal nucleic acid outside the cell

to compact and protect it from degradation. Inside the cell, the polyplex has

to disassemble to such an extent that the nucleic acid can be biologically active.

Different chemical characteristics outside the cell, in the endosome, the cytosol,

and the nucleus can be utilized to manage the controlled disassembly process.

Medicinal nucleic acids can be either noncovalently complexed or covalently con-

jugated to the carrier polymer. Release of the nucleic acid at the target location from

the polymer may proceed, for example, by exchange processes against polyions

such as intracellular RNA [206], by polymer degradation [207], or by cleavage of

the nucleic acid from the polymer attachment sites [54].

High nucleic acid/polymer affinity does not necessarily directly correlate with

high efficiency. Apparently, an optimum has to be reached. Also, the big difference

in size of different medical nucleic acids (pDNA has several thousand negative
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charges in contrast to siRNA with 42 negative charges) has to be considered. For

example, the intracellular fates of medium-sized LPEI (22 kDa) and brPEI (25 kDa)

were compared using confocal fluorescence microscopy and FRET technology

[208]. The LPEI polyplexes were found to be more effective but less stable;

when reaching the cytosol, they release pDNA much faster than the more stable

brPEI polyplexes. The same research group [209] discovered that insufficient

decondensation of PEI/pDNA polyplexes in the nucleus was a major limiting factor

for gene expression. In this respect, polymers with lower pDNA affinity seem to be

preferable in transfections in vitro.

On the other hand, pDNA/PEI polyplexes were found to be not stable enough

in the extracellular in vivo environment. Unpackaging of PEI and PEG-PEI

polyplexes was observed [64, 65, 81], for example by serum proteins, soluble

glycosaminoglycans, or extracellular matrix components. The situation is even

worse in the case of siRNA polyplexes, where PEI polyplexes are dissociated in

full human serum, as monitored by fluorescence fluctuation spectroscopy [66, 67].

Bioresponsive polymers are one logical solution for this “polyplex dilemma,”

i.e., the insufficient stability of polyplexes outside the cell, but too-high a stability

inside the cell. Strategies include the design of biodegradable high molecular

weight polymers that intracellularly degrade into low molecular weight nontoxic

fragments. Cleavable bonds include acetal bonds that degrade in the acidic envi-

ronment of endosomes [200, 210], disulfide bonds that are reduced in the cytosol

[207, 211, 212], or hydrolyzable esters [213–215]. Polyplexes can also be

reversibly stabilized by caging [50–52, 109, 216, 217], i.e., chemical crosslinking

Fig. 3 Activation of membrane-destabilizing component by acidic pH, resulting in endosomal

escape into the cytosol
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of the pDNA-bound polymers via cleavable linkers. For example, pseudoden-

drimers containing low molecular weight oligoethylenimine and biodegradable

diacrylate esters [218, 219] can deliver pDNA with high efficiency and low

cytotoxicity in vitro and in vivo upon systemic delivery in a murine tumor model.

Gene expression (luciferase or the therapeutically more relevant sodium iodide

symporter NIS) was primarily detected at the subcutaneous tumor site [218–220].

Stability of these polyplexes however was limited. Lateral stabilization by

crosslinking surface amines via a bifunctional crosslinker resulted in improved

stability. Best gene transfer results were obtained when a bioreducible disulfide-

containing crosslinker was used for caging [109].

Electrostatic binding of siRNA or oligonucleotides (ONs) to cationic polymers

is weaker than pDNA binding, due to the lower number of negative charges in

the short phosphate backbones. To overcome this hurdle, ONs and siRNAs can be

covalently bound to their carriers [53]. This can also be performed in a biores-

ponsive reversible way. For example, disulfide bonds, which can be easily cleaved

in the cytosol due to the reducing environment inside the cell, were applied for ON

conjugation with a pH-specific membrane-disruptive carrier [54] for the synthesis

of dynamic siRNA polyconjugates [56], and for siRNA conjugated to a PLL that

was modified with an endosomolytic peptide [57]. The covalent polyplexes are not

cleavable by heparin in concentrations at which analogous electrostatic complexes

are dissociated. Only combinations of heparin with a reducing reagent were able to

release siRNA from the novel conjugates [57].

4 Therapeutic Strategies

Since the design of the first targeted polyplexes more than 20 years ago [97, 134],

numerous efforts have been made to develop polyplexes for use in medical

products, both in pharmacological animal studies and in human studies. Therapeu-

tic modalities include ex vivo treatment of isolated human patient cells, localized

in vivo treatments, and – currently the most challenging delivery scenario – in vivo

targeted intravenous delivery.

4.1 Ex Vivo and Localized Therapies

First clinical human gene therapy trials with polyplexes were performed using

cancer vaccines based on autologous patient tumor cells. These were modified

ex vivo with interleukin-2 pDNA. To obtain high level transfection rates of

patient’s primary tumor cells, Tf-PLL/pDNA polyplexes linked with inactivated

endosomolytic adenovirus particles were applied [221]. Polymer-based in vivo

human gene transfer studies were performed with PEGylated PLL polyplexes,

delivering CFTR pDNA to the airway epithelium of cystic fibrosis patients [222],
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and with PEGylated cholesterol-modified PEI polyplexes for intraperitoneal admin-

istration of interleukin-12 pDNA in ovarian cancer patients [7, 223]. In the latter

case, a phase I trial demonstrated the safety of administration, and stable disease

and reduction in serum CA-125 levels in some patients.

Intravesical infusion of linear PEI/pDNA polyplexes was evaluated in patients

with superficial bladder cancer where intravesical therapy with bacillus Calmette-

Guerin had failed [6, 224]. Patients had low grade superficial bladder cancer, which

expressed H19. The therapeutic pDNA contains H19 gene regulatory sequences

that drive the expression of an intracellular toxin. Escalating doses of 2–20 mg

plasmid per intravesical treatment were applied, with responders continuing to

receive polyplexes once a month every month for 1 year. The treatment resulted

in complete ablation of the marker tumor, without any new tumors in four of the 18

patients (22% overall complete response rate). Eight of the 18 patients (44%) had

complete marker tumor ablation or a 50% reduction of the marker lesion.

A localized treatment of glioblastoma was explored in the preclinical setting.

Synthetic antiproliferative poly(I:C) RNA, a strong activator of apoptosis and

interferon response, was targeted to U87MG-EGFR glioblastoma by PEI-PEG-

EGF polyplexes [4]. Intratumoral delivery of EGFR-targeted poly(I:C) induced

rapid apoptosis of the target cells and complete regression of intracranial tumors in

nude mice, without opposing toxicity on normal brain tissue. Similarly, delivery of

poly(I:C) completely eliminated EGFR-overexpressing breast cancer and adeno-

carcinoma xenografts.

4.2 Systemic Therapies

Systemic targeting of pDNA and siRNA polyplexes has been demonstrated in

several animal models. In continuation of the work with localized antiproliferative

and immunostimulatory poly(I:C) RNA, intravenous systemic delivery of EGFR-

targeted PEG-modified polyplexes were successfully used for human carcinoma

treatment in mice [225]. The therapeutic effect was most pronounced when intra-

venous delivery of poly(I:C) polyplexes was followed by intraperitoneal injection

of peripheral blood mononuclear cells [226]. This induced the complete cure of

SCID mice with pre-established disseminated EGFR-overexpressing tumors, with-

out adverse toxic effects. Due to the chemokines produced by the internalized poly

(I:C) in the tumor cells, the immune cells home to the tumors of the treated animal

and contribute to the tumor destruction.

EGFR targeting was also used for systemic delivery of pDNA expressing the

sodium iodide symporter (NIS) gene to liver cancer cells, followed by administra-

tion of radioactive isotope iodine-131, which accumulates in the tumor by NIS-

mediated uptake in radiotherapeutic doses [227].

Various researchers have applied the receptor-targeted strategy in pharmacolog-

ical models for tumor-targeted delivery of pDNA expressing tumor necrosis factor

alpha (TNFa). For example, Tf- or Tf-PEG-shielded PEI polyplexes have been used
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for the delivery and expression of this immunostimulatory and cytotoxic gene

product, which may negatively affect both the tumor endothelium and tumor

cells. Repeated systemic application of such Tf-coated TNFa polyplexes induced

tumor necrosis and inhibition of tumor growth in four tumor-bearing mouse models

(MethA fibrosarcoma, Neuro2A neuroblastoma, M3 and B16F10 melanomas)

[68, 228]. Due to the fact that TNFa gene expression was largely localized

within the tumor, no significant systemic TNFa-related toxicities were observed.

Therapeutic effects were enhanced by the combination of tumor-targeted TNFa
gene therapy with the liposomal doxorubicin formulation DOXIL that passively

accumulates within tumors [229].

Polyplex formulations basing on polypropylenimine (PPI) dendrimers were also

effective in intravenous TNFa gene therapy, as shown in three other established

tumor models (A431 epidermoid carcinoma, C33a cervix carcinoma, and LS174T

colorectal adenocarcinoma) [230]. In those studies, a tumor-specific promoter was

applied for selective expression in the tumor. The cationic PPI carrier was found to

exhibit additional intrinsic antitumor activity, enhancing the therapeutic efficacy.

Very recently, the investigators demonstrated that the conjugation of the PPI

dendrimer to Tf triggers a selective gene delivery to A431 tumors after intravenous

administration, leading to an increased therapeutic efficacy and sustained tumor

regression and long-term survival of 100% of mice [104].

Tf-containingPEG-shielded polyplexes have also been applied for systemic tumor-

targeted delivery of siRNA [106–108]. Systemic treatment of Neuro 2A tumor-

bearing mice using Tf-PEG-shielded crosslinked oligoethylenimines for delivery

of siRNA against Ras-related nuclear protein (Ran) led to>80% reduced Ran protein

expression, associated with tumor apoptosis and reduced tumor growth [108].

Advanced studies were performed by Davis and colleagues [106, 107] who

developed cationic b-cyclodextrin carriers containing Tf-PEG bound via a nonco-

valent adamantine/cyclodextrin guest/host complexation. The researchers demon-

strated in several studies that Tf was an essential part of the particle formulation for

siRNA-mediated gene silencing in mouse tumors [231]. Biodistribution data using

multimodal in vivo imaging in mice demonstrated similar tumor localization

(passive targeting) for both PEGylated nontargeted and Tf-PEG modified targeted

siRNA particles [232]. Tf-containing siRNA nanoparticles, however, showed

higher functional activity in tumors, presumably due to receptor-mediated cellular

uptake into the tumor cells. Sequence-specific knockdown of EWS-FLI1 inhibited

tumor growth in a murine model of metastatic Ewing’s sarcoma [106]. The pres-

ence of Tf within the PEGylated polyplexes was a critical requirement for the

therapeutic efficacy. Treatment of tumor-bearing mice with therapeutic siRNA

targeting the M2 subunit of ribonucleotide reductase also resulted in a decrease in

tumor growth [107].

Based on these findings and toxicology studies [233], human clinical phase I

studies have been initiated [234]. In tumor biopsies from melanoma patients

obtained after treatment, a reduction was found in both the specific mRNA (M2

subunit of ribonucleotide reductase, RRM2) and in the protein (RRM2) levels when

compared to pre-dosed tissue. The presence of an mRNA fragment that
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demonstrates that siRNA-mediated mRNA cleavage occurs specifically at the

predicted site was detectable in a high-dose treated patient [235]. Together, these

data demonstrate that systemically administered siRNA can produce a specific gene

inhibition (reduction in mRNA and protein) by an RNA interference mechanism in

humans. These data present an important and encouraging step in the slow process

of transferring ideas into medicines. It has to be mentioned that it took 20 years

from the design of Tf-targeting polyplexes [97] to the demonstration of direct

molecular effects in humans [235].

5 Conclusions

Over more than two decades of development, functional polymer conjugates have

become useful carriers for drug and nucleic acid delivery. Dynamic, bioresponsive

polymers have been designed that can better cope with the multiple sequential

delivery steps. Improved chemistry is able to provide monodisperse polymer

structures with defined size, topology, and transport domains [236, 237]. This

will also be essential for practical development reasons, including production of

clinical grade materials according to good manufacturing practice guidelines. The

first polymeric carriers have already entered clinical testing, with encouraging

results. It will be very interesting to see how successfully they will fill clinical

development pipelines in the upcoming future.
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Biodegradable Nanoparticles as Vaccine

Adjuvants and Delivery Systems: Regulation

of Immune Responses by Nanoparticle-Based

Vaccine

Takami Akagi, Masanori Baba, and Mitsuru Akashi

Abstract Polymeric nano- and microparticles have recently been shown to possess

significant potential as drug delivery systems. In particular, the use of biodegrad-

able polymeric nanoparticles with entrapped antigens such as proteins, peptides, or

DNA represents an exciting approach for controlling the release of vaccine antigens

and optimizing the desired immune response via selective targeting of the antigen

to antigen-presenting cells (APCs). The efficient delivery of antigens to APCs,

especially in dendritic cells (DCs), and the activation of APCs are some of the most

important issues in the development of effective vaccines. Using nanoparticle-

based vaccine delivery systems, it is possible to target delivery to DCs, activate

these APCs, and control release of the antigen. Nanoparticles prepared from

biodegradable and biocompatible polymers such as poly(lactide-co-glycolide)
(PLGA), poly(amino acid)s, and polysaccharides have been shown to be effective
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vaccine carriers for a number of antigens. This review mainly focuses on amphi-

philic poly(amino acid) and PLGA nanoparticles as vaccine delivery systems and

summarizes the investigations of our research group and others on the properties of

these antigen-loaded naoparticles.

Keyword Adjuvant � Biodegradable nanoparticles � Poly(g-glutamic acid) �
Protein delivery � Vaccine
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HBcAg Hepatitis B core antigen

HIV Human immunodeficiency virus

HOBt 1-Hydroxybenzotriazole

HTLV-I Human T-cell leukemia virus type-I

LPS Lipopolysaccharide

MHC Major histocompatibility complex

MPLA Monophospholipid A

o/w Oil-in-water

OVA Ovalbumin

OVA-NPs OVA encapsulating within g-PGA-Phe nanoparticles
PCL Poly(e-caprolactone)
pDNA Plasmid DNA

PEI Polyethylenimine

PGA Poly(glycolic acid)

PHB Poly(hydroxybutyrate)

Phe L-Phenylalanine

PIC Polyion complex

PLA Poly(lactic acid)

PLGA Poly(lactide-co-glycolide)
SAXS Small angle X-ray scattering

SEM Scanning electron microscopy

TEM Transmission electron microscopy

Th T helper

TLR Toll-like receptor

Trp L-Tryptophan

w/o/w Water-in-oil-in-water

g-PGA Poly(g-glutamic acid)

g-PGA-Phe g-PGA-graft-Phe copolymer

e-PL Poly(e-lysine)
e-PL-CHS e-PL-graft-cholesterol hydrogen succinate

1 Introduction

Vaccination to induce an adaptive immune response is expected for a broad range

of infectious diseases and cancers. Traditional vaccines are mainly composed of

live attenuated viruses, whole inactivated pathogens, or inactivated bacterial toxins.

In general, these approaches have been successful for developing vaccines that can

induce an immune response based on antigen-specific antibody and cytotoxic

T lymphocyte (CTL) responses, which kill host cells infected with intracellular

organisms (Fig. 1) [1, 2]. One of the most important current issues in vaccinology is

the need for new adjuvants (immunostimulants) and delivery systems. Many of the

vaccines currently in development are based on purified subunits, recombinant

Biodegradable Nanoparticles as Vaccine Adjuvants and Delivery Systems 33



proteins, or synthetic peptides. These new generation of vaccines are generally very

safe, with well-defined components. However, these antigens are often poorly

immunogenic, and thus require the use of adjuvants and delivery systems to induce

optimal immune responses [3–5]. Immunological adjuvants were originally

described by Ramon as “substances used in combination with a specific antigen

that produced a more robust immune response than the antigen alone” [6]. Until

recently, the hydroxide and phosphate salts of aluminum and calcium were the only

adjuvants licensed for human use. However, the use of alum-type adjuvants for

vaccination has some disadvantages [7, 8]. They are not effective for all antigens,

induce local reactions, induce IgE antibody responses, and generally fail to induce

cell-mediated immunity, particular CTL responses. Therefore, the development of

more efficient and safe adjuvants and vaccine delivery systems to obtain high and

long-lasting immune responses is of primary importance.

Polymeric nanoparticles formulated from biodegradable polymers are being

widely explored as carriers for controlled delivery of different agents including

proteins, peptides, plasmid DNA (pDNA), and low molecular weight compounds

[9–11]. Self-assembling polymer or block/graft copolymers that can form

nanostructures have been extensively investigated in the field of biotechnology

and pharmaceuticals. In general, hydrophobic interactions, electrostatic forces,

hydrogen bonds, van der Waal forces, or combinations of these interactions are

available as the driving forces for the formation of the polymer complexes [12–16].

Numerous investigators have shown that the biological distribution of drugs,

Fig. 1 Induction of immune responses by vaccination
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proteins, and DNA can be modified, both at the cellular and organ levels, using

nano- or microparticle delivery systems [17–19]. For the development of effective

vaccines, biodegradable nanoparticles show great promise as vaccine delivery

systems. Controlled delivery systems consisting of nanoparticles can potentially

delivery either the antigens or adjuvants to the desired location at predetermined

rates and durations to generate an optimal immune response. The carrier may also

protect the vaccine from degradation until it is released. Other potential advantages

of the controlled delivery approach include reduced systemic side effects and the

possibility of co-encapsulating multiple antigenic epitopes or both antigen and

adjuvant in a single carrier. Biodegradable polymers provide sustained release of

the encapsulated antigen and degrade in the body to nontoxic, low molecular weight

products that are easily eliminated.

On the other hand, recent strategies for developing preventative and therapeu-

tic vaccines have focused on the ability to deliver antigen to dendritic cells (DCs)

in a targeted and prolonged manner. These strategies use nanoparticles because

they can achieve longevity on intact antigen to increase the opportunity for DC

uptake and processing. DCs are the most effective antigen-presenting cells

(APCs), and have a crucial role in initiating T-cell-mediated immunity. DCs

can control a substantial part of the adaptive immune response by internalizing

and processing antigens through major histocompatibility complex (MHC) class I

and class II pathways, and then presenting antigenic peptides to CD4+ and CD8+ T

lymphocytes (Fig. 1) [20]. Therefore, targeting DCs with an antigen delivery

system provides tremendous potential in developing new vaccines [21]. Antigen

uptake by DCs is enhanced by the association of the antigens with polymeric

nanoparticles. The adjuvant effect of particulate materials appears to largely be a

consequence of their uptake into DCs. More importantly, particulate antigens

have been shown to be more efficient than soluble antigens for the induction of

immune responses [22, 23]. Furthermore, the submicron size of nanoparticles

offers a number of distinct advantages over microparticles, and nanoparticles

generally have relatively higher intracellular uptake as compared to

microparticles [24, 25]. There are several factors that can affect the immune

response induced by immunization with particulate antigens. Among them are

particle size, the chemical structure of particles, surface hydrophobicity, zeta

potential, and adjuvants used within the formulations.

This review focuses on biodegradable polymeric nanoparticles as vaccine delivery

systems and immunostimulants, and summarizes the preparation of antigen-conjugated

particles and the mechanism of nanoparticle-based vaccines. Using these systems, it

is possible to target antigen delivery to APCs, activate these APCs, and control

intracellular release and distribution of the antigen. By understanding immune

activation, we can rationally design particulate adjuvant to not only deliver antigen

but also to directly activate innate immune cells providing the pro-inflammatory

context for antigen recognition. The generation of more potent particulate adjuvants

may allow the development of prophylactic and therapeutic vaccines against

cancers and chronic infectious diseases.
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2 Preparation of Biodegradable Polymeric Nanoparticles

2.1 PLGA Nanoparticles

Biodegradable polymeric nanoparticles have attracted much attention for their

potential in biomedical applications, such as drug, gene, and vaccine delivery

systems. The biodegradation rate and the release kinetics of loaded drugs can be

controlled by the composition ratio and the molecular weight of the polymer and

block/graft copolymers [26–28]. Furthermore, by modulating the polymer

characteristics, one can control the release of a therapeutic agent from the

nanoparticles to achieve a desired therapeutic level in a target tissue for the required

duration for optimal therapeutic efficacy. The commonly used biodegradable

polymers are aliphatic polyesters such as poly(lactic acid) (PLA), poly(glycolic

acid) (PGA), poly(e-caprolactone) (PCL), poly(hydroxybutyrate) (PHB) and their

copolymers (Fig. 2) [29]. In particular, poly(lactide-co-glycolide) (PLGA) has been
the most extensively investigated for developing nano- and microparticles

encapsulating therapeutic drugs in controlled release applications [30–32] due to

their inherent advantages. The copolymers have the advantage of sustaining the

release of the encapsulated therapeutic agent over a period of days to several weeks.

As polyesters in nature, these polymers undergo hydrolysis upon administration

into the body, forming biologically compatible and metabolizable moieties (lactic

acid and glycolic acid) that are eventually removed from the body by the citric

acid cycle.

Several methods have been reported for the preparation of biodegradable

nanoparticles from PLGA, PLA, and PCL by dispersing preformed polymers.

Emulsion solvent evaporation techniques are frequently used to prepare nano-

and microparticles [33, 34]. The polymer is dissolved in an organic solvent like

dichloromethane, chloroform, or ethyl acetate and then emulsified into an aqueous

solution to create an oil-in-water (o/w) emulsion by using a surfactant such as poly

(vinyl alcohol). After the formation of a stable emulsion, the organic solvent is

evaporated by increasing the temperature under pressure (Fig. 3). The effect of this

process is variable, depending on the properties of the nanoparticles. Often,

surfactants are used to stabilize the nanoparticles in aqueous solution in order to

prevent the aggregation and/or precipitation of water-insoluble polymers. However,

adequate removal of the surfactant remains a problem, and surfactant molecules are

sometimes harmful in biomedical applications.

Fig. 2 Chemical structures

of biodegradable polyesters

used for preparation of

nanoparticles
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2.2 Amphiphilic Poly(amino acid) Nanoparticles

Recently, many studies have focused on self-assembled biodegradable nanoparticles

for biomedical and pharmaceutical applications. Nanoparticles fabricated by the

self-assembly of amphiphilic block copolymers or hydrophobically modified

polymers have been explored as drug carrier systems. In general, these amphiphilic

copolymers consisting of hydrophilic and hydrophobic segments are capable of

forming polymeric structures in aqueous solutions via hydrophobic interactions.

These self-assembled nanoparticles are composed of an inner core of hydrophobic

moieties and an outer shell of hydrophilic groups [35, 36].

In particular, poly(amino acid)s have received considerable attention for their

medical applications as potential polymeric drug carriers. Several amphiphilic

block and graft copolymers based on poly(amino acid)s have been employed,

such as poly(a-L-glutamic acid) [37], poly(g-glutamic acid) [38], poly(e-lysine)
[39] (Fig. 4), poly(L-aspartic acid) [40], poly(L-lysine) [41], poly(L-arginine) [42],

and poly(L-asparagine) [43] as hydrophilic segments, and poly(b-benzyl-L-aspartate)
[44], poly(g-benzyl-L-glutamate) [45], and poy(L-histidine) [46] as hydrophobic

segments. In general, amphiphilic copolymers based on poly(amino acid)s form

micelles through self-association in water.

Poly(g-glutamic acid) (g-PGA) is a naturally occurring poly(amino acid) that is

synthesized by certain strains of Bacillus [47]. The polymer is made of D- and

L-glutamic acid units linked through the a-amino and the g-carboxylic acid groups,
and its a-carboxylate side chains can be chemically modified to introduce various

bioactive ligands, or to modulate the overall function of the polymer [48–52].

Unlike general poly(amino acid)s, g-PGA has unique characteristics of enzymatic

degradation and immunogenicity. It has been reported that g-PGA has resistance

Fig. 3 Preparation of polymeric nanoparticles by emulsion solvent evaporation technique

Fig. 4 Chemical structures

of synthetic and naturally

occurring poly(amino acid)s
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against many proteases because g-linked glutamic acids are not easily recognized

by common proteases [53, 54]. Moreover, several studies have shown that g-PGA
by itself is a poor immunogen and does not induce booster responses, probably

because of its simple homopolymeric structure, similar to those of polysaccharides

[55–59]. Therefore, the potential applications of g-PGA and its derivatives have

been of interest in a broad range of fields, including medicine, food, cosmetics, and

water treatment [60].

Akashi et al. prepared nanoparticles composed of hydrophobically modified

g-PGA [38, 61, 62] (Fig. 5). g-PGA (400 kDa) as the hydrophilic backbone and

L-phenylalanine (Phe) as the hydrophobic segment were synthesized by grafting Phe

to g-PGA using water-soluble carbodiimide. The g-PGA-graft-Phe copolymers

(g-PGA-Phe) with more than 50% grafting degree formed monodispersed

nanoparticles in water due to their amphiphilic properties. To prepare nanoparticles,

g-PGA-Phe dissolved in dimethyl sulfoxide (DMSO) was added to various concen-

tration of NaCl solution, and then the resulting solutions were dialyzed and freeze-

dried. The g-PGA-Phe formed monodispersed nanoparticles, and the particle size of

the g-PGA-Phe nanoparticles could be easily controlled (30–200 nm) by changing

NaCl concentration [63]. Similarly, g-PGA conjugated with L-tryptophan (g-PGA-
Trp) showed the same tendency (Fig. 6). The size of the nanoparticles increased with

increasing NaCl concentration during formation of particles. The addition of NaCl

leads to enhanced screening of the Coulomb interactions between the carboxyl

groups of g-PGA-Phe. Therefore, according to the increase in NaCl concentration,

a larger number of graft copolymers was involved in the formation nanoparticles.

The nanoparticles showed a highly negative zeta potential (�25 mV) due to the

ionization of the carboxyl groups of g-PGA located near the surfaces. The specific

self-assembly behavior of g-PGA-Phe in aqueous solution was due to multiple

stacking of phenyl groups. Beside the particle formation of g-PGA by using hydro-

phobic interaction, nanoparticles formed by complexation of g-PGA with a bivalent

metal ion complex [64] or by chemical crosslinking of carboxyl groups of g-PGA
[65] have been reported.

Fig. 5 Synthesis of g-PGA
hydrophobic derivatives
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Poly(e-lysine) (e-PL) is produced by a Streptomyces albulus strain, and has

been used as a food additive due to its antimicrobial activities [66, 67]. e-PL is

water soluble and biodegradable and has a molecular weight of approximately

5,000. e-PL is an L-lysine homopolymer (25–30 residues) with a linkage between

the carboxyl group and the e-amino group (Fig. 4). Matsusaki et al. reported the

nanoparticle formation of amphiphilic e-PL-graft-cholesterol hydrogen succinate

(e-PL-CHS) in water. e-PL was hydrophobically modified by CHS in the presence

of N,N-dicyclohexyl carbodiimide (DCC) and 1-hydroxybenzotriazole (HOBt) in

N,N-dimethylformamide (DMF) (Fig. 7) [39]. e-PL-CHS nanoparticles were

prepared by the solvent (tetrahydrofuran) exchange method. e-PL-CHS could

form stable nanoparticles in water following the hydrophobic interactions of its

CHS groups. The size of the e-PL-CHS nanoparticles was approximately

150–200 nm. For the purposes of nonviral gene delivery, cationic polymers

such as poly(L-lysine) and polyethylenimine (PEI) have been used as carriers

for complexing gene vectors into polyplexes [68–70]. A polyplex can be easily

formed when the oppositely charged DNA and polycation are mixed in aqueous

solution and interact via electrostatic interactions. These polyplexes result in an

increased net positive charge of the complexes, and promote cellular uptake and

transfection efficiency. However, the in vivo applications of polyplexes are limited

by low gene expression and toxicity due to their cationic nature [71–73]. e-PL is

Fig. 6 Size changes of (a) g-PGA-Phe and (c) g-PGA-Trp nanoparticles prepared at various NaCl
concentrations. The size of nanoparticles was measured by DLS. (b) Photographs of g-PGA-Phe
nanoparticles (2.5 mg/mL) dispersed in water. (d) Scanning electron microscope (SEM) images of

g-PGA-Trp nanoparticles prepared at various NaCl concentrations
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a very safe material for use in humans. Therefore, the nanoparticles fabricated from

e-PL may be useful for DNA vaccine delivery and adjuvants.

2.3 Amphiphilic Polysaccharide Nanoparticles

Polysaccharidic hydrogel particles have been often used for designing protein-

loaded systems for therapeutic applications. Polysaccharides are very hydrophilic

polymers, and their hydrogels thus exhibit a good biocompatibility. Various type

of hydrophobized polysaccharides, such as pullulan [74, 75], curdlan [76], dex-

tran [77], alginic acid [78], and chitosan [79], have been used for preparation of

nanoparticles. Akiyoshi et al. reported that self-aggregated hydrogel nanoparticles

could be formed from cholesterol-bearing pullulan by an intra- and/or intermo-

lecular association in diluted aqueous solutions [80]. Recently, much attention has

been paid to chitosan as a drug or gene carrier because of its biocompatibility and

biodegradability. Chitosan is a polysaccharide constituted of N-glucosamine and

N-acetyl-glucosamine units, in which the number of N-glucosamine units exceeds

50%. Chitosan can be degraded into nontoxic products in vivo, and thus has

been widely used in various biomedical applications [81, 82]. Chitosan has

cationic characters even in neutral conditions to form complexes with negatively

charged pDNA. Jeong et al. prepared nanosized self-aggregates composed of

Fig. 7 (a) Synthesis of amphiphilic e-PL-graft-cholesterol hydrogen succinate (e-PL-CHS).
(b) SEM image of nanoparticles prepared from e-PL-CHS
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hydrophobically modified chitosans with deoxycholic acids (Fig. 8a) [83, 84].

The size of self-aggregates varied in the range of 130–300 nm in diameter,

and their structures were found to depend strongly on the molecular weight of

chitosan. To explore the potential applications of self-aggregates as a gene

delivery carrier, complexes between chitosan self-aggregates and pDNA were

prepared. The complex formation had a strong dependency on the size and

structure of chitosan self-aggregates and significantly influenced the transfection

efficiency of cells. It is expected that these approaches to control the size and

structure of chitosan-derived self-aggregates will have a wide range of

applications in gene delivery. Also, Kida et al. reported that novel polysaccha-

ride-based nanoparticles were successfully prepared by the self-assembly of

amphiphilic pectins, which were easily synthesized by the reaction of pectins

with Phe as hydrophobic group (Fig. 8b) [85]. Pectin is a polymer of

D-galacturonic acid. The galacturonic acid molecule has a carboxyl group on

C5, some of which are esterified to form methyl esters. The pectin-graft-Phe
could form about 200 nm-sized nanoparticles (Fig. 8c), and were able to retain

entrapped protein in the nanoparticles for one week without any significant

leakage.

2.4 Polyion Complex Nanoparticles

Polymer complexes associated with two or more complementary polymers are

widely used in potential applications in the form of particles, hydrogels, films, and

membranes. In particular, a polyion complex (PIC) can be easily formed when

oppositely charged polyelectrolytes are mixed in aqueous solution and interact via
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Fig. 8 Preparation of amphiphilic polysaccharide. Chemical structures of deoxycholic acid-

modified chitosan (a) and Phe-modified pectin (pectin-graft-Phe) (b). SEM image of nanoparticles

prepared from pectin-graft-Phe (c)
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electrostatic (coulombic) interactions. Nanoscaled structural materials (e.g.,

nanoparticles, micelles, nanogels, and hollow nanospheres) composed of PIC

are prepared by tuning the preparation conditions, such as the charge ratio of the

anionic-to-cationic polymers, temperature, concentration, and type of polyelectrolyte

[12, 86, 87].

PIC containing g-PGA and chitosan (CT) as a cationic polymer has been used for

preparation of nanoparticles, hydrogels, and films for biomedical applications. Sung

et al. investigated the PIC particle formation of g-PGA and CT by self-assembly

in aqueous media [88]. Nanoparticles were obtained upon addition of a g-PGA
(160 kDa) aqueous solution (pH 7.4) into a low molecular weight CT (50 kDa)

aqueous solution (pH 6.0). It was found that the particle size and the zeta potential of

the prepared nanoparticles were mainly determined by the relative amount of the

local concentration of g-PGA in the added solution to the surrounding concentration

of CT. The size (80–400 nm) and surface charge (from �35 to +25 mV) of g-PGA-
CT nanoparticles could be easily controlled by changing the mixing ratio of two

polymers. Hajdu et al. also prepared g-PGA (1,200 kDa)–CT (320 kDa)

nanoparticles [89]. The size and size distribution of the nanoparticles depended

on the concentrations of g-PGA and CT solutions and their ratio as well as on the pH

of the mixture and the order of addition. The particle size was in the range of

20–285 nm, as measured by transmission electron microscopy (TEM), and

the average hydrodynamic diameters were between 150 and 330 nm.

The stability and characteristics of prepared PIC are influenced by various

factors involving their chemical compositions and their surrounding environment.

In particular, for PIC micelles or nanoparticles, the ionic strength and pH of the

solution is a key parameter for stability because of the shielding effect of the

ionic species on the electrostatic interactions [90]. Therefore, destabilization of

PIC under physiological conditions limits their applications as a drug carrier. For

the development of stable PIC nanoparticles under physiological conditions,

Akagi et al. focused on a novel approach for the stabilization of PIC nanoparticles

by hydrophobic interactions. Amphiphilic g-PGA-Phe as the biodegradable

anionic polymer, and e-PL as the cationic polymer were used for preparation of

PIC nanoparticles (Fig. 9) [91]. The PIC nanoparticles were prepared by mixing

Fig. 9 Stabilization of polyion complex nanoparticles composed of poly(amino acid)s using

hydrophobic interactions
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g-PGA-Phe (water soluble) with e-PL in phosphate-buffered saline (PBS). The

formation and stability of the PIC nanoparticles was investigated by dynamic

light scattering (DLS) measurements. Monomodal anionic PIC nanoparticles were

obtained using nonstoichiometric mixing ratios. When unmodified g-PGA was

mixed with e-PL in PBS, the formation of PIC nanoparticles was observed.

However, within a few hours after the preparation, the PIC nanoparticles

dissolved in the PBS. In contrast, g-PGA-Phe/e-PL nanoparticles showed

high stability for a prolonged period of time in PBS, and over a wide range of

pH values. The stability and size of the PIC nanoparticles depended on the

g-PGA-Phe/e-PL mixing ratio and the hydrophobicity of the g-PGA. The

improved stability of the PIC nanoparticles was attributed to the formation of

hydrophobic domains in the core of the nanoparticles. The fabrication of PIC

nanoparticles using hydrophobic interactions was very useful for the stabilization

of the nanoparticles.

3 Polymeric Nanoparticles for Antigen Delivery and Adjuvant

3.1 Preparation of Antigen-Loaded Nanoparticles

Nanoparticles containing encapsulated, surface-immobilized or surface-adsorbed

antigens are being investigated as vaccine delivery systems as alternatives to the

currently used alum, with an objective to develop better vaccine systems and

minimize the frequency of immunization. The encapsulation of antigenic proteins

or peptides into PLGA nanoparticle carrier system can be carried out through

mainly three methods: the water-in-oil-in-water (w/o/w) emulsion technique, the

phase separation method, and spray drying. The w/o/w double emulsion process is

popularly used to load proteins into nanoparticles (Fig. 10) [92, 93]. In this process,

an antigen is first dissolved in an aqueous solution, which is then emulsified in an

organic solvent to make a primary water-in-oil emulsion. This initial emulsion is

further mixed in an emulsifier-containing aqueous solution to make a w/o/w double

emulsion. The ensuing removal of the solvent leaves nano- and microparticles in

the aqueous continuous phase, making it possible to collect them by filtration or

centrifugation. However, the possible denaturation of the proteins at the oil–water

interface limits the usage of this method. It has been reported that this interface

causes conformational changes in bovine serum albumin (BSA) [94, 95]. Moreover,

it has a disadvantage in that the entrapment efficiency is very low. The prevention

of protein denaturation and degradation, as well as high entrapment efficiency,

would be of particular importance in the preparation of nanoparticles containing

water-soluble drugs such as a protein. Improved protein integrity has been achieved

by the addition of stabilizers such as carrier proteins (e.g., albumin), surfactants

during the primary emulsion phase, or molecules such as trehalose and mannitol to
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the protein phase. Protein stability may also be enhanced if the protein is

encapsulated as a solid rather than in solution.

We have recently found that nanoparticles consisting of amphiphilic poly(amino

acid)s can efficiently and stably encapsulate various types of protein into the

nanoparticles. Protein-loaded g-PGA-Phe nanoparticles were prepared by encapsula-
tion, covalent immobilization, or physical adsorption methods in order to study their

potential applications as protein carriers [96, 97]. To prepare the protein-encapsulating

g-PGA-Phe nanoparticles, proteins with various molecular weights and isoelectric

points were dissolved in saline, and the g-PGA-Phe dissolved in DMSOwas added to

the protein solutions. The resulting solutions were then centrifuged and repeatedly

rinsed (Fig. 11). The encapsulation of proteins into the nanoparticles was successfully

achieved. All proteins used in this experiment were successfully encapsulated into the

nanoparticles. The encapsulation efficiency was found to be in the range of 30–60%

for most samples. For all samples tested, it was observed that the encapsulation

efficiency for a given protein was not markedly influenced by the physical properties

of that protein. Ovalbumin (OVA) encapsulated into the nanoparticles was not

released (less than 10%) over the pH range of 4–8, even after 10 days. Moreover, it

was found that the g-PGA-Phe nanoparticles have some excellent properties.

The enzyme-encapsulating nanoparticles showed high enzymatic activity. In the

case of protein-encapsulating nanoparticles prepared by the self-assembly of

g-PGA-Phe, the encapsulated protein may be more stable than via the emulsion

method. Proteins encapsulated into the nanoparticles appear to be adequate in terms

Fig. 10 Preparation of antigen-encapsulating nanoparticles by w/o/w emulsion method
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of the preservation of the protein structure. The g-PGA-Phe nanoparticles and protein-
encapsulating nanoparticles could be preserved by freeze-drying. The results of

cytotoxicity tests showed that the nanoparticles did not cause any relevant cell

damage. Therefore, it is expected that the g-PGA-Phe nanoparticles will have great
potential as multifunctional carriers in pharmaceutical and biomedical applications,

such as drug and vaccine delivery systems. Also, Portilla-Arias et al. reported prepa-

ration of nanoparticles made of alkyl esters of g-PGA and described their potential

application as drug and protein carriers [98].

3.2 Delivery of Antigens Using Nanoparticles

Antigen-loaded polymeric nanoparticles represent an exciting approach to the

enhancement of antigen-specific humoral and cellular immune responses via selec-

tive targeting of the antigen to APCs [99, 100]. DCs are considered to be initiators

and modulators of immune responses and are capable of processing antigens

through both major histocompatibility complex (MHC) class I and II pathways.

Immature DCs encounter pathogens (e.g., virus or bacteria), antigens, or particulate

materials at the injection site and, after phagocytosis, the foreign bodies taken up

into the DCs present antigens on MHC class II molecules or even on MHC class I

molecules by cross-priming [101]. Therefore, the antigen delivery to DCs is of key

importance in the development of effective vaccines (Fig. 12).

Fig. 11 Preparation of protein-encapsulating g-PGA-Phe nanoparticles

Biodegradable Nanoparticles as Vaccine Adjuvants and Delivery Systems 45



Akagi et al. demonstrated the use of nanoparticles composed of amphiphilic poly

(amino acid) derivatives as vaccine delivery and adjuvants [62, 102–104]. To

evaluate the uptake of OVA encapsulated within g-PGA-Phe nanoparticles

(OVA-NPs) by DCs, murine bone marrow-derived DCs were incubated with

250 nm-sized OVA-NPs for 30 min at 37 �C. The cells were then analyzed by

flow cytometry (FCM) and confocal laser scanning microscopy (CLSM). OVA-

NPs were efficiently taken up into DCs, whereas the uptake of OVA alone was

barely detectable at the same concentration of OVA (Fig. 13). OVA-NPs were more

efficiently taken up than OVA alone by DCs, and the uptake of OVA-NPs was

inhibited at 4 �C. These results suggest that OVA-NPs were phagocytosed mainly

via endocytosis by the DCs. In the case of OVA alone, an approximately 30-fold

Fig. 12 Induction of immune responses by nanoparticle-based vaccine

Fig. 13 Uptake of OVA-encapsulating g-PGA-Phe nanoparticles by DCs. DCs were incubated

with Texas Red-labeled OVA (TR-OVA) alone (a) or TR-OVA encapsulated within fluorescein-

labeled nanoparticles (TR-OVA/FITC-NPs) (b). The intracellular localization of OVA (red) and
NPs (green) was observed by confocal laser scanning microscopy
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higher concentration was required to elicit a similar amount of intracellular OVA as

compared to OVA-NPs. Likewise, it has been reported that PLGA nanoparticles or

liposomes are efficiently phagocytosed by the DCs in culture, resulting in their

intracellular localization [105–107]. Foged et al. investigated DC uptake of model

fluorescent polystyrene particles with a broad size range (0.04–15 mm). The results

showed that DCs internalized particles in the tested size range with different

efficiencies. The optimal particle size for DC uptake was 500 nm and below. In

the smaller the particle size, a higher percentage of the DCs interacted with the

polystyrene spheres [24]. Kanchan et al. also reported that PLA nanoparticles

(200–600 nm) were efficiently taken up by macrophages in comparison to

microparticles (2–8 mm) [25]. In contrast, in hydrogel particles composed of

polyacrylamide, there was no difference in uptake by APCs of particles sized

between 3.5 mm and 35 nm [108]. This disparity in uptake may be related to

fundamental differences in the material properties of those carriers.

Particle shape and surface charge are equally important particulate physico-

chemical factors and play crucial roles in the interaction between particles and

APCs. In general, cationic particles induced high phagocytosis activity of APCs,

because of the anionic nature of cell membranes [24]. Recently, particle shape has

been identified as having a significant effect on the ability of macrophages to

internalize particles via actin-driven movement of the macrophage membrane.

Champion et al. observed that the cellular uptake of particles strongly depends on

the shape of particles. The worm-like particles with very high aspect ratios

exhibited negligible phagocytosis when compared to traditional spherical particles

[109, 110]. These result suggest that uptake of particles by APCs strongly depends

on the local geometry at the interface between particles and cells.

3.3 Activation of Dendritic Cells by Nanoparticles

Research on biomaterial adjuvant potential has been focused largely on determining

the degree of DC maturation induced by exposure to polymeric nanoparticles or

liposomes [111–113]. The maturation of DCs is associated with increased expres-

sion of several cell surface markers, including the co-stimulatory molecules CD40,

CD80, CD83, CD86, MHC class I, and MHC class II. It is well known that DC

maturation can be induced by inflammatory factors such as lipopolysaccharide

(LPS), bacterial DNA, or inflammatory cytokines such as TNF-a, and the process

is highly importance for the initiation of acquired and innate immune responses by

these cells [114, 115]. Therefore, in addition to the antigen delivery to DCs, the

control of DC maturation is deeply involved in the development of effective

vaccines.

In vitro studies have shown that g-PGA-Phe or PLGA nanoparticle-pulsed DCs

result in DC maturation by upregulation of co-stimulatory molecule expression and

cytokine production (Fig. 14). To determine whether the uptake of g-PGA-Phe
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nanoparticles mediates the phenotypic maturation of DCs, the DCs were incubated

with g-PGA-Phe nanoparticles for 24 or 48 h, and the expression of surface

molecules was measured by fluorescence confocal microscopy (FCM). Upon

exposure of these DCs to the nanoparticles, the expression of co-stimulatory

molecules (maturation markers) was increased in a dose-dependent manner. The

expression levels of co-stimulatory molecules in nanoparticle-pulsed DCs were

similar to those of LPS-pulsed DCs. These results suggest that g-PGA-Phe
nanoparticles have great potential as adjuvant for DC maturation [62, 102, 103].

The mechanisms responsible for DC maturation by g-PGA-Phe nanoparticles are
still unclear. However, it is hypothesized that not only the uptake of nanoparticles

but also the characteristics of the polymers forming the nanoparticles are impor-

tant for the induction of DC maturation. The DC uptake of 30 nm-sized

nanoparticles was lower than for 200 nm-sized nanoparticles, but the effect of

DC activation by the nanoparticles was high for the small sizes [116, 117]. Thus,

it is considered that the surface interactions between the nanoparticles and DCs

predominately affect DC maturation. In addition, soluble g-PGA-induced innate

immune responses in a Toll-like receptor 4 (TLR4)-dependent manner in DCs

have been reported [118, 119]. TLRs are abundantly expressed on professional

APCs. TLRs play a major role in pathogen recognition, and in the initiation of the

inflammatory and immune responses. The stimulation of TLRs by TLR ligands

induces the surface expression of co-stimulatory molecules, and this phenotypic

modulation is a typical feature of DC maturation. Treatment with high molecular

weight g-PGA (2,000 kDa), but not low molecular weight g-PGA (10 kDa)

induced a significant upregulation of CD40, CD80, and CD86 expression in

wild-type DCs. The stimulatory capacity of g-PGA was not significantly affected

by pretreatment with Polymyxin B (PmB). In contrast, DCs from TLR4-defective

mice did not show an enhanced expression of maturation markers in response to

the 2,000 kDa g-PGA treatment. It is suggested that the g-PGA-Phe nanoparticles
also induce DC maturation in a TLR4-dependent manner using the same

2,000 kDa g-PGA, because g-PGA is located near the nanoparticle surface.

Fig. 14 Maturation and activation of DCs by nanoparticles
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Tomayo et al. have also reported that poly(anhydride) nanoparticles act as

agonists of various TLRs. The nanoparticles were useful as Th1 adjuvants in

immunoprophylaxis and immunotherapy through TLR exploitation [120].

Similar results have been obtained with PLGA nano- and microparticles [121,

122], liposomes [107], cationic polystyrene microparticles [123], polystyrene

nanoparticles [124], and acid-degradable cationic nanoparticles [125]. Elamanchili

et al. examined DC maturation by PLGA nanoparticles. The results showed

that after PLGA nanoparticle pulsing, DCs exhibited a modest increase in the

expression of MHC class II and CD86 compared to untreated controls. In addition,

DCs pulsed with PLGA nanoparticles containing an immunomodulator,

monophosphoryl lipid A (MPLA), induced further DC maturation [106].

The PLGA-based nanoparticulate system offers the flexibility for incorporation of

broad range of TLR ligands. Copland et al. investigated whether formulation of

antigen in mannosylated liposomes enhanced uptake and DC maturation. Exposure

to liposomes containing OVA resulted in enhanced expression of maturation

markers when compared to exposure to antigen in solution. Expression was highest

following exposure to mannosylated liposomes [107]. These particulate systems

hold promise as a vaccine delivery system and immunostimulant. However, it has

also been reported that PLGA particles failed to mature DCs in vitro [126, 127].

These differences may be attributed to particle size, particle concentration in DCs,

presence or absence of antigen, and experimental conditions.

3.4 Gene Delivery by Polyion Complex Nanoparticles

Gene delivery has great potential for the treatment of many different diseases. The

basic idea of gene therapy involves delivery of an exogenous gene into the cells to

express the encoded protein, which may be insufficiently or aberrantly expressed

naturally [128]. DNA delivery is, however, a difficult process and a suitable vector

is required for efficient protection as well as release. Both viral and nonviral vectors

have been used for gene delivery. Nonviral gene delivery relies on DNA condensa-

tion induced by cationic agents. Cationic polymers have been widely chosen to

condense DNA through electrostatic interactions between negatively charged DNA

and the positively charged cationic sites [129]. PIC nanoparticles composed of

g-PGA and chitosan (CT) have been used as a DNA delivery system. CT/DNA

complex nanoparticles have been considered as a vector for gene delivery.

Although advantageous for DNA packing and protection from enzymatic degrada-

tion, CT-based complexes may lead to difficulties in DNA release at the site of

action. To improve the transfection efficiency of CT/DNA complexes, g-PGA/CT/
DNA conjugated nanoparticles were prepared by an ionic-gelation method for

transdermal DNA delivery using a low-pressure gene gun [130]. pDNA was

mixed with aqueous g-PGA (20 kDa). Nanoparticles were obtained upon addition

of the mixed solution to aqueous CT (80 kDa). The prepared g-PGA/CT/DNA
nanoparticles were pH-sensitive and had a more compact internal structure with a
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greater density than the conventional CT/DNA. Analysis using small angle X-ray

scattering (SAXS) indicated that incorporating g-PGA caused the formation of

compounded nanoparticles whose internal structure might facilitate the dissociation

of CT and DNA. As compared with CT/DNA, g-PGA/CT/DNA nanoparticles

improved their penetration depth into mouse skin and enhanced gene expression.

Moreover, in addition to improving the release of DNA intracellularly, the

incorporation of g-PGA in nanoparticles markedly increased their cellular internal-

ization [131]. Taken together, the results show that g-PGA significantly enhanced

the transfection efficiency of this developed gene delivery system. The results

indicated that g-PGA played multiple important roles in enhancing the cellular

uptake and transfection efficiency of g-PGA/CT/DNA nanoparticles. This delivery

system may be useful for DNA vaccine development.

Kurosaki et al. also developed a vector coated by g-PGA for effective and safe

gene delivery [132]. To develop a useful nonviral vector, PIC constructed with

pDNA, PEI, and various polyanions, such as polyadenylic acid, polyinosinic–po-

lycytidylic acid, a-polyaspartic acid, and g-PGA were prepared. The pDNA/PEI

complex had a strong cationic surface charge and showed extremely high trans-

gene efficiency although it agglutinated with erythrocytes and had extremely high

cytotoxicity. The g-PGA could electrostatically coat the pDNA/PEI complex to

form stable anionic particles. The coating of g-PGA dramatically decreased the

toxicities of pDNA/PEI complex. Moreover, the pDNA/PEI/g-PGA complex was

highly taken up by the cells via a g-PGA-specific receptor-mediated pathway and

showed extremely high transgene efficiencies. Further studies are necessary to

examine the detailed uptake mechanism and clinical safety as gene delivery

vector.

4 Control of Intracellular Distribution of Nanoparticles

4.1 pH-Responsive Nanoparticles

In general, particulate materials can be easily internalized into the cells via endo-

cytosis, depending on their size, shape, and surface charge. However, the

internalized materials are mostly trafficked from acidic endosomes to lysosomes,

where degradation may occur. Thus, degraded exogenous antigens are presented by

the MHC class II presentation pathway, and a part of the pathway involves

antibody-mediated immune responses. In contrast, antigens within the cytosol are

processed into proteasomes and presented by the MHC class I pathway, a pathway

involved in the cytotoxic T-lymphocyte (CTL) response [99–101]. Therefore, the

induction of antigen-specific cellular immunity by exogenous antigens is needed for

the regulation of intracellular distribution of antigens. The escape of internalized
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antigens from endosomes to the cytoplasm is an important subject relating to

control of the antigen processing/presentation pathways.

The release of biomolecules from acidic endosomes requires a membrane-

disruptive agent, which can release the internalized compounds into the cyto-

plasm. Approaches include the use of membrane-penetrating peptides, pathogen-

derived pore-forming proteins, and “endosome escaping” polymers or lipids that

disrupt the endosomal membrane in response to the pH reduction that occurs in

these compartments. Thus, in recent years, there has been significant interest in

developing pH-sensitive nanoparticles that can enhance the cytoplasmic delivery

of various biomolecules [133–136]. Standley et al. reported an acid-degradable

particle composed of acrylamide and acid-degradable crosslinker for protein-

based vaccines. These particles released encapsulated protein in a pH-dependent

manner. They were stable at the physiological pH of 7.4 but degraded quickly in

the pH 5.0 environment of endosomes. The degradation of particles led to the

endosome escape of encapsulated proteins. The colloid osmotic mechanism

generates a quick degradation of the particles into many molecules, thus increas-

ing the osmotic pressure within the endosomes, leading to a rapid influx of water

across the membrane, resulting in its disruption. In fact, the MHC class I presen-

tation levels achieved with these particles were vastly enhanced as a result of their

ability to deliver more protein into the cytoplasm of APCs. In a mouse immuni-

zation study, these acid-sensitive particles could induce antigen-specific CTL

responses and showed antitumor activity [137, 138]. Hu et al. also reported the

endosome escape of pH-responsive core–shell nanoparticles. pH-sensitive poly

(diethylamino ethyl methacrylate) (PDEAEMA)- core/poly(ethylene glycol)

dimethacrylate (PAEMA)-shell nanoparticles were capable of efficient cytosolic

delivery of membrane-impermeable molecules such as calcein and OVA to DCs.

These particles effectively disrupted endosomes and delivered molecules to the

cytosol of cells without cytotoxicity, and enhanced priming of CD8+ T cells by

DCs pulsed with OVA/PDEAEMA-core nanoparticles [139]. Polycations that

absorb protons in response to the acidification of endosomes can disrupt these

vesicles via the proton sponge effect. The proton sponge effect arises from a large

number of weak conjugate bases with buffering capacities between 7.2 and 5.0,

such as PEI, leading to proton absorption in acid organelles and an osmotic

pressure buildup across the organelle membrane. This osmotic pressure causes

swelling and/or rupture of the acidic endosomes and a release of the internalized

molecules into the cytoplasm [140].

4.2 Amphiphilic Polymers for Cytosolic Delivery

Synthetic poly(alkylacrylic acid) [141, 142] and poly(alkylacrylic acid-co-alkyl
acrylate) [143, 144] also have pH-dependent, membrane-disruptive properties.
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These polymers contain a combination of carboxyl groups and hydrophobic alkyl

groups, and are protonated at the endosomal pH range. Upon a decrease in pH,

they increase their hydrophobicity, and penetrate into the endosomal membranes

and disrupt them. The hydrophobicity of the polymers is important for disrupting

lipid membranes. Foster et al. have applied these amphiphilic polymers to nano-

particle delivery systems [145]. pH-responsive nanoparticles (180 nm)

incorporating OVA-conjugated poly(propylacrylic acid) (PPAA) (PPAA-OVA)

were evaluated to test whether improved cytosolic delivery of a protein antigen

could enhance CD8+ CTL and prophylactic tumor vaccine responses.

Nanoparticles containing PPAA-OVA were formed by ionic complexation of

cationic poly(dimethylaminoethyl methacrylate) (PDMAEMA) with the anionic

PPAA-OVA conjugate (PPAA-OVA/PDMAEMA). The PPAA-OVA/

PDMAEMA nanoparticles were stably internalized and could access the MHC

class I pathway in the cytosol by triggering endosome escape. In an EG.7-OVA

mouse tumor protection model, PPAA-OVA/PDMAEMA-immunized mice

delayed tumor growth for nearly 5 weeks, whereas control mice injected with

PBS and free OVA developed tumors in less than 10 days. This response was

attributed to the eightfold increase in production of OVA-specific CD8+ T-

lymphocytes and an 11-fold increase in production of anti-OVA IgG. However,

these vinyl polymers are not biodegradable and, thus, their molecular weight

presents a limitation for medical applications.

Recently, our group developed novel biodegradable nanoparticles composed

of hydrophobically modified g-PGA (g-PGA-Phe). The nanoparticles showed a

highly negative zeta potential (�25 mV) due to the ionization of the carboxyl

groups of g-PGA located near the surfaces. Protein-encapsulating g-PGA-Phe
nanoparticles efficiently delivered proteins from the endosomes to the cytoplasm

in DCs [146]. To evaluate their potential applications as membrane disruptive

nanoparticles, the nanoparticles were characterized with respect to their hemo-

lytic activity against erythrocytes as a function of pH. The nanoparticles showed

hemolytic activity with decreasing pH from 7 to 5.5, and were membrane-inactive

at physiological pH. As the pH decreased, the hemolytic activity of the

nanoparticles gradually increased, reaching a peak at pH 5.5. This activity was

dependent on the hydrophobicity of g-PGA. The mechanism responsible for the

pH-dependent hemolysis by the nanoparticles involved a conformational change

of g-PGA-Phe and corresponding increase in the surface hydrophobicity.

Increased polymer hydrophobicity resulted in increased membrane disruption.

The g-PGA-Phe has carboxyl side chain groups, so the pKa of the proton of the

carboxyl groups is also a very important factor for the pH sensitivity of the

g-PGA-Phe [104].
It has also been reported that antigen delivery to DCs via PLGA particles

increased the amount of protein that escaped from endosomes into the cytoplasm.

How proteins or peptides encapsulated within PLGA particles become accessible to

the cytoplasm is still not clear. It is suggested that the gradual acidification of

endosomes leads to protonation of the PLGA polymer, resulting in enhanced

hydrophobicity and attachment and rupture of the endosomal membrane [147].
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5 Regulation of Immune Responses by Nanoparticle-Based

Vaccines

5.1 Induction of Immune Responses Using Amphiphilic
Poly(amino acid) Nanoparticles

Induction and regulation of an adaptive immune response by vaccination is possible

for a broad range of infectious diseases or cancers. Vaccine delivery and adjuvant

that can induce antigen-specific humoral and cellular immunity are useful for

development of effective vaccine systems. Cellular immunity is required to remove

intracellular pathogens, while humoral immunity plays a central role in neutralizing

extracellular microorganisms. The efficacy of antigen-loaded g-PGA-Phe
nanoparticles on the induction of antigen-specific humoral and cellular immune

responses was examined using OVA as a model antigen [102, 103, 148, 149]. The

immune responses were investigated in mice after subcutaneous immunization with

OVA-NPs. The OVA-specific CTL responses were not observed in the spleen cells

obtained from the control (PBS) and OVA-alone-immunized mice. In contrast, the

spleen cells obtained from the mice immunized with OVA-NPs showed a more

potent CTL response than those obtained from mice immunized with OVA plus

complete Freund’s adjuvant (OVA + CFA) (Fig. 15). When anti-OVA antibody

responses were examined and compared among the groups after immunization,

both OVA-NP- and OVA + CFA-immunized mice showed significantly

higher levels of OVA-specific total IgG, IgG1, and IgG2a antibodies than OVA-

alone-immunized mice. These results indicate that the g-PGA-Phe nanoparticles

have the ability to prime cellular and humoral immunity by vaccination. It has been

Fig. 15 Induction of cellular immunity by subcutaneous immunization with OVA-encapsulating

g-PGA-Phe nanoparticles. Mice were subcutaneously immunized one time with OVA alone

(10 mg), 10 mg of OVA and 100 mg of NPs (OVA-NPs), 10 mg of OVA and 100 mL of complete

Freund’s adjuvant (OVA + CFA), or PBS (control). Splenocytes were obtained from the

immunized mice on day 10 after the immunization and stimulated with the OVA peptide. The

number of IFN-g-producing cells was measured by enzyme-linked immunospot assay. SFU spot

forming units
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demonstrated that the g-PGA-Phe nanoparticles are also effective for vaccines

against human immunodeficiency virus (HIV) [150, 151], influenza virus

[152, 153], Japanese encephalitis virus [154], human T-cell leukemia virus type-I

(HTLV-I) [155], or cancers [146, 156, 157]. The antigen-loaded g-PGA-Phe
nanoparticles can provide a safe antigen delivery and adjuvant system for vaccina-

tion against viral infections or tumors because of their biocompatibility and biode-

gradability [158–161].

5.2 Vaccination Using Antigen-Loaded PLGA Nanoparticles

PLGA or PLA nano- and microparticles are suitable vehicles for the delivery of

recombinant proteins, peptides, and pDNA to generate immune responses in vivo.

Several studies have shown that PLGA nanoparticles can be used to modulate

immune responses against encapsulated antigens due to their ability to efficiently

target APCs and to facilitate appropriate processing and presenting of antigens to T

cells [93, 162–170]. Gutierro et al. investigated the immune response to BSA-

loaded PLGA nanoparticles after subcutaneous, oral, and intranasal administration

to evaluate parameters that can affect the immune response [171]. These parameters

include size, the internal structure of nanoparticles, surface hydrophobicity, zeta

potential, and co-encapsulated surfactants, adjuvants or excipients during formula-

tion, which are known to influence targeting strategies.

Many different vaccine antigens encapsulated into PLGA nanoparticles were

shown to induce broad and potent immune responses. For example, hepatitis B

therapeutic vaccines were designed and formulated by loading the hepatitis B

core antigen (HBcAg) into PLGA nanoparticles (300 nm) with or without

monophospholipid A (MPLA) adjuvant [172]. A single immunization with HBcAg-

encapsulating PLGA nanoparticles containing MPLA induced a stronger cellular

immune response than those induced by HBcAg alone or by HBcAg mixed with

MPLA in a murine model. More importantly, the level of HBcAg-specific immune

responses could be significantly increased further by a booster immunization with the

PLGA nanoparticles. These results suggested that co-delivery of HBcAg and MPLA

in PLGA nanoparticles promoted HBcAg-specific cellular immune responses. These

findings suggest that appropriate design of the vaccine formulation and careful

planning of the immunization schedule are important for the successful development

of effective therapeutic vaccines for hepatitis B virus.

5.3 Effect of Particle Size on Nanoparticle-Based Vaccines

To design optimal drug carriers, polymeric nanoparticles have the advantage of

being able to regulate their physicochemical properties, such as particle size, shape,

surface charge, polymer composition, hydrophobicity, and biodegradability.

In particular, a method for regulating the size of polymeric nanoparticles is

essential for effective vaccine delivery, and to elicit a specific immune response.
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Pluronic-stabilized polypropylene sulfide nanoparticles of 20, 45, and 100 nm

diameter were prepared to compare the effective targeting of DCs in lymph nodes

[173, 174]. Among the three different sizes of nanoparticles, 20 nm-sized

nanoparticles were the most readily taken up into the lymphatics via interstitial

flow, and activated lymph node-residing DCs more efficiently than the other sizes

of nanoparticles. Different sized antigen-conjugated carboxylated polystyrene

nanoparticles were also investigated for their size-dependent immunogenicity

in vivo. The optimal size for an effective immune response was narrowly defined

at 40–50 nm, in the viral range [175]. Furthermore, it has been reported that the size

of antigen-loaded PLA particles modulated the immune response [25]. Immuniza-

tion with PLA nanoparticles (200–600 nm) was associated with higher levels of

IFN-g production related to the T helper 1 (Th1)-type immune response. In contrast,

immunization with PLA microparticles (2–8 mm) promoted IL-4 secretion related

to the Th2-type immune response. Gutierro et al. also demonstrated that the

vaccination of 1,000 nm-sized BSA-loaded PLGA particles generally elicited a

higher serum IgG response than that obtained with the vaccination of 500 or 200

nm-sized particles, the immune response for 500 nm particles being similar than

that obtained with 200 nm by the subcutaneous and the oral route, and higher by the

intranasal route [171]. The vaccination of 1,000 nm particles generally elicited a

higher serum IgG response than that obtained with the vaccination of 500 or

200 nm-sized particles, the immune response for 500 nm particles being similar

than that obtained with 200 nm by the subcutaneous and the oral route, and higher

by the intranasal route. These results suggest that the biodistribution of nano- and

microparticles and the particle-related immune response can be regulated by

controlling the size of the particles. Consequently, the size of the particulate

delivery system is an important factor for modulating immune responses via

differential interactions with APCs.

6 Concluding Remarks and Future Perspectives

Biodegradable nanoparticles with entrapped vaccine antigens, such as proteins,

peptides and DNA, have recently been shown to possess significant potential as

vaccine delivery systems. There are three primary mechanisms of adjuvant func-

tion: (1) stabilization of antigen, (2) delivery of antigen, and (3) activation of innate

immunity. The duration of delivery is likely to affect immunity. Delivery of antigen

is particularly important in cases where the vaccine is intended to act through DCs,

as is the case for new vaccine applications requiring cell-mediated immunity.

Nanoparticles are extremely flexible delivery systems capable of encapsulating a

wide range of antigens. Improving delivery to DCs by nanoparticles will improve

vaccine efficiency. Nanoparticle-based vaccine systems will also reduce the vac-

cine dosage frequency and will increase patient compliance. In the near future,

these vaccine systems can be used for treating many infectious diseases or cancers.

Biodegradable Nanoparticles as Vaccine Adjuvants and Delivery Systems 55



g-PGA is a very promising biodegradable polymer that is produced by various

strains of Bacillus. Potential applications of g-PGA as thickener, cytoprotectant,

humectant, biological adhesive, fluoculant, or heavy metal absorbent, etc. have

been reported. This review describes the preparation of polymeric nanoparticles

composed of g-PGA and their pharmaceutical and biomedical applications. The

production of g-PGA has already been established on the industrial scale because it

can be produced easily and extracellularly in high yield by culture of bacteria in a

fermenter. Moreover, various molecular weights of g-PGA can be obtained com-

mercially. g-PGA by itself is shown to be weakly or non-immunogenic and safe.

Amphiphilic g-PGA nanoparticles have potential use as a new adjuvant instead of

alum, and the nanoparticles are very suitable for use as vaccine delivery systems.

These systems are expected to be introduced into clinical studies in the near future.

There is a growing interest in identifying the relationship between the size of

nanoparticles and their adjuvant activities, but the results from recent studies

remain controversial. Many investigators are in agreement that the size of the

particles is crucial to their adjuvant activities. Some factors that may affect

the conflicting findings include: (1) the polymeric materials used to form the

nanoparticles, (2) the nature of the antigen used, (3) the methods of antigen

conjugation, and (4) the immunization route. To clarify the influence

of nanoparticles on adjuvant activity, there is a need to more comprehensively

compare immune responses induced by precisely size-controlled nanoparticles

prepared with the same materials and loaded with the same antigens by the proper

method.
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Biodegradable Polymeric Assemblies

for Biomedical Materials

Yuichi Ohya, Akihiro Takahashi, and Koji Nagahama

Abstract Recently, self-assembled systems using biodegradable polymers at the

nanometer scale, such as microspheres, nanospheres, polymer micelles, nanogels,

and polymersomes, have attracted much attention especially in biomedical fields.

To construct such self-assembled systems, it is extremely important to have precise

control of intermolecular noncovalent interactions, such as hydrophobic interactions

based on their amphiphilic molecular structures. Biodegradable polymers, especially

aliphatic polyesters such as polylactide, polyglycolide, poly(e-caplolactone) and their
copolymers, have been used as biomedical materials for a long time. This chapter

is mainly focused on aliphatic polyesters and related polymers, and reviews the

synthetic methods for amphiphilic biodegradable polymers containing aliphatic

polyesters as components.Moreover, the application of various types of self-assembly

systems using amphiphilic biodegradable copolymers such as micro- or nanosized

particles (microspheres, nanospheres, polymer micelles, nanogels, polymersomes),

supramolecular physically interlocked systems, and stimuli-responsive systems for

biomedical use such as drug delivery systems are also reviewed.
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1 Introduction

In biomedical fields, biodegradable polymers can be defined as polymers that would

be degraded into low molecular weight compounds under physiological conditions

or in the body within a significantly shorter period than a (usually human) lifetime.

The importance of biodegradable polymers has increased more and more in bio-

medical fields [1–19] because biodegradable polymers can provide the following

advantages compared with nondegradable polymers: (1) It is not necessary to

remove the polymers from the body after their roles have been achieved. (2) The

low molecular weight degradation products are expected to be metabolized or

excreted, and not to cause long-term toxicity. (3) Degradation itself can offer some

significant functions, for example, sustained release of drugs from biodegradable

matrices can be achieved by degradation-dependent release mechanisms.

Biodegradable polymers can be categorized into natural and synthetic

polymers. The typical examples of natural biodegradable polymers are proteins,
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polysaccharides, and nucleic acids. They are hydrophilic, and most of them are

water-soluble. Proteins are polypeptides, whose amide (peptide) bonds are highly

stable against spontaneous (nonenzymatic) hydrolysis under neutral conditions but

can be degraded by enzymatic hydrolysis. For example, collagen, gelatin, and fibrin

have been used as biodegradable medical material [20–22]. However, proteins of

nonhuman origin may cause immunogenetic problems. In addition, both human-

origin and animal-origin proteins may cause infection problems, such as bovine

spongiform encephalopathy (BSE) and human immunodeficiency virus (HIV).

Polysaccharides are highly hydrophilic polymers having many hydroxyl groups.

Some polysaccharides have other functional groups, such as carboxylic acid, sulfate,

amino, and acetamide groups. The glucoside (ether) bonds of polysaccharides are

also highly stable against spontaneous (nonenzymatic) hydrolysis under neutral

conditions but can be degraded by enzymatic hydrolysis. Polysaccharides are gener-

ally nontoxic and have no or low immunogeneticity, and are also used as biomedical

materials. Nucleic acids (DNA and RNA) are highly water-soluble anionic polymers

and have not been used very often as biomedical materials. The phosphorotriester

linkage of DNA is relatively stable under physiological conditions, but is very sensitive

to enzymatic (nuclease) degradation. These natural polymers are hydrophilic and

not suitable for solid-state (bulk) materials having firm physical properties.

On the other hand, many synthetic biodegradable polymers have been developed

for biomedical materials. Some of them are semicrystalline or noncrystalline

polymers having strong physical properties, and can be used as biodegradable

plastics. Typical examples of synthetic (artificial) biodegradable polymers are

polyamides (including synthetic polypeptides), polyesters [23, 24], polyanhydrides

[25–28], polycarbonates [29], poly(ortho ester)s [30–32], polyacetals [33, 34],

polyphophazenes [35, 36], and polyphosphoesters [37–40]. They have various

degradation rates and physical properties based on their molecular structures.

In the design of biodegradable biomaterials, many important properties must be

considered [5]. These materials must (1) not evoke a sustained inflammatory

response; (2) possess a degradation time coinciding with their function; (3) have

appropriate mechanical properties for their intended use; (4) produce nontoxic

degradation products that can be readily resorbed or excreted; and (5) include

appropriate permeability and processability for designed application.

Among these synthetic biodegradable polymers, aliphatic polyester [poly

(hydroxyl acid)s] such as poly(lactic acid) (polylactide, PLA); poly(glycolic acid)

(polyglycolide, PGA); poly(e-caplolactone) (PCL); and their copolymers have been

used often as implantable biomaterials (e.g., absorbable sutures, bone fixation

materials, and drug delivery devices) because these aliphatic polyesters can provide

favorable degradation rates, high mechanical properties, low- or nontoxic metabo-

lizable degradation products, and are FDA-approved for clinical use [8–11].

Recently, biodegradable polymers have been used to fabricate macro- and nano-

meter scale self-assembled systems such as microspheres (MSs), nanospheres (NSs),

polymermicelles, nanogels, and polymersomes (Fig. 1). These have attracted growing

interest because of their potential utility for drug delivery systems (DDS), tissue

engineering, and other applications. To construct these self-assembled systems
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it is extremely important to have precise control of intermolecular noncovalent

interactions such as hydrophobic interactions based on their molecular structures. In

fact, most such noncovalent assembly systems are made of amphiphilic copolymers.

Aliphatic polyesters are basically hydrophobic semicrystalline polymers having no

reactive functional groups. Manymethods for adding hydrophilicity and functionality

to the aliphatic polyesters have been carried out by copolymerization with functional

monomers or hybridization with other functional hydrophilic polymers [13–19].

This chapter focuses on biodegradable polymers, mainly aliphatic polyesters, and

reviews the synthesis of amphiphilic biodegradable copolymers containing aliphatic

polyesters as components.Moreover, the application of various types of self-assembled

systems using amphiphilic biodegradable copolymers, such as micro- or nanosized

particles (MSs, NSs, polymer micelles, nanogels, and polymersomes), supramolecular

physically interlocked systems, and stimuli-responsive systems including physically

crosslinked hydrogels for biomedical use such as DDS are also reviewed.

2 Synthesis of Biodegradable Amphiphilic Polyesters

2.1 Homopolymers and Random Copolymers

2.1.1 Aliphatic Polyesters

So far, many studies have focused on the development and application of aliphatic

polyesters such as PLA [1–3], PGA [41, 42], and PCL [43, 44]. Figure 2 shows the

structures of their monomers: lactides (LAs), glycolide (GA), e-caprolactone (CL),
and some typical comonomers.

polymersome
Hydrophoibic layer

Inner water phase

Hydrophilic layer

Graft copolymer 
(hydrophilic main chain)

Nanogel

polymer micelleself-assembly

water

Hydrophilic domain

Hydrophobic domain 
(physical cross linking 
point)

~100nm

~5μm

~100nm

Hydrophilic main chain
Hydrophobic group or chain

self-assembly

water

Hydrophilic shell

Hydrophobic core

AB-type diblock copolymer

Hydrophilic segment
Hydrophobic segment

water

Fig. 1 Typical examples of nanometer-scale polymeric assemblies: polymermicelles, polymersomes,

and nanogels

70 Y. Ohya et al.



PLA is one of the most popular aliphatic polyesters, and is obtained by ring-

opening polymerization (ROP) of LA (the cyclic dimer of lactic acid, 2,6-dimethyl-

1,4-dioxane-2,5-dione) using a catalyst or by direct polycondensation of lactic acid.

The most popular catalyst for ROP of LA is organic Sn, typically Sn(Oct)2. Most

commercially available PLAs are usually prepared from the L,L-isomer of lactide

(LLA) to give poly(L-lactide) (PLLA), because the naturally occurring lactic acid is

the L-isomer produced from glucose by microorganisms. PLLA is a semicrystalline

polymer with relatively high melting temperature (Tm), glass transition temperature

(Tg), and mechanical strength. Because PLLA is FDA-approved, and can be degraded

under physiological conditions to give L-lactic acid, which can be metabolized in the

human body, it has been applied for implantable biomedical materials.

Since PLLA is a degradable polymer having relatively good biocompatibility,

low toxicity and immunogenicity, and excellent mechanical properties, it has been

used in a variety of applications in the pharmaceutical and biomedical fields, and as

a degradable plastic for disposable consumer products. Recently, biodegradable

cellular scaffolds for tissue regeneration using PLLA and other aliphatic polyesters

have also been extensively studied. However, PLLA also has some disadvantages

for biomedical use. It is a brittle and hard polymer with very low elongation to

break and low compatibility with soft tissues. It is a hydrophobic polymer without

reactive functional groups (besides its termini). The degradation of bulk semicrys-

talline PLLA takes a long time, and the control of degradation is not so easy. The

properties of PLLA-based polymers can be modified by copolymerization (random,

block, and graft), hybridization with other polymers, change in molecular architec-

ture (branched, star-shaped, or dendrimers), and functionalization (end group and
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Biodegradable Polymeric Assemblies for Biomedical Materials 71



pendant group) with reactive and hydrophilic groups (hydroxyl, amino,

carboxyl, thiol and so on). The physical properties such as crystallinity, Tm, Tg,
hydrophobicity, and mechanical properties can be affected by such modifications to

give somewhat controllable degradation rates.

PGA was one of the very first degradable polymers ever investigated for bio-

medical use. PGA found favor as a degradable suture, and has been actively used

since 1970 [45–47]. Because PGA is poorly soluble in many common solvents,

limited research has been conducted with PGA-based drug delivery devices.

Instead, most recent research has focused on short-term tissue engineering scaffolds.

PGA is often fabricated into a mesh network and has been used as a scaffold for bone

[48–51], cartilage [52–54], tendon [55, 56], and tooth [57].

PCL is a semicrystalline polyester with great solubility in common organic

solvents, a low Tm (55–60 �C), and low Tg (�54 �C) [58]. Because of PCL’s very

low in vivo degradation rate and high drug permeability, it has found favor as a long-

term implant delivery device. PCL has low tensile strength (< 23 MPa), but very

high elongation at breakage (4,700%), making it a very good elastic biomaterial [59].

PCL and PCL composites have also been used as tissue engineering scaffolds for the

regeneration of bone [60–62], cartilage [63], skin [64], nerve [65], and other tissues.

These representative aliphatic polyesters are often used in copolymerized form

in various combinations, for example, poly(lactide-co-glycolide) (PLGA) [66–68]
and poly(lactide-co-caprolactone) [69–73], to improve degradation rates, mechanical

properties, processability, and solubility by reducing crystallinity. Other monomers

such as 1,4-dioxepan-5-one (DXO) [74–76], 1,4-dioxane-2-one [77], and trimethylene

carbonate (TMC) [28] (Fig. 2) have also been used as comonomers to improve

the hydrophobicity of the aliphatic polyesters as well as their degradability and

mechanical properties.

2.1.2 Polyesters Having Reactive (Hydrophilic) Side-Chain Groups

To design amphiphilic and/or reactive copolymers containing aliphatic polyesters,

one of the most promising approaches is copolymerization with functional

monomers having protected reactive side-chain groups. Some kinds of monomers

having reactive (hydrophilic) side-chain groups have been reported (Fig. 3).

Recently, the synthesis of various types of functional polyesters has been reviewed

[15–19].

Malic acid (MA) has two carboxylic acid groups and one hydroxyl group, and can

bemetabolized by the tricarboxylic acid (TCA) cycle. There are three different types

of poly(malic acid)s (PMAs), poly(a-malic acid) (a-PMA), poly(b-malic acid) (b-
PMA), and poly(a,b-malic acid) (a,b-PMA). a-PMA can be synthesized by ROP of

the protected cyclic dimer malide dibenzyl ester (MDBE), and subsequent

deprotection [78]. Although the molecular weight of the a-PMA homopolymer is

less than 3,800 Da because of its low reactivity, copolymerization of MDBE with

lactide was possible to give a higher molecular weight copolymer having reactive

carboxylic acid side-chain groups [78]. The use of a-PMA as a water-soluble carrier
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polymer for macromolecular prodrugs for anticancer drugs was achieved by attach-

ment of anticancer drugs, 5-fluorouracil (5FU) and doxorubicin (DXR), utilizing the

reactivity of side-chain groups [79, 80]. b-PMA was also synthesized by ROP of

cyclic monomer [81] and its use as a drug carrier was also reported [82]. Kimura

reported the synthesis of poly(malic acid-co-lactide) and poly(malic acid-co-
glycolic acid) by ROP of 1:1 cyclic dimer of malic acid benzyl ester and lactic

acid or glycolic acid (Glc) [83, 84]. They later reported the utility of the copolymer

as a biodegradable scaffold for tissue engineering, exhibiting high cell-adhesive

properties by immobilizing the cell-adhesive peptide arginine–glycine–aspartic acid

(RGD) [85].

Lavasanifar and coworkers reported PCL-like copolymers, poly(a-carboxyl-
e-caprolactone), having reactive carboxylic acid side-chain groups [86, 87]. They

reported the synthesis of block copolymers with poly(ethylene glycol) (PEG) and

the use of the copolymers as micelle-forming reactive polymers for immobilizing

hydrophobic anticancer drugs [88]. Nottelet reported the synthesis of LA-like and

b-propiolactone-like cyclic monomers from glutamic acid (Glu) and aspartic acid

(Asp), respectively, and the block copolymerization of them with LA [89]. Hedrick

et al. reported poly(trimethylene carbonate) (PTMC)-like polymers bearing functional

carboxylate side chains [90–92]. They reported the preparation of PTMC block

copolymers immobilizing sugar units for DDS.

2.1.3 Polydepsipeptides

Copolymers of a-hydroxy acids and a-amino acids are one type of poly(ester-

amide)s and are called polydepsipeptides (PDPs) [17]. Since some of natural

occurring a-amino acids, typically Asp, Glu, lysine (Lys), cysteine (Cys), serine

(Ser), and threonine (Thr), possess reactive (hydrophilic) side-chain groups, PDPs
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copolymerized with polyesters: (a) a-malic acid, (b) b-malic acid, (c) a-carboxyl-e-caprolactone,
(d) carboxy lactic acid, (e) trimethylene carbonate derivative, and (f) depsipeptide
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are highly valuable for providing functional amphiphilic biodegradable polyester-

based materials. In other words, PDPs have both the functionality of polypeptides

and the degradability of polyesters. These polymers contain both ester and amide

groups in the chain, so their biodegradation behavior is different to that of the

homopolymers.

Initially PDPs were synthesized by stepwise polycondensation of linear

activated depsipeptide [93]. In 1985, Helder, Feijen and coworkers reported the

synthesis of PDPs by ROP of a morpholine-2,5-dione derivative (cyclic dimer of

a-hydroxy- and a-amino acid; cyclodepsipeptide, cDP) [94, 95]. The ROP method

gives an alternative type of PDP by homopolymerization and also allows the

copolymerization with other monomers (lactones and cyclic diesters) including

LA, GA, and CL to give a wide variety of functional biodegradable materials.

The synthesis of PDPs as functional biomaterials has been recently reviewed [17].

Several groups have tried to polymerize 3-alkyl-substituted morpholine-

2,5-dione derivatives (3-alkyl substituted cDPs, i.e.,combinations of amino acids

with alkyl side chains with glycolic acid or lactic acid) to synthesize aliphatic

PDPs [96–99]. After these studies, the syntheses of PDPs and poly(DP-co-LA)
s with reactive (hydrophilic) functional groups using amino acids (Asp, Glu, Lys,

Cys, Ser) with protected reactive side-chain groups (–COOH, –NH2, –SH, –OH),

and subsequent deprotection, were reported by some groups including one of the

authors (Fig. 4) [100–107]. Using these methods, aliphatic polyesters having reac-

tive side-chain groups can be produced and utilized in various applications such as

DDS and tissue engineering using the reactivity and hydrophilicity of the side-chain

groups. Langer et al. reported copolymerization of cDP containing Lys as amino

acid to give poly(DP-co-LA) [poly(Lys-LA)], and immobilization of RGD peptide

on the PLA-based materials for a biodegradable cell-adhesive scaffold for tissue
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engineering [103–105]. We evaluated the poly(DP-co-LA)s having carboxylic acid
and amino groups as scaffold for tissue engineering with controllable degradation

rates, various physicochemical properties, and chemical modification abilities

[108–111].

2.2 Block Copolymers

The ROP of cyclic esters, including LA, GA, CL, and cDPs, can be initiated with

alcoholic hydroxyl groups so that biodegradable polyesters having terminal alcoholic

residues can be obtained. Using this principle, block copolymers containing aliphatic

polyester segments can easily be obtained by polymerization of cyclic esters with

polymers having terminal hydroxyl groups as macro-initiators. Amphiphilic block

copolymers can also be synthesized by a coupling reaction of hydrophobic polymers

and hydrophilic polymers with reactive termini. Some amphiphilic block copolymers

were also obtained using polyesters having terminal initiating groups. For example,

alkylbromide can be used as initiating group for atom transfer radical polymerization

(ATRP) to synthesize vinyl-type block copolymers, and primary amino groups can be

used for ROP of amino acid N-carboxy anhydride (NCA) to synthesized

polypeptide-block-polyesters. Aliphatic polyesters are usually hydrophobic and com-

bine with hydrophilic polymers to give amphiphilic block copolymers. Such amphi-

philic block copolymers have been used in biomedical fields as polymeric micelles,

temperature-responsive materials and so on (see Sects. 4 and 8). The preparation and

application of PLA-based amphiphilic block copolymers were reviewed recently [16].

The most popular hydrophilic polymers used in conjugation with aliphatic

polyesters to prepare amphiphilic block copolymers are polyethers, especially

PEG, which can also be called polyoxyethylene or poly(ethylene oxide) (PEO).

PEG is nonionic, nonimmunogenetic, nontoxic and biocompatible, soluble in water

and common organic solvents, and FDA-approved for clinical use. PEG can provide

a prolonged blood circulation and diminished reticuloendothelial system (RES)

uptake [112]. Although PEG is not biodegradable, low molecular weight (below

ca. 30,000 Da) PEG can be excreted mainly from the kidneys. Because of such

favorable properties, PEG has been used in the biomedical field. There are many

reports on the preparation of amphiphilic block copolymers of aliphatic polyesters

and polyethers that include PEG [113–134]. Most of the research on amphiphilic

block copolymers of aliphatic polyesters and polyethers has been carried out using

AB-type diblock copolymers and ABA (hydrophobic–hydrophilic–hydrophobic)-

type or BAB (hydrophilic–hydrophobic–hydrophilic)-type triblock copolymers.

In addition, multiblock copolymers of polyesters and polyethers have also been

synthesized, mainly by polycondensation of the hydrophilic and hydrophobic

segments, and investigated as biomedical materials such as antiadhesive membranes

and temperature-responsive injectable polymers [135–137].
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AB-type diblock copolymers of PDP and polyester can be synthesized by two-

step polymerization using a basically similar strategy to that outlined above. After

first step polymerizaiton to obtain a polymer with terminal hydroxyl group, the

hydroxyl group on the terminal can be used as initiating group for second step

polymerization to give an AB-type diblock copolymer. Ouchi et al. synthesized

amphiphilic AB-type diblock copolymers of PLA and PDP with reactive side-chain

groups [138–140]. They also reported the preparation of polymer micelles using the

PDP-b-PLA [poly(Glc–Lys)-b-PLA] [138, 139].
Several polypeptides possess pendent functional groups, including carboxylic

acid (�COOH), thiol (�SH), and amine (�NH2). These functional groups are

further utilized for bioconjugation and shell-crosslinking of polymer micelles.

A facile method for preparation of polypeptide-b-polyester is ROP of NCAs

using primary amino group-terminated polyester. We reported on the preparation

of AB-type polypeptide-b-PLA containing Asp residues with a reactive carboxylic

acid group using amino-terminated PLA (NH2-PLA) [141] and the subsequent

formation of polymer micelles with a positively charged shell [142, 143].

Polysaccharides are hydrophilic natural polymers that can be degraded enzymati-

cally. Block copolymers containing polysaccharide as a block were reviewed recently

[144]. The synthesis of block copolymers of polysaccharides and aliphatic polyesters

has also been tried. But, many successful results were not reported because the

reactivity of many hydroxyl groups on polysaccharides was an obstacle to the ROP

of cyclic polyester or coupling reactions using terminal-activated polysaccharides.

Li and Zhang reported the synthesis of maltoheptaose-b-PCL copolymers by ROP

[145]. Even though the short oligosaccharide segment made of seven units may

not be considered as a true polymer chain, the chemistry devised by them should

be easily applicable to longer saccharidic chains. Liu and Zhang used the Michael

reaction for coupling a dextran (Dex) with an amino-functionalized terminal and

acrylolyl end-capped PCL [146]. Sun et al. also synthesized Dex-b-PCL by disulfide

bond formation [147].

Some other degradable (i.e., nonvinyl-type) polymers have been reported as

components for amphiphilic block copolymers. For example, Hsiue reported the

synthesis of a block copolymer of poly(2-ethyl oxazoline) and PLA by ROP. They

reported the use of ABA-type triblock copolymers as pH-responsive polymer

micelles [148].

Many kinds of nonbiodegradable vinyl-type hydrophilic polymers were also used

in combination with aliphatic polyesters to prepare amphiphilic block copolymers.

Two typical examples of the vinyl-polymers used are poly(N-isopropylacrylamide)

(PNIPAAm) [149–152] and poly(2-methacryloyloxyethyl phosphorylcholine)

(PMPC) [153]. PNIPAAm is well known as a temperature-responsive polymer and

has been used in biomedicine to provide smart materials. Temperature-responsive

nanoparticles or polymer micelles could be prepared using PNIPAAm-b-PLA block

copolymers [149–152]. PMPC is also a well-known biocompatible polymer that

suppresses protein adsorption and platelet adhesion, and has been used as the

hydrophilic outer shell of polymer micelles consisting of a block copolymer of

PMPC-co-PLA [153]. Many other vinyl-type polymers used for PLA-based amphi-

philic block copolymers were also introduced in a recent review [16].
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2.3 Graft Copolymers and Branched Polymers

2.3.1 Graft Copolymers

Graft copolymers have three different parameters: length of main chain, length of

graft chain, and number of graft chains. So, precise control of properties such as

hydrophilic/hydrophobic balance and crystallinity may be achieved by changing

the molecular structure. Graft copolymers having a aliphatic polyester as either

main chain or graft chain have been reported.

To synthesize graft copolymers having aliphatic polyesters as graft chains, any of

three general methods, “grafting through,” “grafting from” and “grafting to,” can be

used. “Grafting through” can be achieved by copolymerization of a macro-monomer

(an aliphatic polyester having a terminal vinyl group) with other monomers to give

graft copolymers having vinyl-type main chains. “Grafting from” can be applied by

ROP of cyclic esters using polymers having hydroxyl side-chain groups as multifunc-

tional macro-initiators. “Grafting to” is a coupling reaction of aliphatic polyesters

having reactive termini onto main chain polymers having reactive side chains.

Vinyl-type graft copolymers having aliphatic polyester graft chains were com-

monly synthesized by the “grafting through”method using aliphatic polyesters having

terminal acryloyl or mathacryloyl groups. PNIPAAm-g-PLA and PMPC-g-PLA can

be synthesized by this method [154, 155]. Many other examples of such graft

copolymers were introduced in recent reviews [13, 16].

Aliphatic polyester-grafted polysaccharides can be synthesized by both “grafting

from” and “grafting to” methods. We reported preparation of PLA-grafted

polysaccharides, pullulan, amylose, and Dex, by “grafting from” using protected

polysaccharides as macro-initiators (Fig. 5) [156–161]. Polysaccharides are highly

hydrophilic polymers and are not soluble in either common organic solvents or

melted cyclic ester monomers. So, the grafting polymerization must be heteroge-

neous using polysaccharide as a macro-initiator. In addition, since polysaccharides

have too many hydroxyl groups, the control of grafting numbers and sites on the

polysaccharide is very difficult. We employed trimethylsilyl (TMS) as a protecting

group, which can be easily removed after graft polymerization. Most hydroxyl

groups were protected by TMS groups, and the obtained TMS–polysaccharide was

soluble in common organic solvent such as THF. Graft ROP of LA in THF solution

proceeded using alkali metal as a catalyst, and the residual (nonreacted) hydroxyl

groups of the polysaccharides were used as initiating groups. After removal of the

TMS groups under mild conditions, PLA-grafted polysaccharides were obtained.

The obtained amphiphilic PLA-grafted polysaccharides showed interesting

properties such as tenacious mechanical properties, microphase separated

structures, accelerated degradation behavior, and anti-cell-adhesive properties,

depending on the polysaccharide content [156–161]. PLA-grafted polysaccharides

having relatively short graft chains can also be synthesized by coupling using a

“grafting to” method [162–167]. The obtained oligolactide-grafted polysaccharides
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can be utilized as biodegradable nanogels in aqueous solution (see Sect. 6) or as

hydrogel-forming biodegradable materials.

Polyglycidol is a polymer having a PEG-like backbone and hydroxyl side chains.

We also synthesized PLA-grafted polyglycidol (polyglycidol-g-PLA) using a

“grafting from” method without any protecting groups to give highly grafted
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polymer as a kind of branched PLA (Fig. 6a) [168]. The obtained branched PLA

showed modified degradability and physical properties.

Graft copolymers having aliphatic polyester main chains can be synthesized

by “grafting to” methods. For example, PLA-g-PEG having hydrophobic PLA-based

main chain and hydrophilic PEG graft chains could be obtained by a coupling reaction

of poly(DP-co-LA) having carboxylic acid side chains [poly(Glc–Asp)-co-LA] with
one terminal reactive PEG (MeO-PEG-OH) [111]. The obtained amphiphilic graft

copolymers showed temperature-responsive sol–gel transition behavior.

2.3.2 Branched Polymers

Introduction of branched structures is an effective method for modifying the

physical properties of polymers by changing crystallinity, hydrodynamic diameter,

and entanglement of polymer chains. Branched PLA, a graft polymer where both

the main chain and graft chains are PLA (i.e., PLA-g-PLA or comb-type PLA),

could be synthesized by a “grafting from” method using poly(DP-co-LA) having
hydroxyl side chains [poly(Glc–Ser)-co-LA] [107, 169] (Fig. 6b). The obtained

branched PLAs exhibited controllable degradability and physical properties based

on their branched structures. Branched aliphatic polyesters can be synthesized

by polyol compounds such as penta-erythritol [170] as multifunctional initiators

to give star-shaped polyesters. Multiarmed PEG (four-arm, eight-arm) [171–173]

and cyclodextrins (CDs) [174] can also be used as multifunctional initiators to give

star-shaped block copolymers of PEG and PLA and star-shaped PLAs having a CD
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core. Mevalonolactone (ML) is a bifunctional monomer having a cyclic lactone

structure and hydroxyl groups, and can act as both monomer and initiating group.

The author tried to synthesize hyperbranched PLA by copolymerization of ML with

LA (Fig. 6c) [175]. Some branched PLA could be obtained, but the molecular

weights of the polymers were not so high because of low activity of ML.

3 Microspheres and Nanospheres

Micro- or nanosized polymer particles are generally called microspheres (MSs) or

nanospheres (NSs), respectively, and have been used for DDS. The term “nanoparti-

cle” is more general and includes polymermicelles and nanogels, which are described

in Sects. 4–6. Although polymer micelles and nanogels have sufficient surface

hydrated layers for dispersion or solubilizaton in aqueous media, MSs and NSs are

basically spherical particles of hydrophobic polymers without enough hydrated

layers.

MSs and NSs of aliphatic polyesters are generally prepared by emulsion–solvent

evaporation methods. MSs containing lipophilic drugs are prepared by oil in water

(o/w) emulsion methods. The polymer solution containing lipophilic drugs in

organic solvent (which is not miscible with water and has relatively low boiling

point, typically dichloromethane) was poured into a larger amount of water or buffer

solution with vigorous stirring and/or sonication. The obtained emulsion was

evaporated to remove organic solvent. After centrifugation, washing and drying,

the MSs containing drugs would be obtained. MSs containing hydrophilic (water-

soluble) drugs can be prepared by a water in oil in water (w/o/w) double emulsion

method (Fig. 7). A small amount of aqueous solution containing water-soluble drugs

was added to organic solvent containing polymer with vigorous stirring and/or

sonication to give the primary w/o emulsion. The obtained primary emulsion was

Drug aqueous 
solution

Polymer solution
(organic solvent)

Stirring or 
sonication

Primary emulsion

Water or buffer
surfactant Stirring or 

sonication

evaporation Centrifuge
washing

Fig. 7 Preparation of water-soluble drug-loaded microspheres using w/o/w emulsion methods
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then poured into a larger amount of water to give a w/o/w emulsion. After evapora-

tion, centrifugation, washing and drying, the MSs containing hydrophilic drugs in

the internal aqueous phase would be obtained.

Biodegradable aliphatic polyesters MSs have been used for drug delivery

devices that release drug in sustained manner. The most famous product is Lupron

Depot, which consists of 20-mm MSs of PLGA (LA:GA ¼ 75:25) prepared by a

w/o/w emulsion method and releases luteinizing hormone-releasing hormone

(LH-RH) superagonist (leuprorelin acetate) for endocrine diseases, including

prostate cancer [176–179].

We could prepare MSs having reactive surfaces using poly(DP-co-LA)s, i.e.,
poly[(Glc–Lys)-co-LA] and poly[(Glc–Asp)-co-LA], having reactive amino or

carboxylic acid groups [180]. In an o/w emulsion system, the hydrophilic amino

and carboxylic acid groups of the polymers were condensed at the interface of

aqueous and organic phases to give surface functionality to theMSs.We then reported

the introduction of saccharide (galactose) residues on the MSs to give cell-specific

recognition ability using the reactive functional groups on the surfaces [180].

In o/w and w/o/w emulsion methods, amphiphilic molecules or polymers,

typically poly(vinyl alcohol) (PVA), are usually added to the aqueous phase as

emulsion stabilizers (surfactants), to stabilize aqueous and oil phase droplets.

To obtain NSs having smaller (nanometer order) diameters compared with MSs,

the conditions of stirring and sonication, and the addition of surfactants are very

important. Amphiphilic biodegradable polymers can be used as biodegradable

surfactants instead of nonbiodegradable PVA. We reported the use of PDP-

b-PLAs having hydrophilic PDP segments as biodegradable surfactants to obtain

NSs and MSs with functionalized surfaces [181, 182]. Using PDP-b-PLAs having
hydrophilic amino or carboxylic acid groups (i.e., poly(Glc–Lys)-b-PLA and poly

(Glc–Asp)-b-PLA) as biodegradable surfactants, NSs of aliphatic polyester could

be obtained without PVA by an o/w emulsion method [181]. In addition, fine and

uniform distribution of internal aqueous phase containing water-soluble drugs

could be achieved by the addition of the PDP-b-PLAs as biodegradable surfactants
to the w/o/w emulsion. The fine and uniform distribution of aqueous phase

containing bovine serum albumin (BSA) as model protein drug led to sustained

release of the protein from the obtained MSs (Fig. 8) [182]. We also reported the

use of amphiphilic PLA-grafted polysaccharides to prepare MSs containing hydro-

philic drugs. We prepared MSs containing fluorescein isothiocyanate(FITC)-

labeled BSA as a model drug using Dex-g-PLLA, and investigated the distribution

of FITC-BSA in the MSs and its release behavior. The efficient entrapment and

uniform distribution of FITC-BSA in the MSs compared with PLLA could be

achieved [183]. In addition, the application of MSs prepared from block

copolymers of PEG and PLA for a vaccine delivery system has been described in

a short review [184].

The addition of amphiphilic polymer in o/w or w/o/w emulsion systems is also

useful to give surface functionality to MSs and NSs. Liang et al. reported prepara-

tion of NSs from poly(g-glutamic acid)-b-PLA, immobilizing galactose residues on

the surface by an o/w emulsion method, and in vivo specific delivery of aniticancer
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drug (paclitaxel; PTX) to liver [185]. Saeed et al. reported the ATRP of poly

(ethylene glycol) methacrylate (PEGMA) using PLGA having a bromide terminal

to give PLGA-based amphiphilic block copolymer. They then prepared NSs from

the block copolymer and PLGA, immobilizing a folic acid derivative as a homing

device by click chemistry, and reported that the obtained multifunctional NSs

was useful for gene delivery [186]. Liu et al. reported preparation of MSs from

PNIPAAm-b-PLA block copolymer containing BSA as model drug, and showed

that the release rate of BSA from the MSs could be accelerated by temperature

change [187].

4 Polymer Micelles

Polymer micelles are nanometer sized (usually several tens of nanometers)

self-assembled particles having a hydrophobic core and hydrophilic outer shell

composed of amphiphilic AB- or ABA-type block copolymers, and are utilized

as drug delivery vehicles. The first polymer micelle-type drug delivery vehicle

was made of PEG-b-poly(aspartic acid) (PEG-b-PAsp), immobilizing the hydro-

phobic anticancer drug DXR [188–191]. After this achievement by Kataoka et al., a

great amount of research on polymer micelles has been carried out, and there are

several reviews available on the subject [192–194].

As described above, the most common hydrophilic polymer combined with

aliphatic polyesters to prepare polymer micelles is PEG. Although there have been

many reports on the polymer micelles of PEG-b-aliphatic polyesters, only few recent

examples are introduced in this review. Shin et al. reported the therapeutic potential

of PEG-b-PLA micelles entrapping multiple anticancer drugs of poor solubility in

w/o/w emulsion

protein

PDP-b-PLA (10%)

PLGA (90%)

hydrophilic
(ionic) hydrophobic

PGK-b-PLA + PLGA PEG-b-PLA + PLGA PLGA

Fig. 8 Preparation of biodegradable microspheres entrapping proteins using amphiphilic

PDP-b-PLA block copolymers as biodegradable polymeric surfactants, and SEM images of their

cross-sections. Reprinted from [182] with permission
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water [195]. Mikhail and Allen prepared PEG-b-PCL covalently attached to

docetaxel and investigated the morphology of the self-assembled structure. They

reported the release behavior of the drug from the micelles, comparing with block

copolymer micelles physically entrapping docetaxel [196]. Ding et al. synthesized

PEG-b-PLA having protoporphyrin IX residues at its terminal, and investigated the

micelle formation and its application to photodynamic therapy [197]. Hedrick et al.

reported a block copolymer of PEG and PTMC having polar side-chain groups and

investigated the effect of intramicelle hydrogen bonding on the stability of polymer

micelles, their drug loading efficiency, and the cytotoxic activity of the drug-loaded

polymer micelles [198].

Of course, many other hydrophilic polymers have been used as outer shell-forming

segments in polymer micelle systems. This review focuses on polymer micelle

systems using biodegradable polymers for both core-forming and shell-forming

segments. Researches on the polymer micelles formed by combination of aliphatic

polyesters and nonbiodegradable hydrophilic polymers have been reviewed in the

literature [16]. Sun et al. synthesized Dex-b-PCL by disulfide bond formation [146].

They reported the micelle formation of the block copolymer and efficient intracellular

drug release by cleavage of the disulfide bond under the reductive conditions of the

cytosol. Nottelet et al. reported the preparation of fully biodegradable polymer

micelles of block copolymers of carboxylic acid-functionalized PLA and PLA [89].

Wang et al. reported the micelle and vesicle formation of polyphosphate-b-PCL and

their potential utility as cellular delivery vehicles for anticancer drugs [199]. Liu et al.

also reported a polymer micelle system of star-shaped polyphosphate-b-PLA having

disulfide linkages, and its efficient cellular delivery of DXR [200]. Ouchi et al.

reported use of PDP having amino or carboxylic acid groups as hydrophilic segments

for formation of biodegradable micelles [138, 139]. They reported the entrapment and

release behavior of DXR from polymer micelles composed of PDP-b-PLA. We

reported the preparation of negatively charged biodegradable polymeric micelles

consisting of polypeptide-b-PLA (PAsp-b-PLLA) [142, 143].
The advantages of polymer micelles are their small size and core–shell structure,

which protects bioactive agents entrapped in the core by a hydrophilic polymer

shell. Such polymeric micelles can escape rapid renal excretion, and display long

circulation times after administration in the body. However, all physically assem-

bled polymeric micelles have a drawback of easy dissociation in the body fluids

because of instability under extremely diluted conditions below the critical micelle

concentration (CMC). Such a dissociation behavior leads to unfavorably rapid

release of the bioactive agents and interferes with site-specific transport of the

micelles to a target site. We reported the preparation of polyanion-coated

biodegradable polymeric micelles by coating positively charged polymeric

micelles consisting of poly(L-lysine)-block-poly(L-lactide) (PLys-b-PLLA) AB

diblock copolymers with anionic hyaluronic acid (HA) by polyion complex (PIC)

formation. The obtained HA-coated micelles showed significantly higher stability

in aqueous solution (Fig. 9) [201]. The HA-coated micelles showed sustained

release of model drugs and low cytotoxicity. It is known that there are receptors

for HA on liver sinusoidal endothelial cells (LSECs). Specific interactions of
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HA-coated micelles with LSECs and Kupffer cells were investigated. The

HA-coated micelles were taken up only into LSECs. These results suggest the

potential utility of the HA-coated micelles as highly stable drug delivery vehicles

exhibiting specific accumulation into LSECs [202].

5 Polymersomes

Hollow capsules made of polymer-based [203, 204] and/or lipid-based [205]

amphiphiles are of great interest because of their tremendous potential applications

in medicine, pharmacy, and biotechnology. Generally, such capsules have fluid-

filled membranes that consist of their hydrophobic part, separating the core from the

outside medium. Together with micelles, they are the most common and stable

structures of amphiphiles in water. However, unlike micelles, which mostly load

hydrophobic molecules in the hydrophobic core, hollow capsules can encapsulate

hydrophilic molecules such as dyes, proteins, and nucleic acids in the aqueous

interior and also integrate hydrophobic molecules in the hydrophobic membrane.

Indeed, various utilities of hollow capsules as drug- and gene-delivery carriers
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[206–208], artificial cells [209], bioreactors [210, 211], and bioimaging tools

[212, 213] have been reported.

The most versatile method to prepare such hollow capsules is self-assembly

[203–205, 214, 215]. Owing to their amphiphilic nature and molecular geometry,

lipid-based amphiphiles can aggregate into spherical closed bilayer structures in

water: so-called liposomes. It is quite reasonable that the hollow sphere structure of

liposomes makes them suitable as precursors for the preparation of more functional

capsules via modification of the surfaces with polymers and ligand molecules

[205, 216, 217]. Indeed, numerous studies based on liposomes in this context

have been performed [205, 209, 213].

On the other hand, polymer-based amphiphiles, in particular amphiphilic block

copolymers composed of a hydrophobic block and a hydrophilic block with

optimized lengths, can be self-assembled into bilayer structures in aqueous

solution: so-called polymersomes [203]. Preparation of polymersomes was first

reported by Discher and coworkers in 1999 [218]. Polymersome preparation is

similar to that of liposomes, usually using a film hydration technique or simple

direct dissolution technique as described in the literatures [218, 219]. Since the size

of polymersomes is mainly governed by the volume fraction, which is defined as

the relative hydrodynamic volume ratio of hydrophilic block to the total copolymer

chain, polymersomes can be tuned to sizes ranging from nano- to micrometers

by modifying the polymer structures [207, 220]. Compared with liposomes,

polymersomes possess several advantageous properties. The membrane thickness

of polymersomes determines their properties such as elasticity, permeability, and

mechanical stability [218]. Owing to the higher molecular weight of the polymers

as compared to lipids, the membrane of polymersomes is generally thicker and

tougher, and the membrane makes them more stable and less permeable than

conventional liposomes [221]. These characteristics enhance the benefit of

polymersomes, especially in drug and gene delivery systems for in vivo use,

because they result in stable blood circulating properties and a decreased rate of

drug release.

Polymersomes can be prepared from various amphiphilic block copolymers,

for example, poly(ethylene glycol)-b-poly(ethyl ethylene) (PEG-b-PEE) [218],

poly(acrylic acid)-b-polystyrene (PAA-b-PS) [222], poly(ethylene glycol)-b-poly
(2-vinylpyridine) (PEG-b-P2VP) [223], poly(glutamic acid)-b-poly(butadiene)
(PGlu-b-PBD) [224], and poly(ethylene glycol)-b-poly(N-isopropylacrylamide)

(PEG-b-PNIPAAm) [225]. PEG is a common choice as hydrophilic block of

copolymers that self-assemble into polymersomes, because PEG is noted for its

biocompatibility and resistance to both protein adsorption and cellular adhesion,

resulting in a prolonged blood circulation time for such PEG-based polymersomes.

For therapeutic applications, polymersomes preferably should be biodegradable

as well as biocompatible. Biodegradable polymersomes offer several advantageous

properties compared to nonbiodegradable polymersomes, such as facilitation of

the sustained release of encapsulated molecules and improved safeness through

removal of empty vehicles after the release of drugs. Accordingly, biodegradable

polymersomes have been prepared using block copolymers of PEG as hydrophilic
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block and aliphatic polyesters as hydrophobic block. PEG-b-PLA [226, 227] and

PEG-b-PCL (Fig. 10a) [228] were developed by the groups of Feijen and Hammer,

respectively. As described above, the block copolymers can be synthesized by

ROP of cyclic esters in the presence of mono-hydroxyl-terminated PEG as a

macro-initiator. The molecular weight of polyester blocks can be tuned by control

of the feed molar ratio of cyclic esters to PEG in the polymerization process. Thus,

the volume fraction of block copolymers can be tailored to self-assemble into

polymersomes. In addition to regulation of volume fraction of the copolymers,

the size distributions of the polymersomes can be roughly controlled with standard

techniques such as sonication, freeze/thaw extraction, and extraction at above the

Tg of polyester blocks to give monodispersed vesicular structure with diameters

ranging from nano- to micrometers (Fig. 10b,c), which are useful for in vivo

applications [228].

Hammer and coworkers prepared PEG-b-PCL polymersomes entrapping DXR

(Fig. 11a). The release of DXR from the polymersomes was in a sustained manner

over 14 days at 37 �C in PBS via drug permeation through the PCL membrane,

and hydrolytic degradation of the PCL membrane [228]. The release rate of

encapsulated molecules from polymersomes can be tuned by blending with another

type of block copolymer [229]. Indeed, the release rate of encapsulated DXR

from polymersomes prepared from mixtures of PEG-b-PLA with PEG-b-PBD
copolymers increased linearly with the molar ratio of PEG-b-PLA in acidic

media (Fig. 11b). Under acidic conditions, the PLA first underwent hydrolysis

and, hours later, pores formed in the membrane followed by final membrane

Fig. 10 (a) Chemical structure of PEG-b-PCL copolymer. (b) CLSM image of PEG-b-PCL
polymersomes containing membrane-encapsulated Nile Red (2 mol%) and aqueous entrapped

Calcein dyes. Scale bar: 5 mm. (c) Cryo-TEM image of PEG-b-PCL polymersomes. Scale bar:

100 nm. Reprinted from [228] with permission
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disintegration. Cellular uptake studies of the blend polymersomes showed that these

polymersomes were hydrolyzed within the endolysosomal compartments and

released their contents [230]. Furthermore, in vivo studies demonstrated growth

arrest and shrinkage of rapidly growing tumors after intravenous injection of

the polymersomes (Fig. 11c). Combination therapy with DXR- and PTX-loaded

polymersomes triggered apoptosis in the tumors. Apoptosis was enhanced twofold

with polymersome-delivered drug compare with free drug.

In addition to low molecular weight drugs, PEG-b-polyester polymersomes

can encapsulate water-soluble macromolecular drugs, e.g. proteins and nucleic

acids, into the hydrophilic interior space. Indeed, PEG-b-PLA and PEG-b-PCL
polymersomes have been reported as potential oxygen nanocarriers by Palmer

and coworkers [231]. Hemoglobin-loading efficiencies of up to 20% were obtained

for polymersomes prepared from PEG-b-PLA and PEG-b-PCL copolymers with

shorter hydrophobic polyester blocks. Furthermore, oxygen affinity, cooperativity

coefficient, and methemoglobin level of the polymersomes were consistent with

values required for efficient oxygen delivery in the systemic circulation. Discher

and coworkers have demonstrated loading and functional delivery of siRNA with

polymersomes of nonionic PEG-b-PLA copolymers [232]. The biodegradable

polymersomes are taken up passively by cultured cells, after which the vesicles

transform into micelles that allow endolysosomal escape and delivery of siRNA
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polymersomes. Reprinted from [230] with permission
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into cytosol for mRNA knockdown. Polymersome-mediated knockdown appears as

efficient as common cationic-lipid transfection reagents such as Lipofectamine

2000, and about half as effective as Lenti-virus after sustained selection.

Recently, we have also prepared nanosized polymersomes through self-

assembly of star-shaped PEG-b-PLLA block copolymers (eight-arm PEG-b-
PLLA) using a film hydration technique [233]. The polymersomes can encapsulate

FITC-labeled Dex, as model of a water-soluble macromolecular drug, into the

hydrophilic interior space. The eight-arm PEG-b-PLLA polymersomes showed

relatively high stability compared to that of polymersomes of linear PEG-b-PLLA
copolymers with the equal volume fraction. Furthermore, we have developed a

novel type of polymersome of amphiphilic polyrotaxane (PRX) composed of

PLLA-b-PEG-b-PLLA triblock copolymer and a-cyclodextrin (a-CD) [234]. These
polymersomes possess unique structures: the surface is covered by PRX

structures with multiple a-CDs threaded onto the PEG chain. Since the a-CDs are
not covalently bound to the PEG chain, they can slide and rotate along the PEG chain,

which forms the outer shell of the polymersomes [235, 236]. Thus, the polymersomes

could be a novel functional biomedical nanomaterial having a dynamic surface.

Recently, a biomimicking self-assembly approach using polypeptides has

emerged for the preparation of functional polymersomes for in vivo use. The

formation of fully polypeptide-based polymersome was first demonstrated using

poly Ne-2-[2-(2-methoxyethoxy)ethoxy] acetyl-L-lysine-b-poly(L-leucine) amphi-

philic copolymers by Deming and coworkers [237]. For these polymersomes,

the size and structure are dictated primarily by the ordered conformations of

the polymer blocks, in a manner similar to viral capsid assembly. Owing to the

rigid ordered structure of the hydrophobic membrane, the polymersomes showed

great stability and no release of entrapped molecules over a few weeks. Kimura

et al. have also developed fully polypeptide-based but non-naturally-occurring

polymersomes (“peptosomes”) of polysarcosine-b-poly(g-methyl L-glutamate)

synthesized by a NCA polymerization method (Fig. 12a) [238]. The peptosomes

were found to possess stable hydrophobic membrane composed of poly(g-methyl

L-glutamate) chains having a-helical structure. Hence, they utilized the peptosomes

as nanocarriers for in vivo imaging probes. The peptosomes labeled with a near-

infrared fluorescence (NIRF) probe showed a relatively long half-life time in the rat

blood stream, which was comparable to that of PEGylated liposomes. Moreover,

NIRF imaging of a small murine cancer was performed using the peptosome as a

nanocarrier (Fig. 12b, c) [239].

In addition to ordered chain conformations, polypeptides contain the abundant

chemical functionality of amino acids. Deming and coworkers have developed fully

naturally occurring polypeptide-based polymersomes composed of polyarginine

(PArg) and polyleucine (PLeu) as a hydrophilic block and hydrophobic block,

respectively [214]. The polymersomes are quite stable in physiological conditions

and can encapsulate water-soluble molecules. The remarkable feature of this

material is that the PArg block directs self-assembly for the polymersome forma-

tion and simultaneously provides functionality for efficient intracellular delivery to

the polymersomes. This unique synergy between nanoscale self-assembly and
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inherent peptide functionality provides a new approach for design of multifunc-

tional polymersomes for DDS.

On the other hand, Kataoka and coworkers have developed a novel type of

polypeptide-based polymersome composed of PEG-b-PAsp and PEG-b-poly
[(5-aminopentyl)-a,b-aspartamide] with a nonionic PEG block and anionic or

cationic polypeptide blocks [210, 240]. These block copolymers do not rely on

amphiphilicity for self-assembly, but rather simple mixing of a pair of opposite and

equally charged block copolymers results in a stable PIC membrane that forms

polymersomes (“PICsomes”). Since PICsome membranes do not have a hydro-

phobic core, they have an increased permeability to hydrophilic compounds with

molecular weights below 450 Da. Furthermore, PICsomes with crosslinked mem-

brane through covalent bonds showed tuning of permeability, enhanced stability

under physiological conditions, and long blood circulation time in mice [241].

Kimura and coworkers have also developed hybrid-type polymersomes com-

posed of polysarcosine-b-PLA (“lactosomes”) [242–243]. The lactosomes are fully

biodegradable due to the equipped metabolic pathway for sarcosine and lactic acid.

Hence, the lactosome is preferred for in vivo applications rather than for in vitro

studies. Indeed, they have demonstrated a potential utility of lactosomes as a

contrast agent for in vivo liver tumor imaging [243]. Lactosomes labeled with

indocyanine green showed high escape ability from RES, were found to be stable in
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blood circulation, and gradually accumulated specifically at a liver tumor. The high

tumor/liver imaging ratio was due to the enhanced permeability and retention

(EPR) effect [244, 245] of lactosomes.

6 Nanogels

Nanogels are nanometer-sized hydrogel nanoparticles (less than about 100 nm)

with three-dimensional networks of physically crosslinked polymer chains. They

have attracted growing interest over the last decade because of their potential for

applications in biomedical fields, such as DDS and bioimaging [246–249].

Physically crosslinked nanogels can be prepared using noncovalent interactions

between polymer chains, such as hydrogen bonds, van der Waals forces, and electro-

static and hydrophobic interactions. It is generally well known that the preparation of

stable physically crosslinked nanogels with controlled sizes using such associating

polymers is difficult because of their relatively weak noncovalent interactions.

Akiyoshi and coworkers proposed a self-assembling strategy for the preparation of

physically crosslinked nanogels using the controlled association of hydrophobically

modified polymers in dilute aqueous solution [250]. In fact, cholesterol-modified

polysaccharides such as cholesterol–pullulan (CHP) formed stable monodispersive

nanogels with a diameter of about 30 nm in water. This result suggests that the

association of cholesteryl groups provides crosslinking points through hydrophobic

interactions.

Physically crosslinked nanogels have been reported in various combinations

such as cholesterol-bearing poly(amino acids) [251], cholesterol-bearing mannan

[252], deoxycholic acid-bearing chitosan [253], bile acid-bearing Dex [254], syn-

thetic polyelectrolytes with hydrophobic groups [255], and alkyl group-modified

poly(N-isopropylacrylamide)–cholesterol-modified polysaccharide mixtures [256].

Physically crosslinked nanogels have advantages with respect to their biomedical

applications because there is no need to use crosslinkers and/or catalysts, which

may be toxic, and there are no byproducts in the preparation process.

Recently, Akiyoshi and coworker reported that lipase from Pseudomonas
cepacia and the CHP nanogel were spontaneously complexed by simply mixing,

leading to increased enzymatic activity after complexation. The complexation also

led to a substantial increase in the thermal stability of the lipase (Fig. 13). This is a

new type of nano-encapsulation of enzyme inside a hydrogel matrix. This simple

and effective method is useful in enzyme engineering and bioengineering [257].

Akiyoshi et al. also proposed cholesterol group-modified enzymatically synthesized

glycogen (CHESG) nanogels with approximately 35 nm in diameter, which were

formed via a number of hydrophobic domains as physical crosslinking segments

(Fig. 14). It was possible to provide strong complexation with a number of proteins,

and high chaperone-like activity was seen for thermal stabilization of enzymes by

CHESG-CD supramolecular systems. These functions are valuable for protein

delivery systems [258].
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Fig. 13 (a) CHP nanogel and (b) the interaction between CHP nanogel and lipase. Reprinted from

[257] with permission

Fig. 14 (a) ESG, (b) chemical structure of ESG, and (c) CHESG association and CD complexa-

tion. Reprinted from [258] with permission
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Wei et al. prepared heparin–polyethyleneimine (HPEI) nanogel, which was

designed for pVSVMP (plasmid expressing vesicular stomatitis virus matrix protein)

delivery to treat C-26 colon carcinoma in vitro and in vivo (Fig. 15). The HPEI

nanogel is a novel nonviral gene vector, and able to efficiently transfect pVSVMP

into C-26 colon carcinoma cells in vitro, inhibiting cell proliferation through apopto-

sis induction. Application of pVSVMP/HPEI complexes can efficiently inhibit the

growth of colon carcinoma in vivo. A new and interesting genetic cancer therapy

protocol for treatment of colon cancer using the HPEI nanogel was proposed [259].

Na et al. reported a HA-bearing photosensitizer moiety as a new type of photody-

namic therapy agent [260]. After incubation of the HA/photosensitizer conjugate

nanogels with cells, the degradation of the HA by enzymes in endosomes and

lysosomes was monitored as a dissipation of the autoquenching behavior (Fig. 16).

The nanogels also exhibited HA-induced tumor-homing properties, resulting in a

rapid internalization rate. Moreover, the nanogels indicated high cytotoxicity against

cancer cells under light emission, which was comparable with the free photosensi-

tizer, but very low cytotoxicity without light.

We have reported biodegradable polysaccharide-g-PLA nanogels. PLA was

chosen as physically crosslinking segments based on its hydrophobicity and biode-

gradability. Relatively short PLLA (oligolactide, OLLA) chains were introduced to

pullulan or Dex by a coupling reaction [162–164]. We prepared protein-loaded

Dex-g-OLLA nanogels using lysozyme as model protein and found that the
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lysozyme-loaded nanogels showed a sustained release of lysozyme for 1 week

without denaturation in PBS at 37 �C (Fig. 17) [164].

Usual PLAs have two enatiomeric forms, PLLA and poly(D-lactide) (PDLA),

which are synthesized from LLA and the D,D-isomer of lactide (DLA), respectively.

It is well known that 1:1 mixture of PLLA and PDLA can form a stable stereocomplex

(SC), which has a higher Tm and higher mechanical strength than either of homo-

polymers [261]. We reported on the utility of SC formation to enhance the stability of

nanogels. Monodisperse SC nanogels were obtained through the self-assembly of an

equimolar mixture of Dex-g-OLLA and Dex-g-ODLA in a dilute aqueous solution.
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The SC nanogels had 70 nm mean diameter with narrow size distribution, signifi-

cantly lower critical aggregation concentration (CAC), and stronger thermodynamic

stability compared with those of the corresponding L- or D-isomer nanogels [163].

As described above, PEG has been frequently used in biomedical applications.

However, PEG is not biodegradable. Low molecular weight PEG (below

ca. 30,000 Da) can be excreted from kidneys, but such excretion is difficult for higher

molecular weight PEG. Therefore, it is valuable to provide biodegradable polymers

having PEG-like high biocompatibility, as well as biodegradability. Moreover,

PEG possesses reactive functional groups only at its termini, which results in a

lack of functionality in the main chain. PEG-based nanogels prepared by physical

crosslinking have not been reported. We reported the synthesis of PEG-like biode-

gradable polymers by polycondensation of dihydroxy bifunctional low molecular

weight PEG and an amino-protected Asp derivative, poly(Asp-alt-PEG). Poly(Asp-
alt-PEG)–capryl conjugates were synthesized as novel hydrophobically modified

biodegradable PEG copolymers. The poly(Asp-alt-PEG)–capryl conjugates formed

nanogels of approximately 15 nm in size by self-assembly at 20 �C in aqueous media,

and the nanogel solutions displayed temperature-responsive phase transition. The

reversible transition of the nanogel solution was tunable in the range 19–55 �C
by changing the introduced amounts of capryl units and the solution concentrations.

The nanogels gradually degraded within days in PBS at 37 �C [262].

7 Supramolecular Biodegradable Systems

Supermolecular interlocked macromolecules have been paid much attention as

candidates of smart materials. Polyrotaxane (PRX) is a typical example. PEG/

cyclodextrin (CD)-based polyrotaxane was firstly reported by Harada and

coworkers by attachment of stoppers to pseudopolyrotaxane (pPRX) consisting of

a PEG and CDs [263]. Subsequently, many CD-based PRXs have been designed

and prepared as smart materials such as biomaterials, light-harvesting antennae,

insulating polymers, stimuli-responsive molecular shuttles etc. [264–268].
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Fig. 17 Protein loaded Dex-g-PLLA nanogel. Reprinted from [164] with permission
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In particular, a lot of research on PRX-based materials as biodegradable systems is

being strenuously carried out. In PRX systems, there are two strategies for building

supramolecular biodegradable systems: (1) using biodegradable bonds between

stoppers and the ends of the main chain in the pPRX, and (2) using a biodegradable

polymer as main chain.

The first strategy is the method most frequently used for preparation of biode-

gradable PRX materials. In the past, three types of degradation were reported for

end-capping groups of PRXs for specific degradation at the target: (a) enzymatic

cleavage, (b) hydrolytic cleavage (basic or acidic condition), and (c) cleavage under

reductive conditions (Fig. 18).
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Enzymatic degradation systems have been prepared by Yui and coworkers by

end-capping pPRXs with several different bulky peptides as stoppers. In the early

stages of research, PEG/CD-based PRXs were end-capped with L-Phe to give PRX

exhibiting enzymatic degradability by papain [269]. Later, two kinds of enzy-

matically degradable tripeptides were employed as end-capping groups to enhance

specific degradability of the PRXs. The PRXs end-capped with Tyr–Gly–Gly or

Phe–Gly–Gly tripeptide with controlled threading percentages of a-CD were

prepared by varying the reaction conditions. In some cases, the PRXs were

converted to be water-soluble by modification of the threaded CDs with

hydroxypropyl groups [270, 271]. These tripeptide end-capped PRXs showed

significantly improved enzymatic degradation by aminopeptidase M compared

with linear polymers having the same tripeptides. These results suggested that a

more straight and rigid supramolecular structure improved the accessibility of

enzyme to the terminal peptides.

Hydrolyzable PRXs were firstly reported by Yui and coworkers by introduction

of ester linkages between the end groups of pPRX and stoppers. In this system, the

relationship of hydrolysis rate of the end-capping groups and degree of acetylation

of CDs was investigated. The degradation period could be prolonged from 80

to 1,000 h, when the degree of acetylation of CDs was ~30% [272, 273]. The

polyrotaxane was used for regeneration of bone and cartilage by molding in porous

hydrogel forms [267, 274]. Thompson and coworkers also synthesized PRXs

end-capped with esters and examined the degradation kinetics [275]. There were

two types of PRXs designed for acid-triggered cleavages. Water-soluble PRXs

end-capped with hydrazone bond were synthesized by introduction of carboxyl

groups of the CDs using succinic anhydride, and exhibited degradation in acidic

solution [276]. Vinyl ethers are well-known acid-cleavable linkages that have been

applied to DDS. PRXs end-capped with vinyl ether linkages were found to be stable

under neutral pH, but degraded within about 45 min under acidic pH (4.0) [275].

Usually there are many kinds of thiol (–SH) compounds in cells, and intracellu-

lar (cytosol) conditions are reductive. PRXs that are cleavable under the reductive

conditions of the cytosol were also prepared by introduction of disulfide bonds

to the end-capping groups. Yui et al. reported the application of PRXs cleavable

under reductive conditions for gene delivery systems [277]. Dimethylaminoethyl

(DMAE)-modified PRX having disulfide end-capping groups formed a polyplex

of 178–189 nm diameter with DNA. The polyplexes were completely dissociated

upon the addition of polyanionic dextran sulfate in the presence of 10 mM

dithiothreitol (DTT). Transfection experiments using PRX/rhodamine-labeled

DNA polyplex were carried out. Effective escape of the DNA from the endo-

some/lysosme compartments and significant expression was confirmed.

Research on the second strategy has been reported for several types of PRX

materials. Most studies concern pPRXs formation between a-CD and polyesters

(Table 1) [278–290]. A pPRX of a-CD/PLLA was firstly demonstrated by Tonelli

and coworkers [282]. Subsequently, we reported the pPRX formation of a-CDs and
PLLA-b-PEG-b-PLLA triblock copolymer [288]. In this report, the formation of an

inclusion complex and the stoichiometry of the amphiphilic biodegradable triblock
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Table 1 Complex formation between cyclodextrins and polyesters

Polymer structure CDs Reference

O CH2 O C
O

CH2 C
O

42

Poly(ethylene adipate) (PEA)

a-CD, g-CD [278]

O CH2 O C
O

CH2 C
O

44

Poly(trimethylene adipate) (PTA)

a-CD [279]

O CH2 O C
O

CH2 C
O

44
C

Poly(1,4-butylene adipate) (PBA)

a-CD [280]

O CH2 C

O

5

Poly(e-caprolactone) [P(e-CL)]

a-CD, g-CD [281]

O
O

Poly(L-lactide) (PLLA)

a-CD [282]

O

O

Atactic poly[(R, S)-3-hydroxy butyrate] (a-PHB)

a-CD [283]

O

O

Poly[(R)-3-hydroxybutyrate] (i-PHB)

a-CD [284]

P(e-CL)–PEO–P(e-CL) a-CD, g-CD [285]

P(e-CL)–b–PLLA a-CD [286]

P(e-CL)–PPG–P(e-CL) a-CD, g-CD [287]

PLLA–PEG–PLLA a-CD [288]

PEG–PCL–PEI a-CD [289]

PHB–PEG–PHB a-CD [290]
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copolymers with a-CDs were investigated by X-ray diffraction and solid-state
13C CP/MAS (cross-polarization/magic angle spinning) NMR spectroscopic

methods. The results suggested a channel-type crystalline structure with CDs due

to the long chain nature of the triblock copolymers. We confirmed enantiospecific

recognition of chiral PLLA by a-CD as a low molecular weight chiral host on

pPRX formation [291]. PLLA could effectively form pPRX with a-CD, but PDLA
did not.

We further synthesized biodegradable PRX composed of PLLA and a-CD
(LA-PRX) by capping reaction of an amino group introduced at the termini of

main chain PLLA [292]. The end-capping groups were attached through enzymati-

cally degradable peptide linkages. Then, we investigated the enzymatic degradation

behavior of the LA-PRX synthesized by each of the two strategies (using biode-

gradable links between main chain and end-capping groups or using biodegradable

main chain). The PLLA chain in the obtained LA-PRX showed slower degradation

behavior in the absence of papain, but rapidly degraded in the presence of papain

compared with naked PLLA. These results mean that CDs can act as hydrolysis

inhibitors in PRX form. However, cleavage of end-capping groups by papain and

subsequent release of CDs led to rapid degradation of PLLA main chain (Fig. 19).

Therefore, the LA-PRX system is expected to be applied to the development of

biodegradable medical devices exhibiting specific stimuli-responsive degradation,

drug release, or time-controlled excretion.

Zhuo and coworkers recently reported supramolecular hydrogels based on PRX

[293]. They encapsulated several kinds of cells in the hydrogel. The in vitro

cytotoxicity and histological studies demonstrated good biocompatibility and

suggested that the hydrogels were good candidates for injectable scaffolds for

tissue engineering and drug delivery devices.

Fig. 19 Structure of LA-PRX (above) and degradation of LA-PRX (below). (a) Threaded a-CDs
prevent hydrolysis of PLLA in LA-PRX. (b) LA-PRX converts into LA-pPRX by peptide linkage

cleavage at bulky end-capping groups through action of papain. (c) Ester bond hydrolysis in the

PLLA chain begins by an exposure of PLLA to water by release of a-CDs from LA-pPRX.

Reprinted from [292] with permission
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8 Biodegradable Stimuli-Responsive Systems

8.1 Biodegradable Temperature Responsive Systems

Stimuli-responsive polymers, especially temperature-responsive polymers, have

attracted a great deal of attention in the last two decades as biomedical materials

for drug delivery, separation of bioactive molecules, and tissue engineering

[294, 295]. PNIPAAm is one of the most typical temperature-responsive polymers.

PNIPAAm exhibits a rapid and reversible hydration–dehydration in response to

small changes in the solution temperature around its lower critical solution

temperature (LCST) of 32 �C [296]. PNIPAAm has been studied for development

of smart materials such as stimuli-responsive particles, surfaces, and hydrogels

[297–300]. However, PNIPAAm and its copolymers are nonbiodegradable,

presenting an obstacle to their application as implantable biomaterials. Hence,

several types of temperature-responsive biodegradable polymers have been

recently developed [40, 301–304].

Some amino acid-based polymers possess unique properties and functions based

on the polar side chains and amide bonds, which can form hydrogen bonds.

Tachibana and coworkers have synthesized poly(amino acid)-based temperature-

responsive polymers, poly(N-substituted a/b-asparagine), through coupling reac-

tion of poly(succinimide) with a mixture of 5-aminopentanol and 6-aminohexanol

[301]. The polymer showed LCST-type temperature responsiveness, and the LCST

could be tuned in the range from 23 to 44 �C by varying the mixing ratio of

5-aminopentanol and 6-aminohexanol in the coupling reaction. Shimokuri and

coworkers have also synthesized poly(g-glutamic acid) derivatives having propyl

amide groups as side chains, i.e., poly(a-propyl g-glutamate) [302]. The polymer

also showed LCST-type phase transition, and the LCST of the polymer was at

around 30 �C. Moreover, chemical crosslinking of poly(a-propyl g-glutamate) with

hexamethylene diisocyanate (HMDI) produced biodegradable hydrogels having a

temperature-responsive shrinking property [303].

As described above, we have synthesized PDP, alternating copolymers of an

a-aspartic acid and a glycolic acid [poly(Glc–Asp)], having pendant carboxylic

groups [100]. Generally, the temperature-dependent soluble–insoluble transition

property of a polymer depends strongly on the hydrophobic/hydrophilic balance of

the polymer. We have synthesized poly(Glc–Asp) substituted with moderately

hydrophobic groups (isopropyl amide groups like NIPAAm). The resulting

poly[Glc–Asn(N-isopropyl)] showed LCST-type temperature-responsive phase

transition in water at 29 �C, as shown in Fig. 20 [304]. Degradation of poly

[Glc–Asn(N-isopropyl)] to the monomer level occurred via cleavage of the ester

bonds in the main chain, and the resulting degradation products were found to be

nontoxic for cultured cells. Poly[Glc–Asn(N-isopropyl)] and related polymers

exhibiting LCST between room temperature and body temperature, no toxicity,

hydrolytic degradation, and chemical reactivity are expected to be applied in

biomedical field.
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Iwasaki andcoworkers have synthesized temperature-responsive polyphosphoesters

by ROP of two cyclic phosphoester monomers, ethyl ethylene phosphate (EP) and

isopropyl ethylene phosphate (IPP) [40]. The obtained copolymers, poly(IPP-co-EP)s,
showed reversible LCST-type temperature-responsiveness and the LCST linearly

increased with an increase in the composition of IPP, indicating that the LCST of poly

(IPP-co-EP)s can be controlled to physiological temperatures. Polyphosphoesters

have been known to be degraded through enzymatic digestion of phosphate linkages

under physiological conditions [305]. Thus, these properties indicate that poly(IPP-

co-EP)s have potential as biodegradable smart biomedical materials.

8.2 Biodegradable Injectable Polymers

The temperature-responsive biodegradable polymers mentioned above are

homopolymers or random copolymers exhibiting LCST-type phase transitions.

Other types of temperature-responsive biodegradable polymers having amphiphilic

block- or graft-type structures have been also reported [111, 127, 137, 306–321].

Some of these are reported to show temperature-responsive sol–gel type transitions,

not soluble–insoluble-type transitions, and are called thermo-gelling polymers.

They form a physically crosslinked hydrogel through noncovalent interactions,

such as hydrophobic interactions, in aqueous solution triggered by a temperature

change. Biodegradable thermo-gelling polymers with a sol–gel transition point

between room temperature and body temperature are useful for injectable polymer

(IP) systems in biomedical applications [127] because the polymer solution is in a

sol state in a syringe at room temperature but then becomes a hydrogel in situ after

injection into the body. Furthermore, they can be degraded into metabolizable

monomers and/or low molecular weight water-soluble polymers, which can be

excreted through the kidney.

IPs are very useful for DDS because IP systems allow easy entrapment of

pharmaceuticals and bioactive agents and can be used as a depot for their sustained

release after a simple injection with a syringe at the target site in a human

body. Such a system can minimize the requirement for surgical operations for

a b

Fig. 20 (a) Chemical structures of poly[Glc–Asn(N-isopropyl)]. (b) Photographs showing

temperature-responsiveness of poly[Glc–Asn(N-isopropyl)] 5% aqueous solution at below

(upper) and above (lower) the LCST. [304]

100 Y. Ohya et al.



implantation of drug delivery depots, which should result in a better quality of life

for patients, compared with the current regime of repeated administration. IP

systems also should be useful for tissue engineering, whereby a polymer solution

containing living cells and/or growth factors in suspension can be injected at room

temperature at a target site to form a biodegradable hydrogel scaffold for cell

growth and tissue repair. Biodegradable IP systems have also been reviewed

recently [306, 307].

In 1997, Kim and coworkers first developed biodegradable IP systems using a

triblock copolymer of PEG and PLLA, PEG-b-PLLA-b-PEG, and demonstrated

sustained release of drugs from the hydrogel [127]. After this achievement, many

kinds of biodegradable amphiphilic block copolymers (including multiblock

copolymers) exhibiting temperature-responsive sol–gel transition have been

reported [137, 308–318]. In this review, only several recent results are introduced.

Lee and coworkers have demonstrated bone regeneration using P(CL-LA)-b-
PEG-b-P(CL-LA) hydrogels [310]. An aqueous solution of the P(CL-LA)-b-PEG-
b-P(CL-LA) containing human mesenchymal stem cells and recombinant human

bone morphogenetic protein-2 was injected into the backs of mice. After 7 weeks,

mineralized tissue with high levels of alkaline phosphatase activity was found.

Mitra and coworkers have developed a composite system DDS consisting of

biodegradable MSs and IPs [311]. Ganciclovir-loaded PLGA MSs were dispersed

in a PLGA-b-PEG-b-PLGA solution. The resulting composite hydrogel showed a

slower drug release rate compared with that from PLGA MSs alone. Huang et al.

reported sustained release of plasmid DNA from a PEG-b-PLGA-b-PEG hydrogel

[312]. After a PEG-b-PLGA-b-PEG solution containing luciferase gene was

applied to the skin of mice, the expression of luciferase was increased and reached

a maximum at 24 h.

As mentioned above, PLLA and PDLA can form stable SC crystals [261]. The SC

formation can be used as a driving force for gel formation and to stabilize the hydrogel.

Kimura et al. reported temperature-responsive formation of a hydrogel from an

enantiomeric mixture of the ABA-type triblock copolymers, PLLA–b-PEG–b-
PLLA and PDLA–b-PEG–b-PDLA [313]. An equivalent volume of the aqueous

solution of PLLA–b-PEG–b-PLLA and PDLA–b-PEG–b-PDLA were mixed

and heated to induce a spontaneous gelation. Each individual solution of PLLA–b-
PEG–b-PLLA or PDLA–b-PEG–b-PDLA did not show such temperature-responsive

gelation. These results suggested that an increase in temperature triggered perturba-

tion of the polymermicelle through dehydration of PEG (which formed the shell layer

of the micelle) and led to intermicelle aggregation by SC formation of PLLA and

PDLA segments. They also reported reverse-type temperature-responsive gelation

phenomenon using the BAB-type triblock copolymers PEG–b-PLLA–b-PEG and

PEG–b-PDLA–b-PEG [314].

Jeong and coworkers have reported peptide-based thermo-gelling systems using

PEG-b-polyAla as an injectable cellular scaffold [315]. The polymer aqueous

solution undergoes sol–gel transition as temperature increases. The fraction of the

b-sheet structure of the polyAla dictated the population and thickness of fibrous

nanostructure in the hydrogel, which affected the proliferation and protein
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expression of the encapsulated chondrocytes. We also reported that a block copol-

ymer system of PDP and PEG exhibited temperature-responsive sol–gel transition.

One of the merits of PDPs for design of temperature-responsive polymers compared

with simple aliphatic polyesters is that the hydrophobicity can be controlled by

choosing the amino acids [316]. Song and coworkers have shown a potential utility

of polyphosphazene-based IP hydrogel system as a vehicle for cell delivery in cell-

based therapy. They prepared a hydrogel entrapping pancreatic islets using temper-

ature-responsive polyphosphazene. Rat islets in the hydrogel showed higher cell

viability and insulin production over 28 days as compared to those for free rat islets

[317]. In a subsequent study, polyphosphazene hydrogels were used to encapsulate

hepatocytes as spheroids or single cells. The spheroid hepatocytes maintained a

higher cell viability and produced albumin and urea over 28 days [318].

Some graft-type biodegradable copolymers were reported as thermo-gelling

systems.We synthesized amphiphilic PLA-g-PEG by a coupling reaction of random

copolymer of LA and DP having carboxylic acid side chains [poly(Glc–Asp)-

co-LA] [111]. The obtained amphiphilic graft copolymers showed temperature-

responsive sol–gel transition behavior and higher mechanical strength compared

with usual linear block copolymer systems. Jeong and coworkers have demonstrated

sustained release of insulin from a hydrogel of a PLGA-g-PEG/PEG-g-PLGA
mixture [319]. After a single injection of insulin-containing PLGA-g-PEG aqueous

solution, blood glucose levels could be adjusted for 5–16 days in diabetic rats. They

also reported that chondrocyte-loaded PLGA-g-PEG hydrogels were useful to repair

an articular cartilage defect [319]. The cartilage defect was completely repaired

by PLGA-g-PEG hydrogel. The superior efficacy for cartilage defect repair was

attributed to the favorable degradation profile of PLGA-g-PEG.
Usual linear triblock copolymer thermo-gelling systems have problems of low

mechanical strength in the gel state. The storage moduli of linear IP systems in the gel

state are usually less than 100 Pa. Multiblock copolymers and graft copolymers have

somewhat improved mechanical strength. Recently, we have developed an IP system

based on star-shaped branched block copolymers to improvemechanical strength. The

branched structure should lead to efficient physical crosslinking during the gel forma-

tion.We synthesized eight-arm PEG-b-PLLA having a star-shaped branched structure

using octa-functional PEG (eight-arm PEG) asmacro-initiator [171–173], then hydro-

phobic cholesterol groups were attached to some of the ends of the star-shaped block

copolymer to give eight-arm PEG-b-PLLA–cholesterol [320]. An aqueous solution of
eight-arm PEG-b-PLLA–cholesterol (above 3 wt% in polymer concentration)

exhibited temperature-responsive instantaneous gelation at 36 �C upon heating

(Fig. 21), but the virgin eight-arm PEG-b-PLLA did not gel at any concentrations.

The eight-arm PEG-b-PLLA–cholesterol showed significantly higher mechanical

strength (storage modulus 5,000 Pa) compared with previous biodegradable thermo-

gelling polymers. We then investigated the potential of the IP system as an injectable

scaffold for tissue engineering. L929 cells encapsulated into the hydrogel were viable

and proliferated three-dimensionally in the hydrogel, suggesting that the extracellular

matrix (ECM)-like network structure of the hydrogel guided L929 cells into three-

dimensional proliferation. The 10 wt% hydrogel eroded gradually in PBS at 37 �C
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over a month, after which time the gel was completely dissociated. These results

indicate that the eight-arm PEG-b-PLLA–cholesterol can be a candidate as an

injectable cellular scaffold for tissue regeneration.

To obtain biodegradable thermo-gelling system exhibiting even higher mechan-

ical strength, we introduced SC in a hydrogel formation process. As mentioned

above, Kimura et al. already reported a thermo-gelling system using SC formation

on the linear triblock copolymer systems [313, 314]. We synthesized star-shaped

triblock copolymers consisting of eight-arm PEG and PLLA or PDLA, i.e., eight-arm

b c

a

Fig. 21 (a) Chemical structure of eight-arm PEG-b-PLLA–cholesterol. (b) Phase diagram of

eight-arm PEG-b-PLLA–choesterol aqueous solution. The photographs indicate the sol (flow) and
gel (no-flow) states of 10 wt% polymer aqueous solution. (c) Eight-arm PEG-b-PLLA–cholesterol
hydrogel in tissue culture medium containing live L929 cells. Reprinted from [320] with

permission
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PEG-b-PLLA-b-PEG or eight-arm PEG-b-PDLA-b-PEG [321]. An aqueous solu-

tion of a 1:1 mixture of these copolymers was in sol state at room temperature, but

instantaneously formed a hydrogel in response to increasing temperature. The

resulting hydrogel exhibited a significantly higher storage modulus (ca. 10 kPa) at

37 �C, twice that of the eight-arm PEG-b-PLLA–cholesterol system. Interestingly,

once formed at the transition temperature, the hydrogel was stable even after cooling

below the transition temperature. The hydrogel formation process was irreversible

because of the formation of stable SC. In aqueous solution, gradual hydrolytic

degradation was observed [321]. The rapid temperature-triggered irreversible

hydrogel formation, high-mechanical strength, and degradation behavior render

this polymer mixture system suitable for use in injectable biomedical materials

such as a drug delivery depot or a biodegradable scaffold for tissue engineering.

8.3 Biodegradable Shape-Memory Polymers

Shape-memory polymers (SMPs) are a class of smart materials with the ability to

change shape on demand in response to an environmental stimuli [322–325]. So far,

the most commonly investigated SMPs are temperature-induced SMPs, whose

shape-recovery behavior is triggered by thermal stimuli. Such SMPs have one

shape at certain temperature and are converted to another shape at a different tem-

perature (Fig. 22). Temperature-responsive SMPs usually require the combination

Fig. 22 (a–f) Time series

photographs showing

recovery of shape-memory

tube from start to finish of the

process; total time 10 s, at

50 �C. The tube was made of

PCL-dimethacrylate polymer

network that had been

programmed to form a flat

helix. Reprinted from [323]

with permission
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of a suitable polymer network structure composed of at least two separated phases:

a crosslinking phase that determines the permanent shape, and a thermally revers-

ible phase that fixes the temporary shape below the switching temperature (Ttrans).
Based on the temperature-induced shape-memory effects, such SMPs are expected

to be a technological platform for development of multifunctional smart materials.

SMPs with Ttrans ranging between room temperature and body temperature are of

special interest for biomedical applications. In addition to the appropriate Ttrans,
biodegradability is often required for SMPs designed as implantable materials to be

used in the body. PCL and PLA have frequently been used for biodegradable SMPs

as a components of thermally reversible phases, because the Tm of PCL is in the

range of 46–64 �C depending on the molecular weight, and the Tg of PLA is in the

range of 35–60 �C depending on the molecular weight and chirality [326–330].

Although the Tm and Tg of PCL and PLA phases might be high as Ttrans for SMPs, it

is possible to reduce these temperatures by copolymerization with other biodegrad-

able polymers [328] or by introduction of branched architectures [168, 329].

One example of the application of SMPs is as an implant material for minimally

invasive surgery. Current approaches for implanting biomedical materials often

require complex surgery followed by material implantation. However, with the

recent development of minimally invasive surgery and biodegradable SMPs, it is

possible to place functional bulk materials inside of the body using a laparoscope.

Bulk materials composed of biodegradable SMPs can be placed at the desired sites

in the body in a compressed (temporary) shape through a small incision, and then

they recover their application (permanent) shape when the temperature reaches

above the Ttrans. These types of surgical techniques may enable a bulky material to

be implanted into the body in a convenient and minimally invasive way, producing

innovative medical procedures.

Lendlein and coworkers have presented the first proposal of biodegradable

SMPs for applications in biomedical materials [324]. SMPs based on PCL

dimethacrylates and n-butyl acrylates induced angiogenesis and strong tissue inte-

gration in male mice 1 week after subcutaneous implantation [326]. Moreover, the

SMPs proved their capability for autoinduced regeneration of a radical stomach

wall defect in rats [327]. No gas leakage after gas insufflations could be detected,

and fast and unfavorable degradation of the polymer did not occur. A tight connec-

tion between the SMP materials and the adjacent stomach was found, resulting in

adequate mechanical stability under the extreme pathophysical conditions of the

stomach milieu. In addition, the hydrolytic degradation rate of the SMP in PBS at

37 �C could be controlled by varying the monomer content in the copolymer [328].

Neuss and coworkers have reported the possibility of SMPs using PCL

dimethacrylate copolymers as cellular scaffold for tissue engineering. Behaviors

of different cells from three different species (human mesenchymal stem cells,

human mesothelial cells, and rat mesothelial cells) on the matrices were investigated,

and the differentiation capacity of mesenchymal stem cells on the matrices was

also analyzed [329]. The SMPs proved biocompatibility for all tested cell types,

supporting viability and proliferation. The SMPs also supported the osteogenic and

adipogenic differentiation of human mesenchymal stem cells 3 weeks after induction.
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We reported the possibility of biodegradable SMPs as DDS devices [330].

We prepared crosslinked branched oligocaprolactone (XbOCL) exhibiting remark-

ably rapid temperature-responsive shape recovery within a small temperature change:

90% of the permanent shape was recovered upon heating to within a 2 �C range

(37–39 �C). The SMPs exhibited complete shape recovery from a temporary shape

to the permanent shape within 10 s at 42 �C. We then chose theophylline as a

model drug and prepared theophylline-loaded (10 and 20 wt%) SMPs (Fig. 23).

The theophylline-loaded SMPs showed high shape-memory effect, as did the

SMP without drug. A sustained release of the theophylline from the matrices was

achieved over 1 month without an initial burst-release in PBS at 37 �C. A new type of

smart biomedical material could be demonstrated by combining shape-memory

effect with controlled drug release in a biodegradable SMP system.

9 Conclusion

In this chapter, the synthesis, preparation, and application of biodegradable polymeric

self-assembly systems, includingMSs,NSs, polymermicelles, nanogels, polymersomes,

supramolecular (interlocked) systems, and stimuli-responsive systems, have been

reviewed. There is no doubt that these polymeric assembly systems should play very

important roles in the next generation of nanomedicine. Although they exist in a

wide range of sizes from nano- to macroscales, it is extremely important to control

the intermolecular interactions for design of their assembled structures and final

functions. Biological systems use weak intermolecular interaction to maintain life.

So, more precise control of intermolecular interactions should lead to higher levels

of function, for example, by mimicking biological systems. Fine synthetic and

assembly methods for polymers should be the powerful and promising tools for

achieving precise design of polymers and their associated states. Although

ba

Fig. 23 (a) SEM image of cross-section of 10 wt% theophylline-loading XbOCL-10 film.

(b) Release profile of theophylline from (filled circles) XbOCL-10 and (open circles) XbOCL-
20 films in PBS at 37 �C. Reprinted from [328] with permission
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controlled radical polymerization gave a new chemistry for designing polymers

consisting of C–C bonds, the usual biodegradable polymers cannot be synthesized in

such a controlled manner. New synthetic strategies are needed to overcome the

obstacles to design of biomedical materials with higher functions.
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PEGylation Technology in Nanomedicine

Yutaka Ikeda and Yukio Nagasaki

Abstract PEGylation refers to the covalent attachment of polyethylene glycol to

proteins to reduce immunogenicity and extend their time in blood circulation.

PEGylation is recognized as a promising method for increasing the therapeutic

efficacy of medicines in clinical settings. The main advantages of PEGylation are

(1) an increase in the size of drug molecule, resulting in reduced filtration by

kidneys, (2) an increase in solubility, and (3) protection from enzymatic digestion

and recognition by antibodies. A variety of molecules, such as small molecules,

peptides, proteins, enzymes, antibodies and their fragments, and nanoparticles have

been modified with PEG. Several PEGylated drugs have been approved by the US

Food and Drug Administration (FDA) and several more are being tested in clinical

settings. This review summarizes the methodologies and effects of PEGylation on

drug delivery and highlights recent developments in PEGylated drugs.
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1 Introduction

In 1977, Abuchowski et al. reported that covalent attachment of polyethylene glycol

(PEG) to albumin reduced the immunogenicity of albumin [1]. Subsequently, this

group also found that PEGylated biomolecules had a longer blood circulation time

than the corresponding normal biomolecules [2]. On the basis of this discovery,

PEGylation has been widely recognized as one of the more promising methods for

exploration of therapeutic drugs. This exploration includes developments in the

methodologies of PEGylation [3]. In the first generation of PEGylated molecules,

the target molecule was nonspecifically and irreversibly PEGylated with linear PEG

chains (Fig. 1). In the second generation, the molecule was PEGylated with

branched PEG chains at specific positions and covalently bound, so that PEG

could be released by stimuli from the outside environment. A variety of molecules,

including small molecules, peptides, proteins, enzymes, antibodies, antibody

fragments, and nanoparticles have been modified with PEG. At present, 11

PEGylated drugs have been approved for clinical use by the US Food and Drug

Administration (FDA) and several more trials in clinical settings are ongoing.

2 PEGylation Chemistry

At present, the most frequently used methods for PEGylation are chemical conju-

gation between reactive groups in the drug, such as the primary amine of lysine in

protein, and end-reactive PEG derivatives, such as the N-hydroxysuccinimide-
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terminated PEG derivative. These conventional methods are summarized in Fig. 2.

Amine-specific and thiol-specific reagents are efficient and afford a good yield of

PEGylated products. These simple methods can be applied to PEGylation of

various molecules. Indeed, several PEGylated drugs have been approved for

Fig. 1 PEGylation

technologies. Nonspecific and

irreversible PEGylation is

associated with several

limitations, such as altered

drug properties. To overcome

this problem, a new

generation of PEGylation

technologies that enable

highly specific and reversible

PEGylation have been

developed

Fig. 2 Examples of activated

PEG derivatives commonly

used for PEGylation
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clinical use by the FDA. However, nonselective conjugations of the amino and/or

thiol groups in protein molecules results in product heterogeneity, which often

causes significant deactivation of the product. For example, 20–70% of native

interferon-beta-1b (IFN-b-1b) antiviral activity was retained in mono-PEGylated

IFN-b-1b, but the activity was greatly reduced or disappeared almost completely in

multi-PEGylated IFN-b-1b [4]. Therefore, the development of site-specific

PEGylation technology is quite important for developing more active and safer

drugs.

2.1 Site-Specific PEGylation

PEGylation of drugs with an amine- or thiol-specific reagent is effective and thus

the most popular method in current use. The thiol group of cysteine is often used for

PEGylation of protein because PEGylation at cysteine is more specific than that of

the amino group of lysine. Generally, cysteine forms dithiol linkages and the free

thiol group is not available. To utilize the free thiol group for conjugation, it is

necessary to engineer a new and free cysteine into the protein via recombination

techniques. Although this approach works well, the genetic engineering involved in

the process requires high skill, and protein misfolding and aggregation often occur

during the purification process. To overcome this problem, Brocchini et al. developed

site-specific PEGylation technology [5, 6]. An outline of their technology is shown

in Fig. 3. Briefly, this technique involves the synthesis of a novel bis-thiol-specific

PEG reagent (PEG monosulfone) containing a thiol-specific bis-alkylating group,

which comprises an a, b-unsaturated carbonyl group possessing a sulfomethyl

group at the a-position of the unsaturated double bond. After the reduction of the

disulfide bond in the protein, both free reactive thiol groups react with the PEG

reagent to produce disulfide-bridging PEGylation with a three-carbon bridge.

Fig. 3 Chemistry of site-specific PEGylation developed by Brocchini et al. [5, 6]. After cleavage

of the native disulfide bond between two cysteine thiols by reduction, the free cysteines are reacted

with an a, b-unsaturated PEG derivative to produce a PEG conjugate via a three-carbon bridge
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The N-terminal methionine residue of protein can also be employed for selective

PEGylation using aldehyde-terminated PEG via a reductive amination reaction,

because the N-terminal primary amine has a lower pKa of 7.8 than other amines

such as lysines, whose pKa is 10.1 [7]. After reaction with aldehyde-terminated

PEG at low pH, the resultant imine is reduced with sodium cyanoborohydrate to

provide PEGylated protein (Fig. 4) [8, 9]. This technique was used for the produc-

tion of Neulasta, which was approved for use by the FDA in 2002 [10].

2.2 Enzymatic PEGylation

Novel methods have been proposed by various researchers to achieve site-specific

PEGylation using enzymatic PEGylation reactions. Sato et al. utilized transglu-

taminase (TGase; protein-glutamine g-glutamyltransferase), an emerging enzyme

[11]. This enzyme catalyzes an acyl transfer reaction between the g-carboxyamide

group of the glutamine residue (acyl donor) in a protein and a variety of primary

amines (acyl acceptor) (Fig. 5) [12]. TGase is believed to require special sequential

structures of the acyl donor for efficient modification; however, it is interesting to

note that a variety of primary amines are accepted as acyl donors. Thus, TGase is a

very useful reagent for protein modification [13]. An amino derivative of PEG, such

as PEG-NH2, can be used as an acyl acceptor for PEGylation of proteins. Several

N-terminal amine amines in lysine
1. PEG aldehyde

2. NaCNBH3

CH = O CH2NH

NH2
NH2

NH2
NH2

NH2

pka = 7.8

pka = 10.1

NH2 NH2

Fig. 4 PEGylation at the N-terminal methionine residue. The difference in pKa between the

N-terminal amine and other amines in the protein enables site-specific PEGylation. After reaction

with aldehyde-terminated PEG at low pH, reduction of the resultant imine produces PEGylated

protein

protein

Acyl donor

Acyl acceptor

PEGylated protein

TGase

PEG

PEG

C NH(CH2)5NH

NH(CH2)5NH2

O

C

O

CH

CH2

CH2

C = O

CH

CH2

CH2

C = O

NH2

Fig. 5 Enzymatic site-specific PEGylation by transglutaminase (TGase). The alkylamine deriva-

tive of PEG can be introduced into proteins in a site-specific manner
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clinically important proteins, including human growth hormone and interleukin-2,

have been PEGylated using TGase [14].

2.3 Heterobifunctional PEG

Heterobifunctional PEG, which possesses different functional groups at the a- and
o-chain ends, is very useful in the field of drug delivery [15]. For example,

heterobifunctional PEG can conjugate drug-containing nanoparticles with a

targeting ligand (Fig. 6). In one study, a method for the synthesis of heterobi-

functional PEG by direct ring-opening polymerization of ethylene oxide (EO) using

a metal alkoxide initiator with a protected functional group was developed (Fig. 7)

[16, 17]. This useful method was further developed by Akiyama et al., [18–21].

PEG

Small drug, protein,
nanoparticle

Targeting ligand

Fig. 6 Utility of the

heterobifunctional PEG. Two

different components such as

drug and ligand can be

introduced at the different

ends of PEG

Fig. 7 Synthesis of heterobifunctional PEG. (a) Nagasaki et al. developed a method for the

polymerization of EO using an initiator containing defined functionalities [16, 17]. (b) Akiyama

et al. further developed a synthetic route to prepare a series of heterobifunctional PEGs [18–21].

After the ring-opening polymerization of ethylene oxide, a second functional group was

introduced at the o-end of PEG
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To date, a variety of heterobifunctional PEGs have been reported. Some popular

derivatives are shown in Fig. 8. Several PEG derivatives are now commercially

available from NOF, Japan.

2.4 Linear and Branched PEGs

Early PEGylation technology utilized linear PEG chains for conjugation. As stated

above, multiple and nonspecific conjugations often change the activity of native

proteins significantly, and it has been reported that the large molecular weight of

PEG causes a tendency to accumulate in the liver [22]. Branched PEG derivatives

are effective candidates for solving these issues. The same PEGylation effect on a

pharmaceutical can be obtained by introducing a smaller branched PEG with fewer

conjugation points. The second generation of PEGylation technology often utilized

branched PEGs because branched PEGylated products circulate longer in the blood

than linear PEGylated products [23]. This effect is thought to be because of the

steric hindrance of branched PEG [24]. PEGylation with branched-chain PEG has

been adopted in the development of FDA-approved drugs, including PEGASYS

[25], Macugen [26], and Cimzia [27].

Size-exclusion chromatography (SEC) showed no significant difference in size

between branched and linear PEGylated proteins [28]. Therefore, the longer in vivo

half-life of branched PEGylated drugs was not due to the size of the conjugate in

solution, but probably to the more effective masking of the protein surface by

branched PEGs.

Fig. 8 Examples of heterobifunctional PEGs popularly used for PEGylation
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Although the detailed mechanism of the longer circulation time of branched

PEGylated protein is unclear, the architecture of PEG affects the release profile, the

pharmacokinetics of the drug [29], and the behavior of the protein at the interface

(e.g., protein absorption on hydrophobic surfaces [30]).

2.5 Releasable PEGylation

Although covalent attachments of PEG to drugs prolongs the lifetime of the drug

in vivo, they often have the opposite effect on biological and pharmacological

properties because the active site of drugs is inactivated due to shielding by massive

PEG chains [31, 32]. Even optimized site-specific PEGylation often results in

insufficient pharmacological properties. It also prevents internalization of the

drug into the cell [33]. New emerging technologies, such as de-PEGylation from

complex drugs, have been developed. Specific biodegradable linkages between the

drug and PEG chains are introduced to allow de-PEGylation. After the release of

PEG chains, drugs such as small molecules and proteins recover their original

structures, activities, and cellular-uptake capacities.

Roberts et al. reported the synthesis of PEG–drug conjugates via an ester bond

between the drug and PEG chain [34]. Despite its simplicity and efficacy, it is

difficult to regulate the release specificity because numerous esterases exist in the

cellular environment. In addition, many biologically active compounds often lack a

hydroxyl or carboxyl group, which is required for ester formation. In this system,

residues of linking reagent that connect PEG to the drug were left on the parent

molecules, even after the cleavage of PEG chains [34]. These residues may affect

the biological activities of the drug and might be a potential source of

immunogenicity.

Shulman et al. synthesized bifunctional linking reagents containing 2-sulfo-

9-fluorenyl-methoxycarbonyl (FMS) to produce a PEG conjugate that can be

cleaved by spontaneous hydrolysis under physiological conditions, on the basis of

the FMS cleavable system (Scheme 1) [35]. Amino groups in drugs can be utilized

for conjugation to PEG in this case.

Zalipsky et al. reported a drug–PEG conjugate via a benzyl carbamate linkage

(Scheme 2) [36]. This linkage is cleaved by a benzyl elimination reaction initiated

by the thiolytic cleavage of disulfide in the para or ortho position. Filpula et al.

developed a series of releasable PEG linkers that enable the controlled release of

drugs [37]. In their system, the cleavage reaction is initiated by a trigger reaction,

such as ester bond cleavage by esterase (Scheme 3). By controlling the rate-

determining step with an optimized linker structure, the release rate of PEG chains

can be controlled. For example, the introduction of steric hindrance, which slows

the triggered hydrolysis reaction of esters, results in a diminishing release rate [37].

ProLynx LLC has developed another type of releasable PEGylation technology

based on the b-elimination reaction shown in Scheme 4. In this system, the release

rate of the native drug is determined by the acidity of the proton adjacent to the
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modulator. Half-lives of molecules prepared using this approach range from several

hours to several weeks.

The concept of de-PEGylation can be applied to the development of nanoparti-

cle-based drug delivery systems. PEG is used for the modification of liposomes to

increase their blood circulation time [38]. However, it also prevents cellular uptake,

resulting in a decrease in therapeutic efficiency; thus, modifications of the liposome

surface with PEG interfere with membrane fusion to the cell membrane and

liposome decomposition [39]. One of the possible strategies to solve this problem

is to cleave the PEG chains after the nanoparticle reaches the target site (Fig. 9).

This system of de-PEGylation of liposomes is also useful in avoiding the immune

Scheme1 Releasable

PEGylation based on the FMS

principle

Scheme 2 Drug–PEG

conjugate via a benzyl

carbamate linkage and its

thiolytic cleavage
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response called the accelerated blood clearance phenomenon (ABC phenomenon),

in which the circulation time of a second dose of injected PEGylated liposome is

substantially reduced [40, 41]. Harashima et al. developed a multifunctional enve-

lope-type nanodevice (MEND) for a nonviral gene delivery system [39, 42]. In this

system, multiple device functions are assembled into a single system. In particular,

PEGs on the surface of liposomes were designed to be cleaved by enzymes such as

matrix metalloproteinases (MMPs) that are specifically expressed at tumor sites.

Removing PEGs resulted in an improvement of cellular uptake and subsequent

endosomal escape of the liposome.

3 Effect of PEGylation on Pharmaceuticals

3.1 Reduction of Renal Clearance

One of the remarkable properties of PEGylation is to increase the hydrodynamic

radius in order to decrease renal clearance. For example, Kubetzko et al. have

reported that antibody fragments (theoretically 29 kDa) showed retention volumes

corresponding to a size range of 200–300 kDa by SEC upon mono-PEGylation with

Scheme 3 Releasable PEGylation based on 1,6-benzyl elimination prodrug strategy

Scheme 4 Releasable

PEGylation based on the

b-elimination reaction
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PEG (20 kDa) [43]. This demonstrates the strong hydrodynamic properties of

PEGylated molecules. The increase in hydrodynamic radius significantly decreases

renal clearance. Although the threshold of the molecular weight cut-off of renal

filtration of protein is about 65 kDa, the 30-kDa PEG demonstrates minimal renal

permeability [44].

3.2 Molecular Recognition of PEGylated Molecules

Although PEGylated molecules in the blood stream have longer half-lives than the

parent molecules, studies have reported conflicting conclusions about changes in

the binding affinities of PEGylated molecules. Chapman et al. demonstrated that

site-specific modification of antibody fragments at the termini of PEG diminishes

the loss of activity of the antibody fragment [45]. In contrast, Kubetzko et al.

reported a fivefold decrease in apparent affinity upon attachment of the 20-kDa

PEG molecule at the C-terminus of the antibody fragment [43]. By analyzing the

binding kinetics, they found that the reduction in affinity was mainly due to a slower

Cleavable by stimuli

LipidLigand PEG

Adhesion
to target cell

b

a

Receptor

PEG cleavage
by stimuli

Membrane fusion
and drug release

Fig. 9 Utility of de-PEGylation technology in liposomes. (a) PEG derivative possessing a lipid

moiety. The covalent bond between PEG and the lipid moiety can be cleaved by stimuli such as

those within the acid environment of cancer and inflammation. (b) After binding the target cell via

specific recognition of the receptor by the ligand, PEG molecules on the surface of the liposome

are cleaved. The release of PEG facilitates membrane fusion of the liposome and liposome

decomposition, resulting in efficient drug delivery
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association rate constant, whereas the dissociation rate constant was nearly

unchanged. Using a mathematical model, intramolecular and/or intermolecular

blocking by tethered PEG were proposed as the main factors behind the decrease

in the observed association rate constant. The model suggested that more than 90%

of PEGylated ligands are not capable of binding the target, indicating that accessi-

bility to PEGylated molecules is significantly restricted [43]. This model can

partially explain the lower immunogenicity and higher enzymatic resistance of

PEGylated molecules.

Although the affinity was decreased fivefold upon PEGylation, PEGylated

antibody fragments showed an 8.5-fold higher accumulation in tumors than unmod-

ified antibody fragments, because of a longer serum half-life [46].

3.3 PEGylation on the Surface

PEGylation technology is also relevant for solid surfaces. Immobilization of

proteins, antibody fragments, and whole antibodies has been widely used in

biosensing and bioseparation systems [47]. There are several factors that affect

the ability of these systems. These factors include the quantity, density, conforma-

tion, and orientation of the immobilized molecules. A common method of immobi-

lization of a protein is based on the reaction between reactive residues in the

protein, such as lysine, and the reactive surface. Yoshimoto et al. immobilized

antibody fragments (Fab0) on a gold surface through S–Au linkage [48]. However,

after the initial absorption of Fab0 onto the gold surface, reactions between the

interactive residues of Fab0 and the gold surface changed the conformation and

orientation of Fab0, resulting in the inactivation of the antigen-binding function of

Active

s

s

s

s

ss

lnactive

Gold surface
PEG(5 k)

PEG(5 k) Fab Fragment

Fig. 10 PEGylation on the surface. A highly dense PEG layer composed of mixed-PEG prevents

nonspecific protein interactions and inactivation of Fab0
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Fab0. To overcome this problem, they used a mixed-PEG layer formation in which

different molecular weights of PEG (2 and 5 kDa) were used for the formation of a

densely packed PEG layer. Formation of a mixed-PEG layer was originally devel-

oped by our group [49]. A highly dense mixed-PEG layer almost completely

prevented nonspecific protein absorption and facilitated biospecific interactions

(Fig. 10) [48]. This methodology can be applied to the construction of targeted

drug delivery systems, in which a ligand is needed on the surface of nanoparticles to

bind the target molecule with high specificity and efficiency.

4 PEGylated Drugs

PEGylation technology has been applied to the development of various kinds of

drugs, including small molecules, peptides, proteins, antibody fragments, whole

antibodies, oligonucleotides, and macromolecules such as polymer micelles and

liposomes. Currently, there are ten PEGylated drugs, which utilize proteins,

enzymes, antibody fragments, and oligonucleotides, and a PEGylated nanoparticle

named Doxil available on the market (Table 1). PEGylated small drugs are cur-

rently under investigation in clinical tests; however, there are no approved drugs

available on the market. Sections 4.1–4.4 describe various PEGylated drugs that

have been approved or are in clinical trials.

4.1 Small Molecules

PEGylation of small drugs has several advantages. First, PEGylation improves

pharmacokinetic properties due to the increased blood circulation time. Second,

the immunogenicity of immunogenic small drugs is reduced. Third, PEGylation

increases drug accumulation in tumors via the enhanced permeability and retention

(EPR) effect. Finally, the toxicity of the drug is reduced by the massive PEG

molecule.

Enzon pharmaceuticals have developed a PEGylated drug called SN-38

(7-ethyl-10-camptothecin) [50]. SN-38 is an active metabolite of irinotecan and is

produced by hydrolysis of CPT-11 [51]. Several problems arise in the development

of drugs using SN-38 or CPT-11. First, carboxylesterase-2 is thought to be the main

esterase that hydrolyzes CPT-11; however, the expression of this enzyme in the

blood is low. Accordingly, only 1–9% of injected CPT-11 is converted to the active

form SN-38. The second problem associated with CPT-11 is the opening reaction of

the lactone-E ring, which results in a form that is inactive against the target protein.

Finally, SN-38 cannot be used for systemic applications because of poor solubility.

This problem was solved by PEGylation of SN-38. PEGylation of SN-38 by

acylation of the 20-hydroxyl functional group improved water solubility and

preserved the active lactone form in the circulation. To increase the loading of
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the drug onto PEG, multi-arm PEG (a four-armed-PEG derivative) was used to

enable the conjugation of four drugs to one molecule [52]. This conjugate will now

be assessed in further preclinical development and clinical trials [53].

4.2 Peptides, Proteins, Antibodies, and Antibody Fragments

The majority of approved PEGylated drugs are categorized into this group. Eight

PEGylated proteins, including antibody fragment conjugates, have been approved

to date. Adagen is the first approved PEGylated product in which bovine adenosine

deaminase is randomly conjugated with a 5-kDa mono-methoxy PEG [54]. This

conjugate is synthesized using PEG succinimidyl succinate. This activated ester

group can be reacted with nucleophilic amino acid units such as lysine. Since the

approval of Adagen, seven other protein–PEG conjugates have been approved.

Although nonspecific PEGylation has been reported to decrease the activity of

protein in some cases, several approved drugs employ nonspecific PEGylation.

Krystexxa, which was approved in 2010 for the management of treatment-resistant

gout and hyperuricemia, was also prepared using nonspecific PEGylation. A conju-

gate containing six strands of 10-kDa PEG per subunit was found to have a

significantly longer half-life in blood and dramatic urate-lowering potency [55].

In contrast to nonspecific PEGylation, several protein–PEG conjugates have

adopted site-specific PEGylation. Cimzia is a PEGylated anti-tumor necrosis factor

(TNF)-a antibody fragment used for the treatment of Crohn’s disease and rheuma-

toid arthritis [27]. Recent progress in biotechnology has enabled low-cost produc-

tion of the recombinant antibody fragment by Escherichia coli expression [56].

However, such proteins, which are obtained and purified from E. coli, often possess
immunogenicity. PEGylation on the protein reduces the immunogenicity of the

recombinant non-human protein. To prepare Cimzia, the C-terminal cysteine is

reacted with maleimide, which is introduced at the end of the 40-kDa branched PEG

chain [27].

Another type of PEG–antibody fragment is PEGylated di-Fab, in which two

antibody fragments are attached to PEG [57]. CDP791 is prepared using a bis-

maleimide PEG and a humanized antibody fragment, resulting in a divalent

PEGylated Fab fragment. This unique architecture enables high affinity for vascular

endothelial growth factor receptor 2 (VEGFR-2), resulting in reduction of solid

tumors [58].

4.3 Oligonucleotide–PEG Conjugates

Oligonucleotide-based drugs such as antisense drugs, aptamers, and small

interfering RNA (siRNA) have attracted considerable attention as promising thera-

peutic agents for the treatment of various human diseases [59]. To develop
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therapeutic oligonucleotides, several issues must be addressed [60]. These issues

include the instability of native oligonucleotides and their rapid clearance from the

blood. To overcome these problems, PEGylation of the oligonucleotide is very

useful. For example, Macugen, which is used for the treatment of the wet form of

age-related macular degeneration (ARMD), is an aptamer drug modified with

branched 40-kDa PEG at the 50-terminus [26]. A number of PEGylated

oligonucleotides are now at various stages of clinical trials.

4.4 PEGylated Nanoparticles

Precise design of the surface of nanoparticles is very important for the efficient and

specific delivery of the drug by the nanocarrier. Surface modification of

nanoparticles, such as micelles and liposomes, with PEG represents an essential

strategy for reducing nonspecific interactions with serum proteins and endothelial

cells in the blood stream, as well as avoiding recognition by immune system

components such as the reticuloendothelial system (RES) [61]. Thus, stabilized

nanocarriers tend to yield long blood circulation times and facilitate accumulation

in the tumor tissue through the effects of EPR. Tamura et al. reported the influence

of the surface PEG density on nanoparticles in the blood circulation [62] by using a

nanogel composed of chemically crosslinked poly[2-N,N-(diethylamino)ethyl

methacrylate] (PEAMA) gel cores surrounded by PEG palisade layers [63].

Because of their chemically crosslinked polyamine gel core, the PEGylated

nanogels show higher stability against extremely dilute and high salt conditions

than self-assembled nanocarriers such as liposomes and micelles. This stable

nanoparticle is suitable for studying the influence of the physicochemical properties

of nanoparticles on pharmacokinetics. The density of PEG on the surface of the

nanogels was controlled by the post-PEGylation method. It was clearly

demonstrated that the blood circulation time of the post-PEGylated nanogels was

definitely prolonged as the PEG content was increased [62].

4.4.1 PEGylated Liposomes

Several liposome-based drugs have been approved for clinical application [64]. One

of the clinically approved liposomes is Doxil, a PEGylated liposome containing

doxorubicin (DOX), which is used for the treatment of a number of diseases [65].

As shown in this case, in the field of liposome drug development, PEG is widely

used to protect the liposome from recognition by opsonins, thereby reducing

liposome clearance.

A number of PEGylation reactions with liposomes have been developed [66].

One of the methods utilizes lipophilic compounds that possess reactive groups such

as amino and carboxyl groups. By incorporating these components into the bilayer

membrane, 500–2,000 functional groups can be introduced onto the liposome
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surface. This functionalized liposome can be used for the preparation of PEGylated

liposomes (Fig. 11).

Another method for the preparation of PEGylated liposomes utilizes PEG, which

possesses a lipid moiety at one end, in conjunction with low molecular weight lipid

molecules during the preparation of the liposome (Fig. 11). This method was

originally reported by Kilbanov et al. in 1990 [67]. They conjugated phosphatidyl-

ethanolamine with PEG possessing activated carboxyl groups. For liposome prepa-

ration, 7.4 mol% of the PEG lipid was incubated. At this ratio of components, no

increase in the leakage of the entrapped compound was observed. This methodol-

ogy was adopted for the preparation of Doxil.

4.4.2 Micelles

Polymeric micelles containing anticancer drugs were originally developed by

Kataoka and Kabanov, independently [68, 69]. Anticancer drugs are incorporated

into micelles via physical entrapment or chemical conjugation. A number of

micelles are being assessed in clinical trials [70], and progress on the polymer

micelle system is emerging. Nishiyama et al. reported the development of a

Liposome
formation

Activated PEGX

a

b

X

X

X

XX

PEG lipid
Conjugate

X

X

X

Fig. 11 Methods for the construction of PEGylated liposomes. (a) Liposomes possessing reactive

groups, such as amino and carboxyl groups, can be prepared by incorporating lipophilic

components containing these functional groups into a bilayer membrane. Functionalized

liposomes can be PEGylated by reaction with activated PEG derivatives. (b) Preparation of

PEGylated liposomes using PEG derivatives possessing lipid moieties
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cisplatin-loaded micelle [71], in which platinum is coordinated by carboxylate

groups in block copolymers consisting of PEG and polyaspartate (Fig. 12). DOX

has been also loaded into micelles by chemical conjugation. Bae et al. developed a

novel method for the conjugation of DOX with PEG-b-poly(aspartic acid) diblock
copolymers [72], via a hydrazine linkage, which enables the release of DOX in

acidic environments such as acidosis and endocytosis. This property facilitates the

stimuli-responsive delivery of the drug (Fig. 13).

4.4.3 Inorganic Nanoparticles

Inorganic nanoparticles have also attracted interest in the field of drug delivery [73].

These inorganic nanoparticles include calcium phosphate, gold, silicon oxide, and

iron oxide. They can be prepared easily with controllable size and can be readily

Fig. 12 Cisplatin-loaded micelle developed by Nishiyama et al. [71]. Cisplatin is bonded to block

polymers via coordination by carboxylate groups in the core of the micelle

Fig. 13 The structure of

DOX-conjugated PEG-b-poly
(aspartic acid) diblock

copolymer. DOX molecules

are covalently bonded to a

diblock copolymer via

hydrazine linkage, which can

be cleaved in acidic

conditions, enabling the

release of DOX in a site-

specific manner
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functionalized. Inorganic nanoparticles, however, are generally unstable and may

be toxic in biological systems. Accordingly, surface modification is needed to

improve the biological stability and biocompatibility.

Surface modification of inorganic nanoparticles with PEG is a very useful way to

overcome this problem. For instance, thiol groups are suitable anchors on gold

nanoparticles. A variety of drugs, such as small compounds, oligonucleotides, and

proteins, have been delivered by gold nanoparticles that carry drugs co-

immobilized with thiol-PEG [74, 75]. For instance, recombinant human TNF-a
was immobilized on PEGylated colloidal gold nanoparticles [76] to facilitate

preferential accumulation of TNF-a in tumors and minimal uptake in healthy

organs. This TNF-a-immobilized gold nanoparticle has been evaluated in a Phase

I clinical trial [77]. Our group has investigated the stabilization of nanoparticles

by block copolymers possessing PEG as one of the segments. For example,

PEG-b-poly[2-(N,N-dimethylamino)ethyl methacrylate] significantly improves

the stabilization of gold nanoparticles under physiological conditions [78, 79].

Multi-anchoring of amino groups in the poly[2-(N,N-dimethylamino)ethyl methac-

rylate] segment strongly improves adsorption efficiency. Luminescent nanoparticles

have also been modified by several block copolymers [80, 81].

5 Conclusions and Future Prospects

Since PEGylation of proteins was first reported in the 1970s, extensive research on

PEGylation technology and pharmaceutical development of PEGylated molecules

has been conducted. A variety of molecules, including small organic molecules,

proteins, antibody fragments, and nanoparticles have been modified with PEG.

Currently, 11 PEGylated drugs have been marketed, and many other PEGylated

drugs are in clinical trials. In recent years, the success rate for bringing new drugs to

market has been decreasing [82]. One of the reasons for this is that the FDA is

highly focused on the safety of new drugs. In this regard, PEGylation is very useful

because PEG is categorized as “generally regarded as safe” (GRAS) by the FDA.

Although there are potential concerns regarding non-degradability, product hetero-

geneity, and accumulation of large linear PEG chains in the liver [22], PEG

provides substantial benefits, such as reduced immunogenicity and antigenicity of

the drug. As in the cases of PEG-INTRON, Neulasta, and Doxil, emerging drugs

can be developed by PEGylation of previously commercialized non-PEGylated

drugs. By further development of cost-effective PEGylation technologies that

enable more controlled release of PEG from the drug and site-specific modifications

to deliver homogeneous products, the market of PEGylated drugs will continue

to grow.

PEGylation Technology in Nanomedicine 135



References

1. Abuchowski A, van Es T, Palczuk NC, Davis FF (1977) Alteration of immunological

properties of bovine serum albumin by covalent attachment of polyethylene glycol. J Biol

Chem 252:3578–3581

2. Abuchowski A, McCoy JR, Palczuk NC, van Es T, Davis FF (1977) Effect of covalent

attachment of polyethylene glycol on immunogenicity and circulating life of bovine liver

catalase. J Biol Chem 252:3582–3586

3. Roberts MJ, Bentley MD, Harris JM (2002) Chemistry for peptide and protein PEGylation.

Adv Drug Deliv Rev 54:459–476

4. Basu A, Yang K, Wang M, Liu S, Chintala R, Palm T, Zhao H, Peng P, Wu D, Zhang Z, Hua J,

Hsieh MC, Zhou J, Petti G, Li X, Janjua A, Mendez M, Liu J, Longley C, Zhang Z, Mehlig M,

Borowski V, Viswanathan M, Filpula D (2006) Structure-function engineering of interferon-

beta-1b for improving stability, solubility, potency, immunogenicity, and pharmacokinetic

properties by site-selective mono-PEGylation. Bioconjug Chem 17:618–630

5. Balan S, Choi JW, Godwin A, Teo I, Laborde CM, Heidelberger S, Zloh M, Shaunak S,

Brocchini S (2007) Site-specific PEGylation of protein disulfide bonds using a three-carbon

bridge. Bioconjug Chem 18:61–76

6. Brocchini S, Godwin A, Balan S, Choi JW, Zloh M, Shaunak S (2008) Disulfide bridge based

PEGylation of proteins. Adv Drug Deliv Rev 60:3–12

7. Wong SS (1991) Chemistry of Protein Conjugation and Cross- linking. CRC Press, Boston

8. Hu J, Sebald W (2011) N-terminal specificity of PEGylation of human bone morphogenetic

protein-2 at acidic pH. Int J Pharm 413:140–146

9. Lee H, Jang IH, Ryu SH, Park TG (2003) N-terminal site-specific mono-PEGylation of

epidermal growth factor. Pharm Res 20:818–825

10. Renwick W, Pettengell R, Green M (2009) Use of filgrastim and pegfilgrastim to support

delivery of chemotherapy: twenty years of clinical experience. BioDrugs 23:175–186

11. Sato H (2002) Enzymatic procedure for site-specific pegylation of proteins. Adv Drug Deliv

Rev 54:487–504

12. Lorand L, Parameswaran KN, Stenberg P, Tong YS, Velasco PT, J€onsson NA, Mikiver L,

Moses P (1979) Specificity of guinea pig liver transglutaminase for amine substrates. Bio-

chemistry 18:1756–1765

13. Griffin M, Casadio R, Bergamini CM (2002) Transglutaminases: nature’s biological glues.

Biochem J 368:377–396

14. Fontana A, Spolaore B, Mero A, Veronese FM (2008) Site-specific modification and

PEGylation of pharmaceutical proteins mediated by transglutaminase. Adv Drug Deliv Rev

60:13–28

15. Otsuka H, Nagasaki Y, Kataoka K (2003) PEGylated nanoparticles for biological and pharma-

ceutical applications. Adv Drug Deliv Rev 55:403–419

16. Nagasaki Y, Iijima M, Kato M, Kataoka K (1995) Primary amino-terminal heterobifunctional

poly(ethylene oxide). Facile synthesis of poly(ethylene oxide) with a primary amino group at

one end and a hydroxyl group at the other end. Bioconjug Chem 6:702–704

17. Nagasaki Y, Kutsuna T, Iijima M, Kato M, Kataoka K, Kitano S, Kadoma Y (1995) Formyl-

ended heterobifunctional poly(ethylene oxide): synthesis of poly(ethylene oxide) with a

formyl group at one end and a hydroxyl group at the other end. Bioconjug Chem 6:231–233

18. Akiyama Y, Nagasaki Y, Kataoka K (2004) Synthesis of heterotelechelic poly(ethylene

glycol) derivatives having alpha-benzaldehyde and omega-pyridyl disulfide groups by ring

opening polymerization of ethylene oxide using 4-(diethoxymethyl)benzyl alkoxide as a novel

initiator. Bioconjug Chem 15:424–427

19. Akiyama Y, Otsuka H, Nagasaki Y, Kato M, Kataoka K (2000) Selective synthesis of

heterobifunctional poly(ethylene glycol) derivatives containing both mercapto and acetal

terminals. Bioconjug Chem 11:947–950

136 Y. Ikeda and Y. Nagasaki



20. Hiki S, Kataoka K (2007) A facile synthesis of azido-terminated heterobifunctional poly

(ethylene glycol)s for “click” conjugation. Bioconjug Chem 18:2191–2196

21. Hiki S, Kataoka K (2010) Versatile and selective synthesis of “click chemistry” compatible

heterobifunctional poly(ethylene glycol)s possessing azide and alkyne functionalities.

Bioconjug Chem 21:248–254

22. Pasut G, Veronese FM (2007) Polymer-drug conjugation, recent achievements and general

strategies. Progr Polym Sci 32:933–961

23. Zhao H, Yang K, Martinez A, Basu A, Chintala R, Liu HC, Janjua A, Wang M, Filpula D

(2006) Linear and branched bicin linkers for releasable PEGylation of macromolecules:

controlled release in vivo and in vitro from mono- and multi-PEGylated proteins. Bioconjug

Chem 17:341–351

24. Veronese FM, Caliceti P, Schiavon O (1997) Branched and linear poly(ethylene glycol):

Influence of the polymer structure on enzymological, pharmacokinetic and immunological

properties of proteinconjugates. J Bioact Compatible Polym 12:196–207

25. Aghemo A, Rumi MG, Colombo M (2010) Pegylated interferons alpha2a and alpha2b in the

treatment of chronic hepatitis C. Nat Rev Gastroenterol Hepatol 7:485–494

26. Campa C, Harding SP (2011) Anti-VEGF compounds in the treatment of neovascular age

related macular degeneration. Curr Drug Targets 12:173–181

27. Patel AM, Moreland LW (2010) Certolizumab pegol: a new biologic targeting rheumatoid

arthritis. Expert Rev Clin Immunol 6:855–866

28. Fee CJ (2007) Size comparison between proteins PEGylated with branched and linear poly

(ethylene glycol) molecules. Biotechnol Bioeng 98:725–731

29. Veronese FM, Schiavon O, Pasut G, Mendichi R, Andersson L, Tsirk A, Ford J, Wu G, Kneller S,

Davies J, Duncan R (2005) PEG-doxorubicin conjugates: influence of polymer structure on drug

release, in vitro cytotoxicity, biodistribution, and antitumor activity. Bioconjug Chem 16:775–784

30. Pinholt C, Bukrinsky JT, Hostrup S, Frokjaer S, Norde W, Jorgensen L (2011) Influence of

PEGylation with linear and branched PEG chains on the adsorption of glucagon to hydropho-

bic surfaces. Eur J Pharm Biopharm 77:139–147

31. Somack R, Saifer MG, Williams LD (1991) Preparation of long-acting superoxide dismutase

using high molecular weight polyethylene glycol (41,000–72,000 daltons). Free Radic Res

Commun 12–13:553–562

32. Knauf MJ, Bell DP, Hirtzer P, Luo ZP, Young JD, Katre NV (1988) Relationship of effective

molecular size to systemic clearance in rats of recombinant interleukin-2 chemically modified

with water-soluble polymers. J Biol Chem 263:15064–15070

33. Brandenberger C, M€uhlfeld C, Ali Z, Lenz AG, Schmid O, Parak WJ, Gehr P, Rothen-

Rutishauser B (2010) Quantitative evaluation of cellular uptake and trafficking of plain and

polyethylene glycol-coated gold nanoparticles. Small 6:1669–1678

34. Robers MJ, Harris JM (1998) Attachment of degradable Poly(ethylene glycol) to proteins has

the potential to increase therapeutic efficacy. J Pharm sci 11:1440–1445

35. Peleg-Shulman T, Tsubery H, Mironchik M, Fridkin M, Schreiber G, Shechter Y (2004)

Reversible PEGylation: a novel technology to release native interferon alpha2 over a

prolonged time period. J Med Chem 47:4897–4904

36. Zalipsky S, Qazen M,Walker JA 2nd, Mullah N, Quinn YP, Huang SK (1999) New detachable

poly(ethylene glycol) conjugates: cysteine-cleavable lipopolymers regenerating natural phos-

pholipid, diacyl phosphatidylethanolamine. Bioconjug Chem 10:703–707

37. Filpula D, Zhao H (2008) Releasable PEGylation of proteins with customized linkers. Adv

Drug Deliv Rev 60:29–49

38. Yatuv R, Robinson M, Dayan I, Baru M (2010) Enhancement of the efficacy of therapeutic

proteins by formulation with PEGylated liposomes; a case of FVIII, FVIIa and G-CSF. Expert

Opin Drug Deliv 7:187–201

39. Hatakeyama H, Akita H, Harashima H (2011) A multifunctional envelope type nano device

(MEND) for gene delivery to tumours based on the EPR effect: a strategy for overcoming the

PEG dilemma. Adv Drug Deliv Rev 63:152–160

PEGylation Technology in Nanomedicine 137



40. Ishida T, Kiwada H (2008) Accelerated blood clearance (ABC) phenomenon upon repeated

injection of PEGylated liposomes. Int J Pharm 354:56–62

41. Xu H, Wang KQ, Deng YH, da Chen W (2010) Effects of cleavable PEG-cholesterol

derivatives on the accelerated blood clearance of PEGylated liposomes. Biomaterials

31:4757–4763

42. Hatakeyama H, Akita H, Ito E, Hayashi Y, Oishi M, Nagasaki Y, Danev R, Nagayama K, Kaji

N, Kikuchi H, Baba Y, Harashima H (2011) Systemic delivery of siRNA to tumors using a

lipid nanoparticle containing a tumor-specific cleavable PEG-lipid. Biomaterials

32:4306–4016

43. Kubetzko S, Sarkar CA, Pl€uckthun A (2005) Protein PEGylation decreases observed target

association rates via a dual blocking mechanism. Mol Pharmacol 68:1439–1454

44. Yamaoka T, Tabata Y, Ikada Y (1994) Distribution and tissue uptake of poly(ethylene glycol)

with different molecular weights after intravenous administration to mice. J Pharm Sci

83:601–606

45. Chapman AP, Antoniw P, Spitali M,West S, Stephens S, King DJ (1999) Therapeutic antibody

fragments with prolonged in vivo half-lives. Nat Biotechnol 17:780–783

46. Kubetzko S, Balic E, Waibel R, Zangemeister-Wittke U, Pl€uckthun A (2006) PEGylation and

multimerization of the anti-p185HER-2 single chain Fv fragment 4D5: effects on tumor

targeting. J Biol Chem 281:35186–35201

47. Andresen H, Bier FF (2009) Peptide microarrays for serum antibody diagnostics. Methods Mol

Biol 509:123–134

48. Yoshimoto K, Nishio M, Sugasawa H, Nagasaki Y (2010) Direct observation of adsorption-

induced inactivation of antibody fragments surrounded by mixed-PEG layer on a gold surface.

J Am Chem Soc 132:7982–7989

49. Uchida K, Otsuka H, Kaneko M, Kataoka K, Nagasaki Y (2005) A reactive poly(ethylene

glycol) layer to achieve specific surface plasmon resonance sensing with a high S/N ratio: the

substantial role of a short underbrushed PEG layer in minimizing nonspecific adsorption. Anal

Chem 77:1075–1080

50. Yu D, Peng P, Dharap SS, Wang Y, Mehlig M, Chandna P, Zhao H, Filpula D, Yang K,

Borowski V, Borchard G, Zhang Z, Minko T (2005) Antitumor activity of poly(ethylene

glycol)-camptothecin conjugate: the inhibition of tumor growth in vivo. J Control Release

110:90–102

51. Chabot GG (1997) Clinical pharmacokinetics of irinotecan. Clin Pharmacokinet 33:245–259

52. Zhao H, Rubio B, Sapra P, Wu D, Reddy P, Sai P, Martinez A, Gao Y, Lozanguiez Y, Longley

C, Greenberger LM, Horak ID (2008) Novel prodrugs of SN38 using multiarm poly(ethylene

glycol) linkers. Bioconjug Chem 19:849–859

53. Pastorino F, Loi M, Sapra P, Becherini P, Cilli M, Emionite L, Ribatti D, Greenberger LM,

Horak ID, Ponzoni M (2010) Tumor regression and curability of preclinical neuroblastoma

models by PEGylated SN38 (EZN-2208), a novel topoisomerase I inhibitor. Clin Cancer Res

16:4809–4821

54. Hershfield MS (1995) PEG-ADA: an alternative to haploidentical bone marrow transplanta-

tion and an adjunct to gene therapy for adenosine deaminase deficiency. Hum Mutat

5:107–112

55. Burns CM, Wortmann RL (2011) Gout therapeutics: new drugs for an old disease. Lancet

377:165–177

56. Laden JC, Philibert P, Torreilles F, Pugnière M, Martineau P (2002) Expression and folding of

an antibody fragment selected in vivo for high expression levels in Escherichia coli cytoplasm.

Res Microbiol 153:469–474

57. Jayson GC, Parker GJ, Mullamitha S, Valle JW, Saunders M, Broughton L, Lawrance J,

Carrington B, Roberts C, Issa B, Buckley DL, Cheung S, Davies K, Watson Y, Zinkewich-
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Cytocompatible Hydrogel Composed

of Phospholipid Polymers for Regulation

of Cell Functions
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Abstract We propose a cell encapsulation matrix for use with a cytocompatible

phospholipid polymer hydrogel system for control of cell functions in three-

dimensional (3D) cell engineering and for construction of well-organized tissue

in vivo. In cell engineering fields, it is important to produce cells with highly cell-

specific functions. To realize this, we consider that new devices are needed for

cell culture. So, we have designed soft biodevices using a spontaneously forming

and cytocompatible polymer hydrogel system. A water-soluble phospholipid

polymer bearing a phenylboronic acid unit, poly(2-methacryloyloxyethyl phosphory-

lcholine-co-n-butyl methacrylate-co-p-vinylphenylboronic acid) (PMBV), was

prepared. This polymer, in aqueous solution, spontaneously converted to a hydrogel

by addition of poly(vinyl alcohol) (PVA) aqueous solution due to reversible

bonding between the boronate groups in PMBV and the hydroxyl groups in PVA.
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The PMBV/PVA hydrogel was dissociated by an exchange reaction with low molec-

ular weight diol compounds such as D-fructose, which have high binding affinity to the

phenylboronic acid unit. Cells were encapsulated easily in the PMBV/PVA hydrogel,

and the cells in the hydrogel kept their original morphology and slightly proliferated

during the preservation period. After dissociation of the hydrogel, the cells could be

recovered as a cell suspension and cultured under conventional cell culture conditions

as usual. Embryonic stem cells could be encapsulated without any adverse effects

from the polymer hydrogel, i.e., the cells maintained their undifferentiated character

during preservation in the PMBV/PVA hydrogel. Cell preservation and activity in the

hydrogel were also investigated using microfluidic chips. The results clearly indicated

that the PMBV/PVA hydrogels provide a useful platform for 3D encapsulation of cell

culture systems without any reduction of their bioactivity.

Keywords Cell encapsulation � Cell engineering � Cytocompatibility � Hydrogel �
Phospholipid polymers
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1 Polymer Hydrogels in Cell Engineering and Tissue

Engineering

Cell engineering and tissue engineering has made progress because of recent

developments not only in biotechnology and molecular biology, but also in bio-

materials engineering [1–5]. From these two fields will develop a new medical area,

i.e., regenerative medicine. Synthetic and natural polymer materials can be applied

as scaffolds and nanoparticles in a wide range of cell and tissue engineering

applications [6, 7].
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Recently, it has been reported that several functional cells, e.g., embryonic stem

(ES) cells and induced pluripotent stem (iPS) cells, were established and produced

in culture [8–10]. These cells are expected to be used as a tool in regenerative

medicine and cell engineering. The ES cells are generally preserved by classic

cryopreservation after in vitro cell culture. However, it is well known that the

recovery rate after thawing is quite low, and that some organic solvents contained in

the general cryopreservation medium cause serious damage and the cells lose their

function. Thus, developing a cytocompatible hydrogel that can preserve the cell

functions without any adverse effects on bioactivity is extremely important in the

field of cell engineering and tissue engineering. Polymeric hydrogels can be used

for biomedical applications because these soft biomaterials can provide a three-

dimensional (3D) network that supports biological materials (Table 1). The water

permeability and gas permeability of hydrogels are important to living cells in the

network. Further, the cytocompatibility of hydrogels depends on the chemical

structure of the polymer chains and network size of the gel structure.

In order to replace or restore physiological functions lost in diseased or damaged

organs, tissue engineering typically involves fabrication of tissue structures using

cells and polymer scaffolds. The polymer scaffolds are designed to provide

mechanical support for the cells, which can then perform the appropriate tissue

functions; however, in practice, the simple addition of cells to porous polymer

scaffolds is often inadequate for reproducing sufficient tissue function. One

approach for increasing the functionality of these tissue-engineered constructs

relies on attempts to mimic both the architecture of tissues and the environment

around cells within the living organism.

Tissues consist of smaller repeating units on the scale of hundreds of micro-

meters in vivo. The 3D architecture of these repeating tissue units underlies the

coordination of multicellular processes, emergent mechanical properties, and inte-

gration with other organ systems via the microcirculation [11]. Furthermore, the

local cellular environment presents biochemical, cellular, and physical stimuli that

orchestrate cellular fate processes such as proliferation, differentiation, migration,

and apoptosis. Thus, successful fabrication of a fully functional tissue must include

both an appropriate environment for cell viability and function at the microscale

Table 1 Advantages and disadvantages of hydrogels as tissue engineering matrices

Advantages Aqueous environment can protect cells and fragile drugs (peptides,

proteins, oligonucleotides, DNA)

Good transport of nutrient to cells and products from cells

Can be easily modified with cell adhesion ligands

Can be injected in vivo as a liquid that gets at body temperature

Usually biocompatible

Disadvantages Can be hard to handle

Usually mechanically weak

Can be difficult to load drugs and cells and then crosslink in vitro

as a prefabricated matrix

Can be difficult to sterilize
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level, as well as macroscale level properties that allow sufficient transport of

nutrients, provide adequate mechanical properties, and facilitate coordination of

multicellular processes.

Fabrication approaches have been previously used in two-dimensional (2D)

micropatterned model systems and have led to insights on the effect of cell–cell

and cell–polymer scaffold interactions on hepatocyte and endothelial cell fate.

Extending these studies, the application of 3D fabrication techniques may also

prove useful for studying structure–function relationships in model tissues.

Many strategies currently proposed for tissue engineering depend on employing

a polymer scaffold. These scaffolds serve as a synthetic extracellular matrix (ECM)

to organize cells into a 3D architecture and to present stimuli, which direct the

growth and formation of a desired tissue [12]. Depending on the tissue of interest

and the specific application, the required polymer scaffold and its properties will be

quite different. A commonly used polymer scaffold is poly(lactide-co-glycolide)
(PLG); however, a variety of hydrogels are being employed as scaffold materials.

They are composed of hydrophilic polymer chains, which are either synthetic or

natural in origin. The structural integrity of hydrogels depends on crosslinks formed

between polymer chains via various chemical bonds and physical interactions.

Hydrogels used in these applications can be processed under relatively mild

conditions, have mechanical and structural properties similar to many tissues, and

the ECM, and can be delivered in a minimally invasive manner [13].

A wide variety range of polymer compositions have been used to fabricate

hydrogels [14]. Table 2 summarizes the many varied compositions. The composi-

tions can be classified into natural polymer hydrogels and synthetic polymer

hydrogels. Natural polymer hydrogels have been formed from collagen, gelatin,

agarose, alginic acid, chitosan, and hyaluronic acid. Synthetic polymer hydrogels

include, among others, poly(ethylene glycol) (PEG), poly(vinyl alcohol) (PVA),

Table 2 Polymer component for constituting hydrogels as scaffolds

Origin Constituent Biological response

Natural Collagen ++

Gelatin ++

Hyaluronic acid +

Alginic acid +

Agarose +

Chitosan +

Dextran sulfate +

Synthetic Poly(L-lysine) ++

Poly(lactic acid) +

Poly(N-isopropylacrylamide) +

Poly(2-hydroxyethyl methacrylate) +

Poly(acrylic acid) +

Poly(vinyl alcohol) +

Poly(ethylene glycol) –

Poly(2-methacryloyloxyethyl phosphorylcholine) –

+ Tissue response-inducible, ++ cell adhesion-inducible
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poly(2-hydroxyethyl methacrylate) (PHEMA), and poly(N-isopropylacrylamide)

(PNIPAAm), and poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) seg-

ments. These synthetic polymer networks can be synthesized using various poly-

merization techniques. The polymer chemist can design and synthesize polymer

networks with molecular-scale control over structure such as crosslinking density,

and with tailored properties such as biodegradation, mechanical strength, and

chemical and biological response to stimuli. Cells can be encapsulated homo-

geneously within these synthetic polymer hydrogels.

From the viewpoint of the actions of the hydrogels toward cells, they can

be classified into three groups: cell adhesion-inducible matrices, tissue response-

inducible matrices, and bioinert matrices. Collagen, gelatin, and poly(L-lysine)

contain cell-adhesive ligands in their structure and are classified as cell adhesion-

inducible matrices. Hydrogels composed of PEG and the MPC polymer are classi-

fied as bioinert matrices. Other hydrogels such as polysaccharide derivatives are

classified as tissue response-inducible matrices. PEG-based hydrogels are particu-

larly intriguing because of their bioinert property, hydrophilicity, and ability to

be customized by changing the chain length to tune transport properties or by

incorporating biologically relevant molecules [15]. They have been used to immo-

bilize various cell types including osteoblasts and fibroblasts that can attach, grow,

and produce matrix. PEG-based hydrogels can be customized by incorporation of

adhesion domains of ECM proteins to promote cell adhesion, growth factors to

modulate cell function, and degradable linkages [16]. Hydrogels for tissue engi-

neering is a rapidly growing field because of their chemical flexibility for customi-

zation and the resulting tissue-like physical properties.

Collagen is the most widely used tissue-derived natural polymer, and is a main

component of the ECM of tissues. However, these gels lack physical strength, are

potentially immunogenic, and can be expensive. Furthermore, there can be big

variations between produced collagen batches. However, collagen meets many

of the biological design parameters, as it is composed of specific combinations of

amino acid sequences that are recognized by cells and degraded by enzymes

(collagenase) secreted from the cells.

Agarose is another type of marine algal polysaccharide, but unlike alginate it

forms thermally reversible gels. The gel structure is thought to be bundles of

associated double helices, and the junction zones to consist of multiple chain aggre-

gation. The physical structure of the gels can be mainly controlled by using a range

of agarose concentrations, which results in various pore sizes. The large pores and

low mechanical stiffness of the gels at low concentrations of agarose may enable

the migration and proliferation of cells, and these factors have been found to affect

neurite growth in vitro.
Chitosan has found many biomedical applications, including tissue engineering

approaches. Enzymes such as chitosanase and lysozyme can degrade chitosan.

However, chitosan is easily soluble in the presence of acid, and generally insoluble

in neutral conditions as well as in most organic solvents due to the existence of

amino groups and the high crystallinity. Therefore, many derivatives have been

reported to enhance the solubility and processability of this polymer.
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2 Spontaneously Forming Reversible Hydrogels

In situ gelling hydrogels can be subdivided into two main categories: systems that

are created upon irradiation with light, and systems in which the polymer molecules

self-assemble [17]. Photoinduced polymerization can form a hydrogel in situ;

however, they are not self-gelling. Spontaneously forming hydrogels based on

molecular interactions of polymer components are formed spontaneously or after

certain triggers under biological conditions, such as a change in temperature,

pH, ionic strength or molecular interactions. Also, reversibility of the gelation/

dissociation process is important for polymer scaffolds applied in cell and tissue

engineering. Table 3 summarizes the types of spontaneously forming reversible

hydrogel systems [21–25, 27, 30, 31, 33–39, 42–51].

PEG-based hydrogels are the most widely used materials. PEG-based hydrogels

are nontoxic and nonimmunogenic, and they can be covalently crosslinked

using various methods to form hydrogels. It was reported that PEG-poly(propylene

glycol) (PEG-PPG) triblock copolymers (Pluronics or Poloxamers) turn into hydro-

gels at physiological temperature by forming a liquid crystalline phase [42].

PEG–peptide bioconjugates are amenable to proteolytic degradation in response

to secreted proteases, such as matrix metalloproteases (MMPs) from cells [33, 34].

Another important synthetic polymer is PVA. PVA hydrogels are stable and elastic

gels that can be prepared by repeated freezing and thawing cycles [31]. The

physically crosslinked PVA hydrogels are biodegradable, and thus can be used

for various applications in cell engineering.

Table 3 Classification of spontaneously forming and reversible hydrogels

Hydrogel Crosslinking mode Dissociation signal References

Collagen/gelatin Entanglement Temperature [18, 19]

Poly(L-lysine)-based hydrogel Ionic interaction pH [20]

Poly(lactic acid)-based

hydrogel

Stereocomplex formation pH [21–25]

Hydrophobic interaction Hydrolysis [26]

Alginic acid/divalent cation

complex

Ionic interaction pH [27]

Agarose hydrogel Entanglement Hydrolysis [28]

Chitosan hydrogel Ionic interaction pH [29]

PNIPAAm-based hydrogel Hydrophobic interaction Temperature [30]

PVA hydrogel Hydrogen bonding Temperature [31]

Boronate/diol reaction Chemical stimulation

(e.g., sugar)

[32]

PEG-based hydrogel Biological interaction Protease [33, 34]

MPC polymer-based hydrogel

PMA/PMB hydrogel

Hydrogen bonding pH [35–39]

PMBV/PVA hydrogel Boronate/diol reaction Chemical stimulation

(e.g., sugar)

[40, 41]

PMA poly(MPC-co-methacrylic acid), PMB poly(MPC-co-BMA)
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Stimuli-responsive hydrogels that undergo abrupt changes in volume in response

to external stimuli such as pH, temperature, and solvent composition have potential

applications in cell engineering. Temperature-responsive hydrogels are some of the

most widely studied stimuli-responsive hydrogel systems. These systems, which

are mostly based on PNIPAAm, undergo a reversible volume phase transition with

a change in the temperature of the environmental conditions [30].

Alginate is a linear polysaccharide that is widely used for drug delivery and in

cell engineering. Alginate forms a hydrogel under benign conditions, which makes

it attractive for cell encapsulation. When divalent cations such as Ca2+, Mg2+, Ba2+,

and Sr2+ are added into alginate aqueous solution, the hydrogel is obtained [27].

The hydrogels have also been used for transplantation of cells such as chondrocytes,

hepatocytes, and Langerhans islets to treat diabetes.

The molecular design of polymers for spontaneously forming hydrogels has

been carried out using a MPC unit. Watanabe et al. reported a MPC polymer porous

scaffold prepared through stereocomplex formation between poly(D-lactic acid)

and PLA [21–25]. Kimura et al. and Nam et al. reported a spontaneously forming

hydrogel by mixing two kinds of MPC polymer solutions [35–38]. Hydrophobic

domains were formed by water-soluble MPC polymer containing a hydrophobic

unit, poly(MPC-co-n-butyl methacrylate) (PMB), in aqueous solution. Another

water-soluble MPC polymer containing methacrylic acid, poly(MPC-co-methacrylic

acid) (PMA) was introduced into the hydrophobic domain. After being gently shaken,

the gelation occurred due to the formation of dimers by hydrogen bonding, which acts

as a physical crosslinking of the polymer chains. The formed hydrogel (PMA/PMB

hydrogel) is expected to be useful as a drug reservoir for a pH-responsive drug

delivery system. Also, a PMA/PMB hydrogel has been applied for preventing

peritendinos adhesion after physical operation [39].

3 Cytocompatible Polymer Hydrogels Composed

of Water-Soluble Phospholipid Polymers

3.1 Polymer Design and Fundamental Properties

Similarly to the phospholipid polymers, the MPC polymers show excellent biocom-

patibility and blood compatibility [43–48]. These properties are based on the bioinert

character of the MPC polymers, i.e., inhibition of specific interaction with

biomolecules [49, 50]. Recently, the MPC polymers have been applied to various

medical and pharmaceutical applications [44–47, 51–55]. The crosslinked MPC

polymers provide good hydrogels and they have been used in the manufacture

of soft contact lenses. We have applied the MPC polymer hydrogel as a cell-encapsu-

lation matrix due to its excellent cytocompatibility. At the same time, to prepare a

spontaneously forming reversible hydrogel, we focused on the reversible covalent

bonding formed between phenylboronic acid and polyol in an aqueous system.

Cytocompatible Hydrogel Composed of Phospholipid Polymers 147



It is known that boronic acids can bind with hydroxyl compounds, including

polyols such as PVA, through the complex formation of a reversible covalent

bonding [56, 57].

Using this property, a glucose-responsive hydrogel system to control release of

insulin has been prepared. The MPC polymer bearing a phenylboronic acid moiety,

poly[MPC-co-n-butyl methacrylate (BMA)-co-p-vinylphenylboronic acid (VPBA)]

(PMBV), can spontaneously form a hydrogel with PVA, even when the polymers

are dissolved in cell culture medium [40, 41]. The PMBV/PVA hydrogel can be

dissociated by addition of low molecular weight sugar compounds based on the

exchange reaction with PVA.

PMBVwas synthesized by a conventional radical polymerization. The monomer

unit compositions of the PMBV were 0.64, 0.25, and 0.11 unit mole fractions for

MPC, BMA, and VPBA, respectively. The number-averaged molecular weight and

weight-averaged molecular weight were 6.2 � 104 and 6.5 � 104, respectively.

This PMBV was completely water-soluble due to hydrophilic MPC units in the

polymer. Figure 1 shows the chemical structure of PMBV.

When the PMBV solution and PVA solution were mixed, a hydrogel was formed

within a short term. Dissociation of the PMBV/PVA hydrogel occurred through

addition of a sugar compound such as D-sorbitol. This spontaneous gelation and

dissociation mechanism is useful for 3D cell immobilization, and the PMBV/PVA

hydrogel is a promising platform as a soft biodevice for 3D cell engineering. Figure 2

shows the concept of 3D cell engineering based on a PMBV/PVA hydrogel system.

The gelation mechanism is shown in Fig. 3. The spontaneous gelation was

visually confirmed when the polymer concentration was 5 wt% PMBV solution

and 2.5 wt% PVA solution.

Figure 4 indicates the dynamic viscoelasticity of the PMBV/PVA hydrogel. The

dynamic viscoelasticity was measured immediately after mixing of the two polymer

solutions. It was confirmed that the cross-point between the storage modulus (G0)
and loss modulus (G00) is at 37 s. This result indicated that the mixture formed a

crosslinking network, and that the mixture finally produced a hydrogel structure.

Furthermore, gelation even occurred in the cell culture medium. Also, the hydrogel

was reversibly dissociated by the addition of sugar molecules. The hydrogel had

good network structure and the pore size was a few micrometers.

Fig. 1 Chemical structure of water-soluble poly(2-methacryloyloxyethyl phosphorylcholine-

co-n-butyl methacrylate-co-p-vinylphenylboronic acid (PMBV)
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Fig. 2 Concept of 3D cell engineering based on a spontaneously forming and reversible PMBV/

PVA hydrogel with high cytocompatibility as soft biodevice

Fig. 3 Above: Spontaneous gelation mechanism between the phenylboronic acid moiety

(boronate ion) in water-soluble PMBV and the hydroxyl groups (diol units) in PVA. Below:
Photoimages of spontaneously forming PMBV/PVA hydrogel, before gelation (left), after gelation
(center), and after dissociation (right)
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The dissociation property of the PMBV/PVA hydrogel was evaluated by weight

measurements of the hydrogel in phosphate-buffered saline (PBS) containing the

sugar molecules. The weight change of the PMBV/PVA hydrogel in the presence

of various sugar molecules against the incubation time is shown in Fig. 5. The

hydrogel was initially swollen under all conditions. After the initial swelling,

the weight change of the hydrogel strongly depended on the sugar molecules.

The weight of the hydrogel immediately decreased, especially in the case of the

solution containing D-fructose. The order of dissociation of hydrogel was D-fructose

> D-galactose > D-glucose. This order corresponded to the complex formation

constants of phenylboronic acid, which were reported by Lorand, et al. [58].
The order of formation constants of polyol complexes were reported as follows:

Fig. 4 Dynamic

viscoelasticity measurements

after equal mixing of 5 wt%

PMBV and 2.5 wt% PVA

Fig. 5 Dissociation process

of PMBV/PVA hydrogel after

addition of 0.2 M of various

sugar solutions: circles
phosphate buffered saline,

squares D-glucose, diamonds
D-galactose, triangles D-

sorbitol
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D-fructose (4370 M-1) > D-galactose (276 M-1) > D-glucose (110 M-1). From these

results, it was confirmed that the PMBV/PVA hydrogel was formed under

biological conditions, and that the reversible properties of the hydrogel corres-

ponded to the formation of a complex between the phenylboronic acid group in

PMBV and the diol moiety in PVA.

4 Cells in PMBV/PVA Hydrogels

4.1 Encapsulation Technique

PMBV and PVA can spontaneously form a hydrogel without using any cross-

linkers. Even in cell culture conditions, the gelation can be confirmed. Therefore,

it was possible to encapsulate cells in the PMBV/PVA hydrogel. The encapsulation

method is illustrated in Fig. 6.

The encapsulation technique was briefly as follows: L929 fibroblast cells were

suspended in 5 wt% of PMBV solution dissolved in the culture medium. The

PMBV solution containing the cells and 2.5 wt% of PVA solution were equally

mixed, and the PMBV/PVA hydrogel containing L929 cells was formed. The

PMBV/PVA hydrogel immobilizing the cells was stored in an incubator. After

72 h, 0.2 M of D-fructose solution was added to the PMBV/PVA hydrogel to

Fig. 6 Cell encapsulation using PMBV/PVA hydrogel
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dissociate the hydrogel and collect the immobilized cells. After dissociation of the

PMBV/PVA hydrogel, the recovered cells were collected by centrifugation, and the

survival ratio was evaluated.

To evaluate cell proliferation in the hydrogel, the L929 cells were immobilized

at a density of 1.0 � 105 cells/mL. As a control sample, L929 cells were seeded

onto a conventional cell culture plate at a density of 0.5 � 104 cells/mL.

4.2 Morphology of Cells in the Hydrogels

The shape and morphology of the L929 cells were observed using a phase contrast

microscope. The L929 cells proliferated and formed cell clusters derived by expan-

sion of a single cell without forming aggregations in the PMBV/PVA hydrogel.

After 7 days encapsulated without changing the medium for fresh medium, the

PMBV/PVA hydrogel was dissociated by the addition of D-sorbitol solution, and the

L929 cells recovered from the PMBV/PVA hydrogel and seeded on a conventional

cell culture plate of tissue-culture polystyrene (TCPS). Figure 7 shows phase contrast

microscopic images of the L929 cells on TCPS and in the PMBV/PVA hydrogel. The

L929 cells adhered, spread, and proliferated on the TCPS. On the other hand, mor-

phology of the L929 cells kept a round shape during the culture period. Figure 8 shows

a phase contrast image of the L929 cells recovered from the PMBV/PVA hydrogel. It

was possible to recover the cell clusters derived by expansion of single cells.

4.3 Proliferation of Encapsulated Cells

Figure 9 shows the proliferation of cells encapsulated in the PMBV/PVA hydrogel.

The encapsulated cells (L929) did not proliferate with the excessive proliferation

seen on the TCPS. The encapsulated cells were recovered from the PMBV/PVA

3 hours 2 days 4 days 6 days

On TCPS

In PMBV/PVA
hydrogel

Fig. 7 Phase contrast microscope images of fibroblast (L929) cells on TCPS and in the PMBV/

PVA hydrogel
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hydrogel after dissociation by the addition of D-fructose. The cell survivability in

the hydrogel was 96.5% � 1.1% after 72 h. The maximum L929 cell proliferation

was exhibited after 4 days on the TCPS. On the other hand, the proliferation of L929

cells was maintained for 11 days in the PMBV/PVA hydrogel. The viability of the

L929 cells in the PMBV/PVA hydrogel was maintained at more than 90% during the

11 days. The viability of the L929 cells on the TCPS was 60% after 11 days.

4.4 Control of Cell Cycle in the Hydrogel

It is hypothesized that cells proliferate uniformly and that the distribution of cell

cycle phases is synchronized in the G0/G1 phase in the PMBV/PVA hydrogel. It

has also been reported that cells synchronized at G0/G1 phase express a high level

of cell-specific functions [59]. Thus, it is expected that the PMBV/PVA hydrogel

can avoid a reduction in activity of entrapped cells and preserve cells with high

functionality.

The PMBV/PVA hydrogel containing L929 cells was prepared and incubated

for 7 days. After recovery from the PMBV/PVA hydrogel, L929 cells were fixed
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in cooled 70% ethanol for 2 h. The cells were incubated in a solution containing

1 mg/mL RNase and 20 mg/mL propidium iodide (PI) for 30 min. Cell cycle

analysis was performed by flow cytometry.

Figure 10 shows the distribution of cell cycle phases of L929 cells encapsulated

in the PMBV/PVA hydrogel and those cultured on the TCPS. The percentage of

cells in G0/G1 phase was 71% in the PMBV/PVA hydrogel after 3 days. By

contrast, the amounts in G0/G1 phase were 30–50% in conventional cultivation

on the TCPS during the 3 days. This means that L929 cells divided and proliferated

more uniformly in the PMBV/PVA hydrogel than on the TCPS. As a result, the

distribution of cell cycle phases of L929 cells cultured in the PMBV/PVA hydrogel

was more uniform than that on the TCPS. In the PMBV/PVA hydrogel, 94% of

L929 cells were synchronized to G0/G1 phase at 7 days. On the TCPS, 97% of L929

cells were also synchronized to G0/G1 phase at 7 days. However, the cell numbers

had been decreasing from 4 days so that L929 cells had entered into the death phase

after 7 days on TCPS. L929 cells became confluent and cell death was induced.

5 Cell Functions in the PMBV/PVA Hydrogel

Liver cells, HepG2, could also be encapsulated in the PMBV/PVA hydrogel, and

the cell-specific functions were evaluated. HepG2 cells secrete albumin during cell

culture. Culture supernatants were collected and albumin content measured using
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enzyme-linked immunosorbent assay. The HepG2 cells encapsulated into the

PMBV/PVA hydrogel maintained a high level of albumin synthetic function during

encapsulation for 5 days (Fig. 11). On the TCPS, the HepG2 activity decreased with

culture time. It has been reported that human hepatocellular cells decrease their

liver-specific functions in 2D culture due to monolayer failure to accurately mimic

the native microenvironment [60]. The results in Fig. 11 show that the PMBV/PVA

hydrogel did not induce a reduction in cell-specific function. It has been reported

that the functions and proliferation of cells is related to the morphology of cells

[61]. A strong cell adhesion and spreading often lead to proliferation, while round-

shaped cell morphology is required for cell-specific functions. Thus, cell-specific

functions can be preserved in the PMBV/PVA hydrogel.

6 Gene Expression of Cells Encapsulated in PMBV/PVA

Hydrogel

Gene expression is an important parameter for estimating the cell activity. In this

study, a mouse mesenchymal stem cell line (C3H10T1/2) was encapsulated in the

PMBV/PVA hydrogel. The gene expression analysis was performed using the

quantified polymerase chain reaction (qPCR) method after 1 day of culture. In this

study, four kinds of genes were evaluated, beta-2 microglobulin (B2m), elongation
factor 1-gamma (Eef1g), succinate dehydrogenase complex subunit flavoprotein

variant A (Sdha), and TATA-binding protein (Tbp).
Figure 12 shows the result of qPCR analysis. Since formation of the PMBV/PVA

hydrogel is reversible, the encapsulated cells can be recovered from the gel without

any damage after treatment with the dissociation reagents. Housekeeping genes are

typically constitutive genes that are required for the maintenance of basic cellular

function, and are found in all cells of an organism. In the PMBV/PVA hydrogel, all

housekeeping genes were expressed. This result indicated that the encapsulated

cells maintained their basic cellular function in the PMBV/PVA hydrogels.

Fig. 11 Amount of secreted

albumin from HepG2 cells

encapsulated in the PMBV/

PVA hydrogel and on TCPS
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7 Encapsulation of Stem Cells and Their Undifferentiated

Character

Mouse ES cells (129/SvEv, passage 11) were suspended in 5 wt% PMBV solution

dissolved in the ES cell culture medium. The PMBV solution containing ES cells

was mixed with 2.5 wt% PVA solutions. The mixture was gently shaken to form the

PMBV/PVA hydrogel. After confirmation of gelation, the PMBV/PVA hydrogel

containing ES cells was stored in an incubator. The cell morphology was observed

with a phase contrast microscope.

The ES cells were encapsulated in the PMBV/PVA hydrogel by the same

method used for the L929 cells. In general, ES cells form a cell aggregate called

an embryoid body in suspension culture. However, it was observed that the

encapsulated ES cells in the hydrogel did not form any embryoid body for 72 h.

Figure 13 shows the phase contrast microscope images of the encapsulated ES

cells in the PMBV/PVA hydrogel, and those cultured on the water-insoluble

phospholipid polymer, poly(MPC-co-BMA) (PMB30, MPC unit mole fraction

0.30). The ES cells were uniformly suspended in the PMBV/PVA hydrogel. On

the other hand, the ES cells cultured in suspension culture (cell adhesion was

completely inhibited on the PMB30 surface) were aggregated and formed an

embryoid body. It should be noted that the PMBV/PVA hydrogel did not affect

direct cell–cell interaction between the ES cells. This is important because

increased cell–cell interaction is a trigger for ES cell differentiation.

The PMBV/PVA hydrogel containing ES cells was dissociated by the addition

of 0.2 M D-fructose solution after 3 days. After dissociation of the PMBV/PVA

hydrogel, the recovered ES cells were cultured on gelatin-coated TCPS in the

culture medium as usual, and the differentiation characters of recovered ES cells

were estimated by alkaline phosphatase (ALP) staining (Fig. 14).

ALP staining was performed to estimate the functionality of recovered ES cells,

and it was found that the ES cells with undifferentiated character were well stained
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by ALP staining. Indeed, this is an indicator of the differentiation of ES cells. It

should be noted that the colonies were also well stained by ALP staining. This result

indicated that the ES cells maintained their undifferentiated character during the

immobilization period in the PMBV/PVA hydrogel. It can be seen that the PMBV/

PVA hydrogel supported the cell immobilization space in their network without any

stimulation to change the cell function.

8 Cell-Based Biochips Fabricated Using a PMBV/PVA

Hydrogel

8.1 Microfluidics for Miniaturized Cell Operation

Microfluidics evolved from micro-analytical methods in capillary format such

as capillary electrophoresis, high-performance liquid chromatography, and gas

chromatography, and has successfully revolutionized chemical and biochemical

Fig. 14 Alkaline phosphatase staining of recovered ES cells after dissociation of PMBV/PVA

hydrogel (left), and of the ES cells cultured on PMB30 (right). The undifferentiated ES cells were

well stained. ES cells encapsulated in the PMBV/PVA hydrogel maintained their undifferentiated

character during the 3 days of encapsulation

Fig. 13 Phase contrast microscope images of mouse embryonic stem cells in the PMBV/PVA

hydrogel (left) and on TCPS (right)
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applications towards miniaturized and integrated on-chip formats, with high speed,

high sensitivity, high resolution, and minute sample consumption [62]. Recently,

microfluidic chips have been applied to manipulate and analyze cells and to

interrogate molecules inside the cell [63–65]. These cell-based microfluidic chips

contribute to and advance genomic, proteomic, and cellomic research at the micro-

and nanoscale levels [66, 67]. As the development of cell encapsulation and tissue

engineering technologies progresses, hydrogels have been utilized to encapsulate

cells in microfluidic chips.

8.2 Fabrication and Operation of Cell-Based Biochips

Integration of the PMBV/PVA hydrogel system and microfluidics for the encapsu-

lation and preservation of cells on-chip has been investigated [68, 69]. The PMBV/

PVA hydrogel spontaneously encapsulated cells on-chip without inflicting any

adverse physical effects (such as seen with thermal- and phototreatments), and

the cells encapsulated in the hydrogel in the chip exhibited high viability and low

proliferation over a period of days and weeks under cell-based assay conditions.

Hence, the research not only presents a promising hydrogel material for long-term

cell preservation without perfusion culture on-chip, which has not been realized

before, but also expands the application of the PMBV/PVA hydrogel system for

cell-based assays from bulk scale to microscale.

The microfluidic chip system for preparing a miniaturized PMBV/PVA hydrogel

consists of a two-chamber chip, an aluminum custom-made chip holder, Teflon

capillaries, microtubes, and syringes equipped with a microsyringe pump (Fig. 15).

The two-chamber chip was fabricated by a photolithographic wet etching tech-

nique. Whereas both channels and chambers (200 mm in depth) were fabricated on

the top plate, only chambers (200 mm in depth) were fabricated on the bottom plate.

To encapsulate cells in the chip, first, 5 mL of 2.5 wt% PVA solution was delivered

into the cell-container chamber through the introducing microchannel using a

microsyringe pump with a withdraw mode. Then, 15 mL of cell suspension in a

culture medium containing PMBV (5.0 wt%) was introduced. After that, PMBV/

PVA hydrogel spontaneously formed and encapsulated the cells in the cell-container

chamber. The viability of the cells encapsulated in the miniaturized hydrogel in the

chip was investigated using fluorescence-based LIVE/DEAD assays.

8.3 Long-Term Viability of Cells in the Cell-Based Chip

Two mammalian cell lines, mouse fibroblasts (L929 cells) and human arterials

endothelial cells (HAECs) were used in the investigation of cell encapsulation.

Fibroblast cells and endothelial cells are model cells widely used in many

cell biology applications such as cytotoxicity assays and tissue engineering.

Cell-encapsulating PMBV/PVA hydrogels with L929 cells and HAECs were

158 K. Ishihara et al.



prepared in both the microplate (bulk hydrogel) and the chip (miniaturized

hydrogel).

Figure 16 demonstrates representative fluorescence images of LIVE/DEAD

assays of L929 cells after being encapsulated for 4 days in the bulk hydrogel

and in the miniaturized hydrogel. In both hydrogel formats, only few dead cells

(indicated as red fluorescence) were found, indicating that most cells were live after

4 days of encapsulation in both hydrogel formats. Accordingly, almost equal cell

viabilities were calculated (at 4 days), i.e., about 88.7% in the miniaturized hydro-

gel and about 87.8% in the bulk hydrogel (Fig. 17). This indicates that, after 4 days

of encapsulation, the viability of cells in the miniaturized hydrogel was highly

uniform with that of cells in the bulk hydrogel. After 8 days of encapsulation, the

viability of L929 cells in the miniaturized hydrogel was as high as its viability after

4 days, whereas the viability of L929 cells in the bulk hydrogel decreased slightly to

Fig. 15 Above: Photo of a two-chamber chip fabricated on glass substrates for preparing

miniaturized cell-encapsulating hydrogel. Below: Setup and operation of the two-chamber chip.

(a) The system setup. (b) PVA solution is introduced into chamber I through inlets 1 and 3. (c) The
PMBV/cell suspension is introduced through the same inlet/outlet. Immediately, cell-

encapsulating PMBV/PVA hydrogel spontaneously forms in chamber I. After that, cells are

encapsulated in chamber II through the same operation. (d) With all inlets/outlets open, the chip

is incubated at 37 �C in a cell culture incubator. (e) After encapsulation for several days, LIVE/

DEAD agents are introduced through inlet 2 and outlet 3 to chamber I and through inlet 7 and

outlet 6 to chamber II, respectively
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73.5%. Similarly, the 7-day viability of HAECs (initial density: 1.6 � 105 cells/mL)

in the bulk hydrogel was also slightly lower than that in the miniaturized hydrogel. It

is considered that this slight difference may simply result because the bulk hydrogel

in the microplate (open system) evaporates faster than the miniaturized hydrogel in

the chip (semi-closed system) and this does not appear to be an intrinsic property of

the hydrogel. Therefore, to obtain substantial and reliable results, the following

comparative investigations were performed on the cells in both hydrogel formats

after the cells were encapsulated for 4 days.

8.4 Cytotoxicity Assay in the Cell-Based Chip

Cell cytotoxicity assays with the encapsulated L929 cells were performed.

Methanol and CoCl2 solutions were used as toxins. Whereas methanol is a strong

Fig. 17 Viability of L929

cells after 4 and 8 days of

encapsulation in miniaturized

PMBV/PVA formed in a

microfluidic chip and in bulk

PMBV/PVA hydrogel formed

in a 96-well microplate

Fig. 16 Fluorescence images of LIVE/DEAD assays of the L929 cells encapsulated for 4 days:

(a) in the miniaturized PMBV/PVA hydrogel formed in the microfluidic chip, and (b) in the bulk

PMBV/PVA hydrogel formed in the 96-well microplate. Green fluorescence indicates live cells

and red fluorescence indicates dead cells. Scale bar: 100 mm

160 K. Ishihara et al.



cytotoxic agent at a high concentration, CoCl2 is a noncytotoxic or weak cytotoxic

agent [70]. Therefore, a CoCl2 solution with a high concentration (50 mM) and

methanol solutions with low (7%, v/v) and a high (7%, v/v) concentrations were

prepared in PBS for toxin exposure experiments. The cytotoxic sensitivity of cells

in the miniaturized hydrogel (initial density 1.0 � 106 cells/mL, 4-day encapsula-

tion) was compared with that of cells in the bulk hydrogel (initial density 1.0 � 106

cells/mL, 4-day encapsulation).

As shown in Fig. 18, cytotoxicity responses expressed as the percentage of dead

cells were in accordance with the cytotoxicity of the toxins. Exposure to noncyto-

toxic (or weakly cytotoxic) solutions (50 mM CoCl2 and 7% v/v methanol) resulted

in a very low percentage of dead cells, whereas a cell death of 100% was observed

in exposures to the strongly cytotoxic solution (70% v/v methanol). This indicates

that cells encapsulated in both hydrogel formats exhibited high cytotoxic sensi-

tivities. Most importantly, for each toxin solution, the cytotoxicity response of cells

in the miniaturized hydrogel was not only as uniform as that of cells in the bulk

hydrogel, but also as uniform as that of cells cultured in medium. This reveals that,

after 4 days of encapsulation, cells in the miniaturized hydrogel maintained a high

degree of correlation in cytotoxic sensitivity with the cells in the bulk hydrogel and

as well as in the conventional medium culture.

A comparative investigation on the performance of the PMBV/PVA hydrogel in

a miniaturized format and in a bulk format was performed. Aspects of hydrogel

formation were studied, i.e., cell encapsulation, long-term cell viability, and cell

cytotoxicity. Cell encapsulations in the miniaturized hydrogel and in the bulk

hydrogel were prepared in a glass microfluidic chip and in a standard 96-well

microplate, respectively. The high viability of the cells in the miniaturized hydrogel

was maintained, as in the bulk hydrogel, after long-term (4 days and 8 days)

encapsulation. Remarkably, not only did the cells in both hydrogel formats exhibit

high cytotoxic sensitivities against different toxins with different cytotoxicity after

4 days of encapsulation, but also the cells in the miniaturized hydrogel maintained a

Fig. 18 Cytotoxic response

of L929 cells after 4 days of

encapsulation in miniaturized

PMBV/PVA hydrogel formed

in a microfluidic chip and in

bulk PMBV/PVA hydrogel

formed in a 96-well

microplate

Cytocompatible Hydrogel Composed of Phospholipid Polymers 161



high degree of correlation in cytotoxic sensitivity with the cells in the bulk hydrogel

and as well as with cells in the conventional medium culture. Therefore, the PMBV/

PVA hydrogel behaved as uniformly in the microscale as in the bulk, which is

important, useful, and meaningful for use of the PMBV/PVA hydrogel system in

cell-based applications from a bulk level to a microscale level.

9 Conclusion and Future Perspectives

A spontaneously forming hydrogel composed of MPC polymer with phenyl boronic

acid group and PVA can encapsulate cells under ordinary conditions. The PMBV/

PVA hydrogel dissociates again by addition of sugar, and a cell suspension is

obtained. During this encapsulation-recovery process, cells do not lose their activity

and functions. That is, the PMBV/PVA hydrogel can regulate excessive prolifera-

tion, provide normalized cells with uniform cell cycle phases, and maintain cell-

specific functions when the cells are encapsulated in the hydrogel. In the case of ES

cell encapsulation, the cells maintain their undifferentiated characteristics during

the preservation period in the PMBV/PVA hydrogel. Thus, we conclude that the

PMBV/PVA hydrogel is a novel and powerful soft device for controlling cell

functions in cell engineering fields.

It is usual during differentiation of stem cells for them to form an embryoid body

on suspension culture. However, the cell clusters formed on suspension culture are

aggregations derived from various different cells. Individual cells from the same

tissue may actually differ from each other and have different roles. Furthermore, it

has been recently revealed that the absolute amounts of complementary DNA

expression differ from cell to cell even if the cells derive from the same cell line

[71]. Thus, inducing homogeneous cell clusters derived by expansion of single

cells, and not derived by aggregation of various different cells, may maintain high

cell-specific functions and highly efficient differentiation of stem cells.
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Abstract Understanding and controlling biological responses against artificial

materials is important for the development of medical devices and therapies.

Self-assembled monolayers (SAMs) of alkanethiols provide well-defined surfaces

that can be manipulated by varying the terminal functional groups. Thus, SAMs

have been extensively used as a platform for studying how artificial materials affect

biological responses. Here, we review cell adhesion behavior in response to SAMs

with various surface properties and the effects that adsorbed proteins have on

subsequent cell adhesion. We also describe an application for SAMs as a substrate

for culturing neural stem cells (NSCs). Substrates that induced the correct orienta-

tion of immobilized growth factors, like epidermal growth factor, improved the

selection of a pure NSC population during cell expansion. In addition, we review

new methodologies for using amphiphilic polymers to modify the surfaces of

cells and tissues. Coating the cell surface with amphiphilic polymers that can

capture and immobilize bioactive substances or cells represents a promising

approach for clinical applications, particularly cellular therapies.
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1 Introduction

Much effort has been devoted to understanding biological responses to artificial

materials [1, 2] in order to facilitate the development of medical devices and

artificial organs. However, many issues remain to be fully understood. Furthermore,

these studies require overcoming various difficulties because biological responses are

affected by many factors, including surface energy, surface electrostatic properties,

macro- and microsurface morphology, surface heterogeneity, different functional

groups, and the mobility of functional groups on surfaces. Systematic studies of

biological responses to artificial materials require surfaces with well-controlled

properties; however, there is a lack of methods for systematically controlling

surface properties. Surface chemistry approaches have employed the use of model

surfaces, like self-assembledmonolayers (SAMs) of alkanethiols, HS(CH2)nX, where

X denotes various functional groups [3–6]. SAMs are also suitable for studying

correlations between biological responses and surface properties.

It has been shown that cell adhesion highly depends on the outermost functional

groups on SAMs; however, cells do not directly interact with the SAMs. Instead,

they interact with proteins adsorbed on SAMs. Cell adherence requires an interac-

tion between integrin molecules in the cell membrane and glycoproteins specialized

for cell adhesion, like fibronectin (Fn) and vitronectin (Vn), which are adsorbed on

the artificial material. Thus, the presence of glycoproteins in serum plays a crucial

role in cell adherence to artificial materials. In the first part of this review (Sect. 2),

we will briefly survey recent studies of cell adhesion on SAMs with different

functional groups and discuss the mechanisms involved.
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Knowledge gained from cell adhesion studies with SAMs has been used to

develop culture substrates with the appropriate cell adhesion glycoproteins for

different types of cells [7–10]. Stem cells, capable of self-renewal and differentia-

tion into multiple cell types, are found in embryonic and adult tissues. Pluripotent

stem cells, like embryonic stem cells and induced pluripotent stem cells, have been

developed in vitro. These cells are expected to provide cell sources for regenerative

medicine. Various culture conditions have been developed to enable expansion of

these cells without loss of their multi- and pluripotency and to induce differentia-

tion into viable cells with specific functions.

In the last few years, our group has focused on neural stem cells (NSCs). NSCs

were discovered by screening rodent CNS cells for responses to epidermal growth

factor (EGF) [11]. Integrin and epidermal growth factor receptor (EGFR) coordi-

nately regulate cell migration, survival, and growth by modulating a common set of

signaling pathways. Moreover, EGF was shown to be a mitogen for NSCs. Taking

these facts into consideration, we hypothesized that NSCs might be selectively

trapped on SAM surfaces through EGF–EGFR interactions, and that this interaction

might strongly promote NSC proliferation due to EGFR signaling. In the second

part of this article (Sect. 3), we will describe our own work on cultured NSC

interactions with surface-immobilized EGF.

Regenerative medicine and tissue engineering have opened new therapeutic

domains. Stem cells have become therapeutic units for generating functional cells

and tissues. One of themore successful endeavors has been the transplantation of islets

of Langerhans (islets), which produce and release insulin, as a treatment for patients

with type 1 diabetes. However, implantation of living cells into a host induces various

undesirable biological responses similar to the responses against artificial materials,

such as blood coagulation, complement activation, inflammatory reactions, and

immune reactions. Understanding biological responses to artificial materials [2] and

surface modification methods for biomaterials gives bases to evade adverse host

responses and to improve functions of transplanted cells. For living cells and tissues,

however, surface treatment should be carried out under the physiological conditions

that do not deteriorate their viability and biological functions. We developed new

methods tomodify the surfaces of cells and tissues to increase their compatibility with

a host environment. In the last part of this review (Sect. 4), we discuss the latest

methods for modifying islet surfaces and their effects on islet–host compatibility.

2 Cell Adhesion to a Model Biomaterial Surface

2.1 Self-Assembled Monolayer as a Model Surface

Self-assembled monolayers (SAMs) of alkanethiols, HS(CH2)nX, where X denotes

various functional groups, are frequently used to prepare model surfaces [3–6].

Alkanethiols or alkanedisulfides chemisorb from a solution onto a surface coated
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with a metal such as gold, silver, or platinum. SAMs are commonly formed on a

thin gold layer coated on a glass plate, due to its easy preparation and its stability in

the ambient environment. Furthermore, gold is compatible with sensitive methods

for analyzing surface phenomena, including surface plasmon resonance (SPR) [12],

ellipsometry [13], Fourier-transformed infrared-reflection adsorption spectroscopy

(FTIR-RAS) [13], and quartz crystal microbalance (QCM) [14]. The gold–sulfur

bond is relatively stable, with a DH� � 28 kcal/mol [15, 16]. In addition,

alkanethiols self-assemble through van der Waals interactions between alkyl

chains. Alkanethiols with long alkyl chains (n > 11) form closely packed SAMs,

with approximately 21.4 Å2 of occupied area per molecule [17, 18]. Due to the thiol

anchoring to the gold and the close packing of the alkyl chain, another terminal

group, X, can be effectively displayed on the surface of the SAM. Alkanethiols with

various functional groups are commercially available, and SAMs with different

functional groups are easily prepared.

The surface properties of SAMs can be finely controlled by coadsorbing a

mixture of alkanethiols with different functional groups. The composition of a

SAM can be determined by spectroscopic methods like FTIR-RAS and X-ray

photoelectron spectroscopy (XPS). The fraction of given alkanethiol on the

mixed SAM surface reflects its mole fraction in the mixed solution, but it is not a

linear relationship. The adsorbed fraction is highly dependent on the chain length of

alkanethiol [19] and its terminal functional group [20, 21]. The water contact angle

measurement of mixed SAMs gradually changes with the fraction of mixed SAMs

on the surface, and the relationship can be approximately expressed with Cassie’s

equation. Thus, the preparation of mixed SAMs with different alkanethiols allows

us to systematically change the surface properties to produce a variety of different

model surfaces.

A micropattern can be printed onto the SAM surface. This is achieved by UV

light irradiation through a photomask to cause photodegradation of alkanethiols

[22–24] or by microcontact printing with a pattern stamp made from poly(dimethyl-

siloxane) [25, 26]. Micropatterned SAMs have been employed as a high-throughput

platform for studies on biomolecular interactions that included arrays of DNAs

[27–29], proteins [30–33], and cells [34–37]. Micropatterned SAMs have also been

used to examine cell fate after controlling the geometry of cell adhesion on a

micrometer scale [38–41].

2.2 Cell Adhesion on Material Surfaces

When a cell suspension is applied to a surface, the events that occur can be

conceptually classified into three stages: (1) a cell approaches the surface, (2) the

cell attaches to the surface, and (3) the cell adheres, and thus, spreads out on

the surface. Most studies of cell adhesion on artificial materials measure the number

of adherent cells, the cell morphology, and changes in protein expression. To

gain more detailed insight into the biophysical mechanism of cell adhesion requires
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real-time tracking of cell behavior. To observe initial cell adhesion onto SAMs in

real time, we employed a total internal reflection fluorescence microscope

(TIRFM).

The optical assembly of a TIRFM is schematically shown in Fig. 1a [42].

The TIRFM utilizes an evanescent field, which is generated by laser reflection at

a water–glass interface [43, 44]. The intensity of the evanescent field decays

exponentially with increasing distance from the interface. The characteristic

penetration depth of the evanescent field is approximately 100 nm (depending on

wavelength, incident angle, and refractive index of the glass and aqueous solution).

Fluorescent dyes are excited in the evanescent field, and the emitted fluorescent

light is captured with a charge-couple device (CCD) camera.

We assembled a TIRFM with low magnification to study cell adhesion behavior

on SAMs with various functional groups [42]. Figure 1b shows a schematic

illustration of the cell adhesion process and the corresponding TIRFM images.

A suspension of cells with fluorescently labeled cell membranes is applied

onto a substrate (Fig. 1b-1). At first, no bright spots were observed by TIRFM,

CCD camera

Emission filter

Objective lens

Slilcone rubber
spacer

Laser
(λ = 532 nm)

Evanescent
field

Cell

Prism

q

(2) (3) (4)(1)b

a

Substrate

Teflon borrel

Glass window

Fig. 1 Real-time tracking of cell adhesion [42]. (a) Components of a total internal reflection

fluorescent microscope (TIRFM). (b) The cell adhesion process; (1) a cell approaches the surface,
(2) the cell lands, (3) the cell attaches, and (4) the cell spreads out on the surface. The evanescent

field was generated by total internal reflection of a laser beam at the glass–water interface. Cells

with fluorescently labeled membranes (dashed lines) were plated on SAMs. Cell membranes

within the evanescent field (solid line) were observed by TIRFM. Corresponding TIRFM images

are shown below
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because the cells were in the medium, outside of the evanescent field. When the

cells approached and landed on the surface (Fig. 1b-2), small, bright spots were

observed. The cells were round with diameters of approximately 10 mm, but the

diameter of the cell membrane visualized in the evanescent field was approximately

2 mm. These spots were difficult to detect by TIRFM with a 10� objective lens.

Once cells adhered to the SAM surface (Fig. 1b-3), bright spots were easily detected

by TIRFM. When cells spread out on the surface (Fig. 1b-4), the bright spots

observed by TIRFM became larger with time. Thus, TIRFM was a useful tool for

investigating cell adhesion. Changes observed in labeled cells could be interpreted

to infer cell behavior at the solid–liquid interface.

TIRFMwas used for time-lapse observations of initial cell adhesion to SAMs with

different surface functionalities (Fig. 2). After 10 min of plating a suspension of

human umbilical vein endothelial cells (HUVECs), a few bright spots were observed

on SAMs with COOH and NH2 functionalities; this indicated cell adherence. The

number of bright spots increased and the spot areas enlarged with incubation time,

indicating that HUVECs adhered and spread well on COOH–SAM and NH2–SAM

surfaces. Quantitative analysis of the number of adherent cells and cell adhesion areas

Fig. 2 TIRFM images of HUVEC adhesion behavior on SAMs with four different types of

surface functional groups at the indicated times after first applying the cell suspension. Scale

bar: 200 mm [42]
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on COOH– and NH2–SAMs showed that cell adhesion reached equilibrium after

60 min of incubation, but the adhesion area increased up to 180 min. In contrast, no

spot was observed on SAMs with CH3 and OH functionalities. The number and total

area of bright spots were much lower on OH– and CH3–SAMs than on COOH– and

NH2–SAMs at all times observed. After 60 min, some bright spots were observed on

OH–SAMs, but not on CH3–SAMs. This indicated that HUVECs adhered poorly to

OH–SAM surfaces and worse to CH3–SAMs. The effects of surface functional

groups on SAMs have been extensively studied with various cell lines. Those studies

showed that most cell types adhered well to COOH– and NH2–SAMs and poorly to

CH3– and OH–SAMs [45–50].

Other studies used various polymers to investigate how cell adhesion depended

on the wettability of materials. They showed that cells adhered well to moderately

wettable materials with water contact angles of 40–60� [51–57]. However, the

results were inconclusive. They employed polymeric materials composed of differ-

ent chemicals that changed wettability concomitantly with changes in the SAM

surface functionality. We performed a study with mixed SAMs to determine the

effect of contact angles on cell adhesion [21]. SAMs with widely varying

wettabilities were prepared by mixing two alkanethiols with different functional

groups (CH3/OH, CH3/COOH, and CH3/NH2). Figure 3 shows that the number of

adherent cells depended on the contact angles of SAMs for both HUVECs and

human cervical carcinoma (HeLa) cells. The maximum number of adherent cells

occurred at different contact angles for all of these mixed SAMs, and it was

different for different cell types. Thus, the design of a surface that promotes cell

adhesion should take into consideration both the type of surface functional groups

and the types of cells targeted.

2.3 Effect of Protein Adsorption on Cell Adhesion

When cells are suspended in a biological fluid or culture medium, both serum proteins

and cells interact with the surface substrate. Serum protein adsorption behavior on

SAMs has been examined with various analytical methods, including SPR [58–61],

ellipsometry [13, 62, 63], and quartz QCM [64–66]. These methods allow in situ,

highly sensitive detection of protein adsorption without any fluorescence or radioiso-

tope labeling. SPR and QCM are compatible with SAMs that comprise alkanethiols.

In our laboratory, we employed SPR to monitor protein adsorption on SAMs.

SPR detects changes in the refractive index near the surface of a metal film. Two

optical configurations, Kretchmann (Fig. 4a) and Otto, can be applied with SPR.

The former is easily set-up and is suitable for protein adsorption on SAMs. A beam

of p-polarized light is directed, through a prism, to the back of a sample glass plate,

which is coated with a metal thin film. The front of the sample glass plate faces the

solution of interest. When the incident angle, y exceeds the critical angle, total

internal reflection occurs. An evanescent wave is generated on the surface facing

the solution, which has a lower refractive index than glass. At a specific incident

Design of Biointerfaces for Regenerative Medicine 173



angle, the evanescent wave of the incoming light is able to couple with the free

oscillating electrons (plasmons) in the metal film, and surface plasmon resonance

occurs. This resonance causes an energy transfer from the incident light to the

plasmons of the metal film, which reduces the intensity of the reflected light (black

line in Fig. 4b). Another important point in SPR is that the resonance angle is

affected by the refractive index in the vicinity of the metal film (within ~200 nm

from the metal surface). Thus, a shift in resonance angle reflects events at the

interface, like protein adsorption on the surface. The resonance angle shift (Dy)
after protein adsorption is related to the amount of adsorbed protein by the Fresnel

relationship [67, 68]. This equation assumes five layers (glass/Au/SAM/protein/

water); the refractive index and the density of the protein layer are usually taken as

1.45 and 1 g/cm3, respectively. For real-time analysis, the change in reflectance

(DR) is tracked at a fixed incident angle (usually 0.5� lower than the

resonance angle) during a measurement, and then it is numerically converted to

the resonance angle shift.

Fig. 3 Relationship between water contact angles on mixed SAMs and the number of adherent

cells. HUVECs (open circles) and HeLa cells (filled circles) were allowed to adhere for 1 h. The

averages (� SEM) of five experiments are shown [21]
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Figure 4c shows one example of the time course of an SPR angle shift during

exposure of a NH2–SAM to culture medium supplemented with 2% fetal bovine

serum (FBS). It also includes the time course of the fraction of adherent cells on the

same surface determined by TIRFM observation (Fig. 2). The SPR angle shift

rapidly increased, and then leveled off within a few minutes. Cells adhered much

more slowly than proteins. Those results indicated that serum proteins in a medium

rapidly adsorbed to the surface; then, cells interacted with the adsorbed protein

layer, as shown schematically in Fig. 5.

Thus, cell adhesion is determined by nonspecifically adsorbed serum proteins on

the surface. Therefore, it is important to consider the characteristics of adsorbed

proteins including the amount, composition, and conformation or orientation.

2.3.1 Amount of Protein on a Surface

To suppress cell adhesion on a material surface, one approach is to inhibit the

adsorption of proteins. SAMs of alkanethiols that carry oligo(ethylene glycol)

(OEG) [69] and phosphorylcholine [46, 70, 71] have been shown to prevent

Fig. 4 The effect of proteins on cell adhesion. (a) Kretschmann configuration for SPR.

(b) Reflectance (R) as a function of incident angle (y), before (black) and after (red) the adsorption
of substances. (c) Left: Time course of SPR angle shift during exposure to culture medium

supplemented with 2% FBS (solid line) and the fraction of adherent cells determined by TIRFM

(circles) on NH2-SAM. The dashed line is a manual fit to the symbols, included simply as a guide

[42]. Right: The concentrations of serum proteins in FBS
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nonspecific adsorption; thus, they effectively prevented cell adhesion. Several studies

have described surfaces that prevent nonspecific protein adsorption [59, 72, 73]; those

surfaces are also likely to prevent cell adhesion.

We examined protein adsorption to SAMs that carried four different functional

groups [42] and mixed SAMs with different wettabilities [21]. Large amounts of

serum proteins adsorbed to all these SAMs, but the different surface functional

groups greatly affected cell adhesion behavior (Figs. 2 and 3). Thus, the amount of

adsorbed proteins did not correlate with the degree of cell adhesion to SAMs.

2.3.2 Protein Composition on a Surface

Serum glycoproteins like Fn and Vn play a crucial role in cell adhesion to artificial

materials. These proteins carry peptide motifs, including arginine–glycine–aspartic

acid (RGD) [74] and proline–histidine–serine–arginine–asparagine (PHSRN) [75],

that specifically interact with integrin receptors on cell membranes. Adsorption of

Fn and Vn onto a material surface is required to support cell adhesion. However, the

concentrations of Fn and Vn in serum are much lower than that of albumin and

IgG (Fig. 4d). The composition of proteins initially adsorbed to a surface reflects

the concentrations of each protein in the medium; thus, most proteins on the surface

will be albumin and IgG, which cannot support cell adhesion. Controlling the

composition of proteins in a solution is important for controlling cell adhesion on

artificial materials.

Various methods have been used to examine the composition of proteins

adsorbed to SAMs. Overall adsorption patterns can be examined with sodium

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) [50, 76, 77].

Absorbed proteins are eluted from the surface with surfactant (SDS), and then

separated by electrophoresis. The proteins of interest are examined by western

blotting [50, 76, 77]. Protein-specific antibodies can be used to detect proteins of

Fig. 5 Cell adhesion to a material surface, including the adsorption of serum proteins
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interest [19, 62, 76], or radiolabeled proteins can be added to the serum [45, 78].

Lestelius et al. used ellipsometry to examine antibody binding to 12 different

plasma proteins that adhered to SAMs exposed to human plasma. Those SAMs

carried terminal methyl (�CH3), trifluoromethyl ester (�OCOCF3), sulfate

(�OSO3H), carboxyl (�COOH), or hydroxyl (�OH) groups [62]. Adherence of

proteins relevant to coagulation and complement activation depended on the sur-

face functionalities of SAMs. The sulfate and the carboxyl surfaces captured

coagulation proteins, like high molecular weight kininogen, factor XII, and

prekallikrein; the hydroxyl surface captured low amounts of complement protein,

C3c. Tidwell et al. reported the adsorption of radiolabeled Fn to SAMs with

terminal methyl, hydroxyl , carboxyl , and methyl ester (�COOCH3) groups in

10% bovine serum [45]. COOH–SAM exhibited high levels of Fn adsorption,

which correlated well with the adhesion of endothelial cells.

Figure 4c shows that the amount of adsorbed proteins is rapidly saturated

within several minutes of exposing serum-containing medium to a surface.

Albumin, the most abundant serum protein, was expected to preferentially

adsorb onto the surfaces during early time points. Then, adsorbed albumin

was expected to be displaced by cell adhesion proteins. To investigate the effect

of preadsorbed albumin displacement on cell adhesion, SAMs were first

exposed to albumin; then, HUVECs suspended in a serum-supplemented

medium were added [21, 42]. Very few cells adhered to hydrophobic SAMs

that had been pretreated with albumin, due to the large interfacial tension

between water and the hydrophobic surfactant-like surface. Albumin was infre-

quently displaced by the cell adhesive proteins Fn and Vn. One the other hand,

HUVECs adhered well to hydrophilic SAM surfaces that had been preadsorbed

with albumin. In that case, the preadsorbed albumin was readily displaced by

cell adhesive proteins.

2.3.3 Protein Conformation and Orientation on a Surface

Proteins undergo conformational (or orientational) changes after adsorption to a

material surface, which can influence their subsequent biological functions. Cells

adhere to a surface through an interaction between integrin receptors on the cell

membrane and the specific amino acid sequences, RGD and PHSRN, of cell

adhesion proteins. When cell adhesion proteins undergo a conformational (or

orientational) change that hinders the integrin binding site, cells cannot adhere to

the surface.

The conformation and orientation of adsorbed proteins has been examined with

monoclonal antibodies that recognize a specific site in a protein of interest.

Keselowsky et al. examined the conformation of Fn adsorbed to SAMs that carried

methyl, hydroxyl, carboxyl, and amine groups [79]. They usedmonoclonal antibodies

that recognized the central cell-binding domain of Fn near the RGD motif. Different

SAM functionalities differentially modulated the binding affinities of the monoclonal

antibodies (OH > COOH ¼ NH2 > CH3). The strength of cell adhesion to these
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SAMs was correlated to the affinities of the Fn-specific monoclonal antibodies.

Although antibody-based measurements could not distinguish between conforma-

tional (structural) and orientational changes in the adsorbed proteins, they provided

information about the biological activity of adsorbed proteins.

2.3.4 Cell Adhesion in Serum-Free Medium

Cells are sometimes cultured in serum-free medium. In this condition, the surface

should carry substituents of serum proteins that can directly interact with

cells. SAMs of alkanethiols with bioactive ligands have been used to control

interactions between the material surface and cells [80–83]. Several bioactive

ligands have been tested, including RGD [80], PHSRN [81], and laminin-derived

peptides [82, 83]. These ligands were expected to directly interact with cell

surface integrins.

SAMs of alkanethiols that carried RGD peptides were tested to determine the

minimum amount of peptide required for cell adhesion to the substrate. Roberts et al.

employed SAMs of alkanethiols with mixtures of RGD and oligo(ethylene glycol)

moieties that resisted nonspecific protein and cell adsorption [80]. Bovine capillary

endothelial cells attached and spread on SAMs that had a mole fraction of RGD,

wRGD � 10�5. Cell spreading reached a maximum at wRGD � 10�3. This fraction

indicated that the RGD density was on the order of 1011 RGD molecules/cm2,

assuming that the RGD occupied an alkanethiol area of ~0.25 nm2/molecule.

Arnold et al. designed a hexagonally close-packed rigid template of cell-adhesive

gold nanodots coated with cyclic RGDfK peptide. They used block–copolymer

micelle nanolithography to create a patterned surface [84]. The gold nanodots were

placed with 28, 58, 73, or 85 nm spacing, based on the molecular weight of

the block–copolymer. Adhesion tests with osteoblasts, fibroblasts, and melanocytes

showed that cells adhered and spread on the patterned gold nanodots with a spacing

of 	58 nm. This result also showed that the RGD density was on the order of 1011

molecules/cm2.

3 Cell Culture Substrates for Specific Cell Proliferation

In standard cell culture methods, cells are plated in a cell culture flask or Petri dish,

and they are maintained in medium supplemented with FBS and various growth

factors. Cells adhere to the substrate through integrin and cell adhesion

glycoproteins that adsorb to the plastic surface of the flask or dish. Primary cells

isolated from embryonic and adult tissues are widely cultured with these methods.

Nevertheless, it appears that this conventional culture method is inefficient for the

production of specific cells in high purity and large quantities. Although different

kinds of cells isolated fromwidely different tissues can adhere and proliferate in cell

culture flasks, efficiency may be limited by the heterogeneity of cell populations.

178 Y. Arima et al.



To overcome these limitations, we have developed culture substrates that enable

the highly efficient expansion of specific cells in adherent cultures [37, 85–88]. An

important characteristic of these substrates is that specifically engineered growth

factors are immobilized on the surface. Extensive protein engineering techniques

were used to optimize the presentation of growth factors to cells.

3.1 Strategy for Adherent Cultures of Neural Stem Cells

NSCs, capable of self-renewal and differentiation into multiple cell types, are found

in embryonic and adult tissues of the central nervous system (CNS) [89]. Several

studies have demonstrated that NSCs are a potential source for cell replacement

therapies in CNS disorders [90, 91]. Those studies have largely relied on the ability

to culture NSCs in vitro. To develop culture substrates for the selective expansion

of NSCs, we first considered the responsiveness of NSCs to growth factors.

Originally, NSCs were discovered as EGF-responsive cells from rodent CNS tissue

[11]. Another study [36] showed that the expression of EGFR on rat neurosphere-

forming cells was highly correlated to the expression of nestin, an intracellular

marker for NSCs. In addition, EGF was shown to be a mitogen for NSCs. Based on

these results, we hypothesized that a substrate with surface-immobilized EGFmight

selectively trap NSCs from a heterogeneous population of cells. Furthermore, the

EGF–EGFR interactions that would specifically capture NSCs might also promote

NSC proliferation due to EGFR signaling. To test this hypothesis, we focused on

surface immobilization of EGF for the selective expansion of rat NSCs.

3.2 Oriented Immobilization of Engineered EGF

There are many protein immobilization techniques available. One of the standard

techniques uses amine chemistry, where surface-bound nucleophilic groups react

with amines, which are abundant in proteins [92]. Although this technique provides

covalent immobilization of proteins, the use of amines would cause protein

inactivation. In addition, it does not provide control over the orientation of the

immobilized protein to ensure efficient recognition by ligands. On the other hand,

recombinant DNA technology can overcome these problems. A recombinant pro-

tein can be designed that has a specific peptide motif at a given site in the molecule

for surface anchoring.

We used recombinant DNA technology to design unique substrates for in vitro

expansion of rat NSCs. For example, we fused a small peptide sequence of six

consecutive histidine (His) residues to the C-terminus of human EGF (EGF-His).

This EGF-His was anchored to the surface of a glass-based substrate by coordina-

tion with Ni2+ ions, which were fixed on the surface of a SAM of alkanethiol.

Strikingly, neither a covalently immobilized EGF-His nor a physically adsorbed

Design of Biointerfaces for Regenerative Medicine 179



EGF-His could trap cells as efficiently as EGF-His immobilized by surface anchor-

ing through coordination.

To prepare a Ni2+-chelated surface, a thin gold layer was deposited onto a glass

plate; then, on the gold surface, a SAM was formed that terminated with trivalent

carboxylic acids; finally, Ni2+ ions were chelated to the acidic termini. In detail, first,

thin chromium and gold layers were deposited onto the surface of a glass plate with

a vacuum evaporator. The glass plate was then immersed in ethanol that contained

16-mercapto-1-hexadecanoic acid (COOH-thiol) and (1-mercaptoundec-11-yl)

triethylene glycol (TEG-thiol) at various compositions to allow the formation of

mixed SAMs. Each glass plate coated with a mixed SAMwas immersed in a solution

containing N,N0-dicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide

(NHS), which converted the terminal carboxylic acid to an active ester. Subsequently,

a solution ofN-(5-amino-1-carboxypentyl) iminodiacetic acid (NTA) was plated onto

the activated surface to introduce triacetic acid. The glass plate was then immersed in

a NiSO4 solution to form the Ni2+ chelate. Finally, an EGF-His solution was plated

onto the Ni2+-chelated surface to allow immobilization of EGF-His through the coor-

dination of Ni2+ with His. A His-tagged protein firmly binds to a Ni2+-chelated

substrate; for instance, His-tagged green fluorescent protein (GFP) bound to NTA-

Ni2+ with a dissociation constant of 4.2 � 10�7 M [93]. The mixed SAM surface was

characterized by water contact angle measurements, infrared reflection adsorption

spectroscopy, and XPS. These revealed the formation of well-defined surfaces. The

expected structure of an EGF-His-immobilized surface is schematically depicted in

Fig. 6. The surface density of immobilized EGF-His increased with increases in the

COOH-thiol content of the COOH-thiol/TEG-thiol mixture used to prepare the

SAM. The maximum EGF-His density was approximately 0.4 mg/cm2 with 100%

COOH-thiol.

The incorporation of TEG-thiol onto a COOH-thiol SAM elevated the fraction

of correctly oriented EGF-His on the surface by preventing nonspecific adsorption

of EGF onto the SAM surface. This might be explained by the following findings.

The area occupied by a single EGF molecule (2.98 nm2/molecule) [94] is approxi-

mately ten times larger than the area occupied by COOH-thiol (0.25 nm2/molecule)

[95] or TEG-thiol (0.35 nm2/molecule) [96]. Therefore, on a surface of 100%

COOH-thiol, most COOH-thiol molecules would not be expected to be involved

in the coordination with EGF-His. Instead, the excess carboxylic acids contained in

COOH-thiol and NTA would be expected to trigger nonspecific adsorption of EGF-

His. Under conditions where the COOH-thiol content was 10–15%, and 80% of

COOH-thiol was converted to Ni2+ chelate, the predicted density of Ni2+ chelate

would be equivalent to that of closely packed EGF-His in a monolayer. However,

higher surface densities of COOH-thiol gave rise to larger amounts of immobilized

EGF-His, without obvious saturation at 10–15% COOH-thiol. This was probably

due to the nonspecific EGF-His binding to residual carboxylic acids present on the

surface after NTA derivatization and Ni2+ chelation. Furthermore, these nonspecif-

ically bound EGF-His molecules may hinder access to the Ni2+ sites for specific

coordination.
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3.3 Proliferation of Rat NSCs on EGF-His-Immobilized Surface

We investigated the efficiency of NSC expansion on surfaces with EGF-His

immobilized in the correct orientation. NSCs were obtained from neurosphere

cultures prepared from fetal rat striatum harvested on embryonic day 16. NSCs

were cultured for 5 days on EGF-His-immobilized substrates prepared with mixed

SAMs of different COOH-thiol contents. Cells adhered and formed network

structures at a density that increased with the COOH-thiol content of the surface.

As a control, cells were seeded onto surfaces without immobilized EGF-His. This

resulted in poor cell adhesion during the entire culture period. In addition, when

EGF-His adsorbed to SAMs with 100% COOH-thiol or SAMs with NTA-

derivatized COOH that lacked Ni2+ chelation, we observed poor initial cell adhe-

sion, and the cells formed aggregates within 5 days. Interestingly, the substrate used

to covalently immobilize EGF-His with the standard carbodiimide chemistry was

not a suitable surface for cell adhesion and proliferation. The control experimental

results contrasted markedly with results from EGF-His-chelated surfaces.
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Fig. 6 EGF-containing chimeric proteins anchored to the Ni-chelated surface through coordina-

tion. Bold lines in the molecular structures represent chelate bonding. TEG-thiol triethylene

glycol-containing alkanethiol. Reproduced from Nakaji-Hirabayashi et al. [87] with permission

from American Chemical Society, copyright 2009
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As described earlier, the surface density of immobilized EGF-His was shown to

be directly correlated to the COOH-thiol content. Therefore, we reasoned that the

initial cell attachment must involve an interaction between immobilized EGF-His

and an EGFR expressed on the cell membrane. In fact, reverse transcriptase

polymerase chain reaction assays revealed that neurosphere cells expressed EGFR

mRNA. In addition, cell adhesion to immobilized EGF-His was totally inhibited

when soluble EGF was added to the culture medium at 20 ng/mL. Flow cytometry

analyses further demonstrated that rat neurosphere cultures could be significantly

enriched in NSCs by plating cells onto a glass surface with immobilized EGF-His.

All these findings supported our hypothesis that cell adhesion was mediated by an

EGF–EGFR interaction.

Table 1 summarizes the results of proliferation assays carried out on EGF-

His-immobilized surfaces. The total cell number after 5 days of culture varied

with different surfaces. These differences could be attributed principally to

differences in the numbers of cells initially attached, demonstrated by the cell

numbers observed at 24 h. The doubling time, determined for the 24–72 h period

after cell seeding, was similar for all the surfaces, with an average of 16.9 � 4.7 h.

The mitogenic signal of EGF might have been saturated on all surfaces, including

the surface with the lowest EGF density. The doubling time determined on the

EGF-His-immobilized surfaces was approximately half the doubling time deter-

mined for the neurosphere culture (31.2 � 1.4 h). On the surfaces with 0.01, 0.1,

and 1% COOH-thiol content, the growth rate declined slightly after 96 h; this was

probably due to a reduction of EGF activity after 4–5 days.

NSC content was assessed in a population of cells expanded on EGF-

His-immobilized surfaces for 5 days. Cells were immunocytochemically stained

with antibodies specific for nestin, a marker for NSCs, and b-tubulin III (bIII),

Table 1 Proliferation of neurosphere-forming cells in cultures with or without EGF-immobilized

surfaces

COOH-thiol

contenta
Surface density

of EGF-Hisb
Cell number after

24 hc
Cell number after

5 daysc
Doubling

timed

(%) (ng/cm2) (104 cells/cm2) (104 cells/cm2) (h)

0 51 0.7 � 0.3 11.7 � 5.1 n.d.

0.01 76 1.2 � 0.4 38.6 � 17.6 16.8 � 5.5

0.1 110 1.4 � 0.2 46.4 � 17.2 16.7 � 5.2

1 215 1.6 � 0.1 49.6 � 15.2 17.2 � 5.4

10 342 1.8 � 0.2 56.7 � 10.5 17.3 � 5.9

100 390 2.5 � 0.2 64.0 � 6.6 17.0 � 4.0

Neurosphere – – – 31.2 � 1.4e

Reproduced from Nakaji-Hirabayashi et al. [85] with permission from Elsevier, copyright 2007
aContent in the solution used to prepare the mixed SAMs
bDetermined with a microBCA assay
cMean � standard deviation for n ¼ 5 assays
dDetermined from the logarithmic plot of growth curves for the culture period of 24–72 h. Mean

� standard deviation for n ¼ 4 assays
eDetermined for cells during the standard neurosphere culture
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a marker for differentiated neurons. The number of cells that expressed nestin and

bIII was expressed as the percent of the total number of cells in the culture flask

(Fig. 7). Cells with a nestin+ bIII– phenotype represented the most immature

population. Both nestin+ bIII– cells and the total number of nestin+ cells (nestin+

bIII– plus nestin+ bIII+) were most abundant on the surface with 10% COOH-thiol

(97 � 2.7% and 98 � 0.8%, respectively). Although the abundance of cells with

these phenotypes decreased with decreasing COOH-thiol content, approximately

85% of all cells exhibited the nestin+ bIII– phenotype on the EGF-His-immobilized

surface with 0.01% COOH-thiol.

We also conducted experiments to compare our culture method with the standard

neurosphere culture. In the standard neurosphere culture, cell number increased

approximately nine times over 5 days. Immunostaining showed that the neurosphere

cultures contained 54 � 5.3% nestin+ cells and 41 � 7.4% nestin+ bIII– cells. This
demonstrated that the standard neurosphere culturing method was less efficient than

EGF-immobilized substrates for selectively expanding NSCs. Thus, the EGF-

immobilized substrates prepared from mixed SAMs with 10% COOH-thiol provided

the most efficient method for selective NSC expansion.

Cells that were expanded on EGF-immobilized substrates were harvested and

cultured on freshly prepared EGF-His-immobilized substrate for another 5 days.

These procedures were repeated up to four times. The rate of cell growth was not

affected by repeated subculturing; the average doubling time was 18.1 � 1.8 h. In

addition, immunocytochemical staining showed that, after four subcultures, cells

retained 93 � 2.0% nestin+ populations. These results suggested that, in theory,

NSCs can be expanded by approximately 105- to 106-fold within 20 days on the

EGF-His-immobilized substrates. Furthermore, these cells retained multipotency.

Under appropriate conditions, the cells differentiated to express bIII, GFAP (astro-

cyte marker), and O4 (oligodendrocyte marker) with marked reductions in nestin

expression. The results of the differentiation assays suggested that expanded cells

Fig. 7 Quantitative

evaluation of NSC

enrichments in cultures with

different material surfaces.

The fraction of NSC

phenotypes in the cultures are

shown for (open circles)
nestin+ bIII– or (closed
circles) both nestin+ bIII� and

nestin+ bIII+. Data are also
shown for neurosphere

cultures (NS). The averages
(� SEM) of five experiments

are shown. Reproduced from

Nakaji-Hirabayashi et al. [85]

with permission from

Elsevier, copyright 2007
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that expressed nestin retained, for the most part, multipotency and could differenti-

ate into neuronal and glial lineages.

Based on those results, we concluded that, when cultured on the EGF-

His-immobilized surface prepared from a mixed SAM of 10% COOH-thiol, highly

enriched NSC populations could be produced in large quantities. Over a 5-day

culture on the substrate, cells were expanded 32 times. These expanded cells

consisted of 98% nestin+ cells that retained multipotency for differentiation into

neuronal and glial lineages. This suggested that selective expansion could be

repeated for large-scale production of highly enriched NSC cells.

3.4 Structural Integrity and Stability of Immobilized EGF-His

We wondered why NSCs proliferated exclusively on surfaces with EGF-His ligands

anchored by coordination.We focused on two aspects in particular: the conformational

integrity of coordinated EGF-His and the stability of coordinate bonds at the interface.

Conformational information was acquired with multiple internal reflection–infrared

absorption spectroscopy (MIR-IRAS) [97]. The stability of coordinate bonds was

assessed by culturing NSCs on a surface with a small region of EGF-His ligands

anchored by coordination. This spatially restricted EGF-His anchoring enabled an

intuitive exploration of EGF-His release under cell culture conditions.

The results of these studies showed that EGF-His coordinated to the Ni2+-

chelated NTA-surface retained an intact conformation and was firmly anchored to

the surface during NSC culturing procedures. Both attributes are essential for

establishing adherent cultures and, hence, selective expansion of NSCs. In contrast,

with covalent immobilization, the structural integrity of EGF-His was reduced due

to multivalent linkages to the surface. In physical adsorption, EGF-His maintained

its intact conformation, but was readily released from the surface during cell

culturing procedures. We concluded that structural integrity and firm anchorage

were optimized with the coordination method.

3.5 Spontaneous Dimerization of EGF

Numerous studies have shown that EGF binding to EGFR triggers receptor dimer-

ization. This is considered a crucial step in intracellular signal transduction [98].

Inspired by this mechanism, we designed EGF chimeric proteins that spontaneously

dimerized (dEGF-His). These dimers were terminally anchored to the substrate.

We expected that these preformed dimeric EGF structures would facilitate the

formation of EGF–EGFR dimer complexes more efficiently than monomeric

EGF structures.
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Our strategy for the spontaneous dimerization of EGF was to incorporate an

a-helical oligopeptide with the ability to participate in forming a coiled-coil structure

[99]. We implemented a heterodimerization system in which (KELASVK)5
(K5) and (EKLASVE)5 (E5) peptides could form stable coiled-coil heterodimers.

We then synthesized two chimeric proteins that contained EGF attached to either

the K5 (EGF-K5-His) or the E5 (EGF-E5-His). Both had the hexahistidine

sequence added to the C-terminus for anchoring through coordination with Ni2+

ions fixed to a substrate.

Analyses by native polyacrylamide gel electrophoresis and circular dichroism

(CD) spectroscopy revealed that spontaneous coiled-coil associations between

EGF-E5-His and EGF-K5-His promoted heterodimer (dEGF-His) formation. The

CD spectroscopic analysis suggested that the E5 peptide in monomeric EGF-E5-

His had a disordered structure. However, the a-helical structure was induced in the

E5 peptide when it associated with EGF-K5-His. These findings are shown

schematically in Fig. 6.

We tested adhesion and proliferation of rat NSCs on surfaces with immobilized

dEGF-His, EGF-K5-His, EGF-E5-His, or EGF-His. The surface with immobilized

dEGF-His provided the highest efficiency for selective expansion of NSCs. On this

substrate, cells expanded 60-fold over 96 h of culture. Of note, over 98% of the

expanded cells expressed nestin, but not bIII.
The monomeric EGF-His appeared to be limited in its capacity for promoting

EGFR dimerization, most likely due to the reduced mobility of surface-anchored

EGF. In contrast, when dEGF-His was anchored to the surface, EGFR dimerization

was most likely enhanced because the EGF domains were paired in close proximity.

Presumably, this would promote efficient proliferation of NSCs, as observed on the

surface with immobilized dEGF-His. We estimated that the distance between two

EGF domains in the dEGF-His dimer was approximately comparable to the dis-

tance between the two binding sites in dimerized EGFR [100]. We further observed

that both EGF-E5-His and EGF-K5-His, anchored as single components, provided

more efficient substrates than EGF-His alone. This might be explained by the E5

and K5 peptides inserted between the EGF domain and the His sequence; this extra

component may have increased the mobility of the EGF domain and thus enhanced

its accessibility. Consistent with that notion, the effects of these peptides on cell

proliferation were not detectable when the chimeric proteins were used as unat-

tached, diffusible factors.

3.6 Modules for Culturing NSCs in a Closed System

The method for immobilizing EGF-His on SAMs gave rise to the need for

fabricated cultureware that could allow large-scale expansion of pure NSCs. We

attempted to construct culture modules with surface areas much larger than the

laboratory-scale substrates described above. For uniformly anchoring EGF-His

over a large area, we utilized a glass plate with amine functionalities on the surface.
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We also found that a gold layer was not required nor advantageous for general use

of the technique.

First, the surface of a glass plate (60 mm � 60 mm � 1 mm) was modified with

3-aminopropyltriethoxysilane (APTES) to introduce the amine functionality. The

surface amine was reacted with glutaraldehyde to introduce aldehyde, and then it

was exposed to a solution of NTA; NTA coupling occurred through the formation

of a Schiff base. Subsequently, the glass plate was immersed in a NiSO4 solution to

chelate Ni2+ ions. Finally, EGF-His was anchored to the Ni2+-chelated surface to

obtain an EGF-His-immobilized glass plate. The surface density of coordinated

EGF-His was 0.53 � 0.10 mg/cm2, measured with the microBCA assay. The MIR-

IRAS spectrum of a cognate surface exhibited strong absorption at amide I0 and
amide II0 bands (the prime notation designates a deuterated condition), which

indicated the presence of EGF-His at the surface. The conformations of character-

istic secondary structures were determined from the amide I0 band. The results

showed that the content of b-sheet and b-turn structures in surface-anchored EGF-

His was similar to those observed in native EGF in solution and in EGF-His

anchored to a Ni2+-bound surface created on an alkanethiol SAM.

To fabricate a culture module, we adhered a silicone frame to the edges of the

plate to enclose the sides; then, a polystyrene film was adhered to the top of the

frame to allow gas exchange. This culture module provided an area of 25 cm2 and a

chamber volume of 2.5 mL. To test the modules, we injected dissociated rat

neurosphere-forming cells. After 4 days of culture, 5 � 106 cells were obtained

per module. These cells could be subcultured in new modules. We performed six

passages by subculturing every 4 days. At each subculture, some of the recovered

cells were seeded to a freshly prepared module at a density of 3.0 � 104 cells/cm2.

The average number of cells harvested after each subculture was 5.4 � 1.7 � 106

cells per module. We determined that 95% of the total number of cells had a

phenotype of nestin+ bIII–. In addition, the cells obtained after six passages could

be differentiated, under appropriate conditions, into three major lineages, including

neurons, astrocytes, and oligodendrocytes. This demonstrated that the cells

maintained multipotency.

The culture module greatly facilitated homogeneous distribution of seeded cells

and cultivation of a large number of cells under identical conditions. In addition, the

module required a smaller volume of medium than standard cell culture systems.

Importantly, this modular system provides the great advantages of scalability and

safety because cell processing can be performed in a closed system. Thus, the

modules facilitate the production of cells that are safe for use in cell transplantation

therapies.

In a separate study [88], we synthesized EGF fused to a polystyrene-binding

peptide [101] (EGF-PSt) that could be immobilized on the surface of a tissue

culture polystyrene dish. This surface also permitted efficient expansion of NSCs.

Thus, EGF-PSt can be used to produce large quantities of pure NSCs in standard

laboratories.
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4 Cell Surface Modifications

Cell surfaces can be modified in a number of ways, including covalent conjugation

of polymers to amino groups on membrane proteins [102–105], electrostatic inter-

action between cationic polymers and a negatively charged cell surface [106–109],

and hydrophobic interactions that anchor long alkyl chains of amphiphilic polymers

to the lipid bilayer of the cell membrane [110–126]. These methods have been used

to immobilize various functional groups and bioactive substances onto the cell

surface. The covalent conjugation method is expected to impair membrane protein

functions because polymers are attached by crosslinking to the amino groups on

membrane proteins. Therefore, the extent of this reaction should be carefully

controlled. The electrostatic interaction is performed by simply adding a cationic

polymer solution to a cell suspension. However, most cationic polymers are cyto-

toxic; therefore, this treatment causes deterioration or death to most cell types. In

contrast, the hydrophobic interaction can be performed by simply adding amphi-

philic polymers with long alkyl chains to a cell suspension. This has not caused any

major damage to cell function or integrity. Our group has extensively studied

surface modifications with amphiphilic polymers [110–126].

4.1 Cell Surface Modifications with Amphiphilic Polymers

Amphiphilic polymers are typically derived by conjugating polyethylene glycol

(PEG) to a phospholipid (PEG-lipid) (Fig. 8) [117, 118]. When a PEG-lipid solution

is added to a cell suspension, the hydrophobic alkyl chains of the PEG-lipid sponta-

neously form hydrophobic interactions with the lipid bilayer of the cell membrane

(Fig. 8a). This spontaneous anchoring of the PEG-lipid to a supported lipid mem-

brane was confirmed by observation with surface plasmon resonance (SPR) (Fig. 9a).

Three kinds of PEG-lipids with different alkyl chain lengths were added to a lipid

membrane that had been created on a SPR sensor surface. The SPR angle rapidly

increased with the spontaneous anchoring of PEG-lipid into the lipid membrane. In

addition, the anchoring rates decreased with increasing alkyl chain lengths. This

spontaneous anchoring was also demonstrated with a human cell line derived from T

cell leukemia cells (CCRF-CEM). A solution of fluorescein isothiocyanate (FITC)-

conjugated PEG-lipid was added to a suspension of CCRF-CEM. Under a confocal

laser scanning microscope, the bright fluorescence from FITC was observed at the

periphery of all cells (Fig. 9b). This indicated that PEG-lipids had lodged on the cell

surface. The retention time of PEG-lipids on cell membranes can be controlled by

adjusting the length of the lipid alkyl chain. The dissociation rate of PEG-lipid was

much slower with long than with short hydrophobic domains [111].

Proteins can be immobilized on the cell surface with the use of a short, single

stranded DNA (ssDNA) attached to the end of a PEG chain (ssDNA–PEG-lipid)

[114–116, 119, 125]. First, an ssDNA–PEG-lipid is prepared by conjugating
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maleimide–PEG-lipid with an ssDNA that carries a thiol group. Then, a protein is

modified with a hetero-bifunctional crosslinker, sulfo-EMCS [N-(6-maleimidoca-

proyloxy)sulfosuccinimide]; next, it is treated with a ssDNA0 that is complementary

to the ssDNA on the PEG-lipid. Figure 8 shows a schematic of the procedure,

where the ssDNA and ssDNA0 are oligo(deoxythymidine) [oligo(dT)20] and oligo

(deoxyadenine) [oligo(dA)20], respectively. The cells with oligo(dT)20 attached are

exposed to the protein with the oligo(dA)20 attached. The protein is immobilized on

the cell through hybridization between oligo(dT)20 and oligo(dA)20.

Figure 9c shows the SPR profiles recorded before and after an oligo(dT)20–PEG-

lipid had been incorporated into the supported lipid membrane, and its interactions

with oligo(dA)20–urokinase and oligo(dT)20–urokinase on the SPR sensor surface.

The first increase in the SPR angle indicated that the oligo(dT)20–PEG-lipid had

incorporated into the membrane; the second increase showed the binding of oligo

(dA)20–urokinase to the oligo(dT)20 substrate. No increase was observed when

oligo(dT)20–urokinase was applied to the oligo(dT)20 substrate. These results

indicated that protein could be specifically conjugated to the cell surface by

hybridization between oligo(dA)20 and oligo(dT)20 moieties.

Fig. 8 Immobilization of urokinase on the surfaces of islet cells. (a) Surface modification: (1)
chemical structure of ssDNA–PEG-lipid, and (2) ssDNA–PEG-lipid anchoring to the cell mem-

brane. (b) Introduction of a complementary ssDNA onto urokinase, which was first modified with

a madeimide group by a cross-linker, EMCS. (c) Urokinase-immobilization through DNA

hybridization
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4.2 Immobilization of Bioactive Substances on an Islet Surface

Cell transplantation has shown promise as a method for treating serious diseases.

Various kinds of pluripotent stem cells have been developed or identified, including

embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), and mesen-

chymal stem cells (MSCs). Moreover, the differentiation of stem cells to functional

cells has been extensively studied. Previous studies have demonstrated that the

transplantation of islet of Langerhans cells (islets) could successfully treat type 1

diabetes. Islets are insulin-secreting cells found in the pancreas. Over 200 patients

Fig. 9 Surface modification of cells with ssDNA–PEG-lipid. (a) Real-time monitoring of PEG-

lipid incorporation into a supported lipid membrane by SPR. (i) A suspension of small unilamellar

vesicles (SUV) of egg yolk lecithin (70 mg/mL) was applied to a CH3-SAM surface. A PEG-lipid

solution (100 mg/mL) was then applied. (ii) Three types of PEG-lipids were compared: PEG-

DMPE (C14), PEG-DPPE (C16), and PEG-DSPE (C18) with acyl chains of 14, 16, and 18

carbons, respectively. (b) Confocal laser scanning microscopic image of an CCRF-CEM cell

displays immobilized FITC-oligo(dA)20 hybridized to membrane-incorporated oligo(dT)20–PEG-

lipid. (c) SPR sensorigrams of interaction between oligo(dA)20–urokinase and the oligo

(dT)20–PEG-lipid incorporated into the cell surface. (i) BSA solution was applied to block

nonspecific sites on the oligo(dT)20-incorporated substrate. (ii) Oligo(dA)20–urokinase (solid
line) or oligo(dT)20–urokinase (dotted line) was applied
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with type 1 diabetes have been clinically treated with islet transplantation. To cure

the disease, a single patient typically requires islets from several donors, due to the

destruction of islets just after transplantation. In the clinical setting, islets are

infused into the liver through the portal vein. Exposure of islets to the blood

activates blood coagulation and complement systems, which induce nonspecific

inflammatory reactions or instant blood-mediated inflammatory reactions (IBMIR).

These host defense mechanisms destroy donor islets because they are considered

foreign bodies [127–129]. Anticoagulants, including aspirin, heparin, and dextran

sulfate, are typically administered to inhibit blood coagulation. However, systemic

infusion of these drugs increases bleeding. The optimal approach would be to

prevent blood coagulation at the islet. Recent studies have been able to immobilize

various bioactive substances, like heparin, urokinase, thrombomodulin, and the

soluble domain of human complement receptor 1 (sCR1), on islets in attempts

to control local activation of the blood coagulation and complement systems

[110, 112, 115, 117–119, 121, 125].

As an example, we will describe immobilization of the fibrinolytic enzyme,

urokinase (UK), on the islet surface [115, 119]. As shown in Fig. 8, UK could be

immobilized on islets through ssDNA hybridization of oligo(dT)20–PEG-lipid

and oligo(dA)20–UK. When the oligo(dT)20–PEG-lipid was added to a suspension

of islets, the lipid moiety spontaneously anchored to the lipid bilayer of the

cell membrane through hydrophobic interactions. The oligo(dT)20 segment was

exposed on the cell surface, which made it accessible for conjugation with the oligo

(dA)20 on UK (Fig. 8c).

Figure 10 shows confocal laser-scanning fluorescence images of islets treated

with oligo(dT)20–PEG-lipid and oligo(dA)20–UK (UK-islets). In these experiments,

lipids with different alkyl chain lengths were attached to the PEG moiety to test the

stability of UK on the islet surface. Both PEG varieties showed clear

fluorescence signals (Fig. 10a, b) from UK-islets, which indicated that both

facilitated stable UK attachments. On the other hand, fluorescence was nearly

undetectable on unmodified islets and islets treated with oligo(dA)20–UK in the

absence of oligo(dT)20–PEG-lipids (Fig. 10c). These results indicated that UK

could be immobilized on islets through DNA hybridization. The retention time of

the oligo(dT)20–PEG-lipid on the cell membrane depended on the chain lengths of

the PEG-lipid [111]. At 2 days after conjugation, a strong fluorescence signal was

observed for islets treated with oligo(dT)20–PEG-lipid (C18), and a weaker fluores-

cence signal was observed for islets treated with oligo(dT)20–PEG-lipid (C16). The

longer alkyl chain length conferred longer retention of UK on the islet surface.

UK is a serine protease that activates plasminogen to plasmin. Plasmin dissolves

the fibrin in blood clots. The attachment of UK to the islet surface was expected to

dissolve blood clots that surrounded the islets in the liver; thus, IBMIR could be

inhibited in the initial stages. A fibrin plate-based assay was performed to assess the
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function of the UK attached to the islets. Fifty islets with or without immobilization

of UK were spotted onto a fibrin gel plate. After incubation, transparent areas

around the spots indicated UK dissolution of the fibrin. Figure 11 shows the fibrin

plate at 14 h after spotting the islets. Larger transparent areas were observed around

the UK-islets compared to those around the unmodified islets (Fig. 11a-1, a-2, a-4).

These indicated that the immobilized UK retained its activity on the islets.

UK-islets were also tested after 2 days of culture in the presence of serum

(Fig. 11a-3, a-5). UK activity rapidly decreased with 2 days in culture. The

morphology of all islets after modification with UK was well maintained after

7 days of culture (Fig. 11b). Islets with UK maintained the ability to regulate insulin

release in response to changes in glucose concentration (data not shown). We also

performed transplantation of UK-islets by transfusion to the liver through the portal

vein [119]. The transplantation results indicated that donor islets were rescued from

host defenses by attaching UK to their surfaces. It remains to be determined how

Fig. 10 Confocal laser scanning microscope images of islets with urokinase (UK) immobilized on

the membrane. The green fluorescence indicates positive immunostaining for UK. (a) Islets were

modified with oligo(dT)20–PEG-lipid (C16) or (b) oligo(dT)20–PEG-lipid (C18); then, oligo

(dA)20–UK was added to the media. (c) Unmodified islets with (left) and without (right) oligo
(dT)20–PEG-lipids added to the solution. Insets: Bright field images. Scale bars: 100 mm
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long UK-islets can maintain the inhibition of IBMIR; however, these data

suggested that UK immobilization on islets is a promising approach for islet

transplantation.

4.3 Encapsulation of Islets with Living Cells

The histocompatibility and blood compatibility of donor islets can be significantly

improved by enclosing them inside a capsule made of the patient’s vascular endothe-

lial cells. The ssDNA–PEG-lipid method was utilized to enclose islets with living

cells [125]. The method is schematically shown in Fig. 12a. Oligo(dT)20 was

introduced onto the surface of HEK293 cells with an oligo(dT)20–PEG-lipid, and

oligo(dA)20 was introduced onto the surface of islets with an oligo(dA)20–PEG-lipid.

Then, the oligo(dA)20–islets were mixed with the oligo(dT)20–HEK293 cells. The

HEK293 cells were immobilized on the islet surface through DNA hybridization, as

shown in Fig. 12b. Although the HEK293 cells existed as single cells on the islet just

after immobilization, the surface of islets were completely covered with a cell layer

after 3 days in culture (Fig. 12b). No central necrosis of the islet cells was observed.

Immunostaining showed that insulin remained inside the islets after culturing for

3 days (Fig. 12b). Furthermore, after cell encapsulation, insulin secretion in response

to glucose stimulation was well maintained (data not shown). This technique will

greatly facilitate islet transplantation for treating type 1 diabetes.

Fig. 11 Islets with immobilized urokinase (UK-islets) were tested for the ability to dissolve fibrin.

(a) Fibrin in the plate gel medium was dissolved by UK-islets (clear areas). Fifty islets were

applied to each spot, and the plate was observed after incubation at 37 �C for 14 h. (1) untreated
islets; (2) UK-islets treated with oligo(dT)20–PEG-lipid (C16), just after preparation; (3) UK-islets
treated with oligo(dT)20–PEG-lipid (C16) lost activity after 2 days in culture; (4) UK-islets treated
with oligo(dT)20–PEG-lipid (C18), just after preparation; and (5) UK-islets treated with oligo

(dT)20–PEG-lipid (C16) lost activity after 2 days in culture. (b) Morphology of UK-islets after 1

and 7 days of culture

192 Y. Arima et al.



5 Summary

Understanding biological responses against foreign substances has led to the devel-

opment of various medical devices, artificial organs, and regenerative medicine

approaches. SAMs of alkanethiols formed on a thin gold layer coated on a glass

plate provide a platform for studying protein adsorption and cell adhesion to

artificial materials. Although many questions remain to be answered before we

fully understand the mechanisms of cell adhesion to artificial materials, rational

studies can be conducted with SAMs. SAMs were used for developing a culture

substrate for selective proliferation of NSCs. Based on the findings, we constructed

a NSC culture module to facilitate the large-scale production of high purity NSCs.

The ssDNA–PEG-lipid provides versatility in cell surface modifications. It

enables the immobilization of a broad spectrum of proteins and low molecular

Fig. 12 Islet encapsulation within living HEK293 cells that express GFP. (a) Islets are enclosed

within a layer of HEK293 cells (that express GFP) by introducing surface modifications of

complementary ssDNAs. Islets modified with oligo(dT)20–PEG-lipid are combined with

HEK293 cells that have oligo(dA)20–PEG-lipid immobilized on the surface. DNA hybridization

immobilizes the HEK293 cells to the surface of the islets. After 3 days in culture, islets are

completely encapsulated within HEK293 cells. (b) Phase contrast (left panels) and fluorescence

images (right panels) of islets with attached HEK293 cells at 0 and 3 days after immobilization.

GFP–HEK293 cells immobilized to islets were observed with a confocal laser-scanning micro-

scope. Frozen sections of islets with attached GFP–HEK293 cells were stained with AlexaFluor

488-labeled anti-insulin antibody (green) (3-day samples). The 3-day samples were also stained

with Hoechst 33342 dye (blue) for nuclear staining
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weight drugs on living cell surfaces. The encapsulation of islets inside a cell layer

illustrates the versatility of this approach. The concept of controlling the host

defense response against a living cell graft is likely to lead to important steps

forward in cellular therapies. Various types of functional cells can be derived from

pluripotent stem cells, including ESCs, iPSCs, and MSCs for use in cell replace-

ment therapies. Our method is likely to be a key technology for the control of both

acute and chronic host reactions and facilitation of graft adaptation in patients.
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Abstract Synthetic polymers and biopolymers are extensively used within the

field of tissue engineering. Some common examples of these materials include

polylactic acid, polyglycolic acid, collagen, elastin, and various forms of poly-

saccharides. In terms of application, these materials are primarily used in the con-

struction of scaffolds that aid in the local delivery of cells and growth factors, and in

many cases fulfill a mechanical role in supporting physiologic loads that would

otherwise be supported by a healthy tissue. In this review we will examine the

development of scaffolds derived from biopolymers and their use with various cell

types in the context of tissue engineering the nucleus pulposus of the intervertebral
disc.
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1 Introduction

Nearly 5.7 million individuals are diagnosed with intervertebral disc (IVD) disorders

annually [1]. In the USA alone, approximately 350,000 individuals underwent

surgical procedures in 2005, 75% of which were performed to treat degenerative

changes within the spine, including those changes associated with intervertebral disc

degeneration (IDD) [2, 3]. Some suggest that there are currently between 1.5 and

4 million adults in the USA with disc related low back pain (LBP) [4]. Alarmingly,

20% of teenagers have lumbar IVDs that exhibit signs of mild degeneration; these

numbers increase dramatically with age as 10% of all discs in 50-year-olds and 60%

of discs in those over the age of 70 exhibit severe degeneration [5].

From a clinician’s perspective, patients with severe IDD may present with

debilitating LBP. Although a direct causal relationship between IDD and LBP

has been hard to establish due to the nearly 35–40% of asymptomatic individuals

whom exhibit radiographic evidence of IDD [6], there is mounting evidence that

suggests that a relationship does in fact exist [7–10]. IDD has also been associated

with sciatica and disc herniation, which in the long-term can lead to spinal stenosis,

a major source of LBP and disability [11]. This suggests that at least a portion of the

socio-economic impact related to LBP can be attributed to IDD, making it one of

the most expensive healthcare burdens to date. When extrapolating these effects to

a global scale, one quickly comes to appreciate the potential for LBP and IDD to

reach epidemic proportions.

These staggering statistics thus provide the impetus for research into the etiology of

IDD and the development of new treatment strategies, including surgical techniques

and tissue engineering approaches to regeneration of the IVD. As a preamble to

reviewing these strategies, a short description of IVD biology, physiology, pathology,

and current treatment options utilizing polymeric biomaterials is provided.

2 Anatomy of the Intervertebral Disc

The human spine is an exquisite and complex structure from both an anatomical and

functional standpoint. The spine is composed of approximately 24 boney elements,

termed vertebral bodies, which are separated by 23 cartilaginous cushions or “shock
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absorbers” termed IVDs. The spine serves three functional roles: (1) to protect the

spinal cord, (2) to support and transmit axial loads arising from the head and torso to

the hips and lower extremities, and (3) to allow for mobility and stability such that

bending and torsional motion of the spine can occur. Without IVDs, however, the

latter two roles of the spine could not be effectively fulfilled.

The IVD is composed of three morphologically distinct regions known as the

nucleus pulposus (NP), the annulus fibrosus (AF), and cartilaginous endplates

(CEP) (Fig. 1). The NP is a hydrophilic gel-like material located within the central

region of the disc. Its material properties are largely due to its primary constituent

components: a loose network of type II collagen and the large proteoglycan

aggrecan (Fig. 1) [12, 13]. The NP is sequestered by the fibro-cartilaginous AF,

which is comprised of approximately 15–25 concentric lamellae of type I collagen

that are well adapted to resist torsional and tensile loading experienced during

bending [13]. The CEP is a thin layer (~0.6–1 mm) of tissue resembling articular

cartilage and lies at the interface of the IVD and vertebral bodies [14]. Early in

life, the CEP is thought to function as a growth plate for the vertebral bodies and

later functions to prevent the NP from extruding into the vertebral body while

potentially limiting the loss of fragmented osmotically active proteoglycan from

the IVD [14, 15]. The CEP is also sufficiently permeable such that diffusion of

nutrients can occur between the vascular buds in the vertebral bodies and the largely

avascular IVD.

3 Intervertebral Disc Biochemistry and Cell Biology

The biochemical composition of the NP and AF, summarized in Table 1, reflects the

specialized function for which each region of the IVD is adapted. The IVD is

a highly hydrated structure containing approximately 70–90% water. The major

biochemical constituents of the IVD include collagens, proteoglycans, elastin, and

non-collagenous proteins, which are differentially located throughout the IVD. The

primary biochemical component found in the NP is the proteoglycan aggrecan.

Aggrecan molecules are composed of a core protein with greater than 100 cova-

lently attached glycosaminoglycan chains (chondroitin sulfate and keratin sulfate).

These molecules complex together with hyaluronic acid via a link protein, and

together form a polyanionic bottle-brush structure. Collagen type II is the predomi-

nant form of collagen found within the NP and forms a loose network with other

minor collagens, including types IX and XI, that function as cross-bridges between

type II molecules and other extracellular matrix (ECM) components. Together, they

form an enhanced ECM network providing resistance to swelling [16–19]. Other

ECM components found within the human NP include minor collagens such as

types III and VI (found in the pericellular environment), the glycoprotein fibronec-

tin (which links matrix fibers to cell surface integrins), elastin, and the small
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Table 1 Summary of the regional differences in the biochemical composition of the intervertebral

disc

Component Nucleus pulposus Annulus fibrosus

Water (%) 70–90 50–60

Collagen (%) 15 (collagen II) 65 (collagen I)

Proteoglycan (%) 60 15

Non-collagen proteins/elastin (%) 25 20

Cell morphology Chondrocyte-like Fibroblast-like

Ligamentum Flavum

Intertransverse
Ligament

Cartilaginous
End Plate

Annulus Fibrosus

Nucleus Pulposus

Lamellae

Swelling Pressure

Water Drawn
into Tissue

Hyaluronan

Aggrecan

Link Protein

Tension

Collagen

Posterior
Longitudinal

Ligament

Facet
Capsulary
Ligament

Interspinous
Ligament

Supraspinous
Ligament

Intervertebral disk

Nucleus
pulposus

Transverse
process

Spinous
process

Superior
articular facet

Spinal
cord

Annulus
fibrosus

Anterior
Longitudinal

Ligament

a b

c

Fig. 1 (a) Function spinal unit composed of cartilagenous, boney, ligamentous, and neural

structures Available from http://www.spinediagrams.com/ and http://www.healthcentral.com/

osteoarthritis/h/c4-c5-intervertebral-disc-degenerative-disease.html. Last viewed 26 AUG 2011.

(b) Image taken during the dissection of a porcine IVD that clearly indicates the delineation of the

outer annulus fibrosus and central gelatinous nucleus pulposus. (c) Nucleus pulposus extracellular

matrix composed of collagen type II (green), aggrecan (red bottle-brushes), hyaluronan (blue) and
link protein (yellow) which endow the tissue with its physico-chemical properties including its

characteristic swelling pressure [12]
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leucine-rich proteoglycans fibromodulin, decorin, biglycan, and lumican (which are

believed to modulate collagen fibrillogenesis) [16, 20–22].

The AF is comprised primarily of sheets of aligned type I collagen, although

types II and III are also present but to a lesser extent than in the NP [22].

Additionally, 2% of the dry weight of the AF is comprised of elastin, which can

be found running parallel and perpendicular between lamellae and may prove

advantageous for returning the layers to their original orientation following

bending [11, 16, 22]. Proteoglycans are also found within the AF, but quantities

here are lower than those found within the NP. The presence of these molecules

may play a limited role in resisting compression in the AF; however, it is more

likely to contribute to the dissipation of shear between lamellae during bending

and torsion.

Maintenance of the distinct morphological structure of the IVD is a daunting

task for the cells of the IVD, especially considering that the IVD is the largest

avascular structure in the body, resulting in a relatively hypoxic and hypo-cellular

environment. Two phenotypically distinct cell types are found to inhabit the adult

IVD and account for between 0.25 and 1% of the total disc volume (Fig. 2) [14, 20].

Chondrocyte-like cells of an approximate density of 4 � 106 cells/cm3 are found

within the human NP. These cells appear rounded or oval in shape, some of which

appear to reside within a lacunae similar to articular chondrocytes. Cells within the

AF appear more like fibroblasts and are found in greater numbers (9 � 106 cells/cm3)

extended along collagen fibrils within lamellae. The chondrocyte-like NP cells of

the IVD differ from those of normal articular cartilage not only in cell number, but

also in ECM production. These cells primarily produce aggrecan, which results in

an ECM containing a glycosaminoglycan to hydroxyproline ratio of 27:1, this is

considerably different from the 2:1 ratio found in normal articular cartilage [23].

AF cells have been shown to produce predominantly type I collagen and versican;

however, they have also been shown to produce minor amounts of aggrecan and

collagen type II [24]. A third population of cells can also be found in the IVD:

so-called notochordal cells (Fig. 2), which are large in size and highly vacuolated.

Fig. 2 Representative histological images of (a) bovine annulus fibrosus (H&E staining),

(b) bovine nucleus pulposus (H&E staining), and (c) porcine notochordal cells (Alcian blue

staining for GAGs with fast red nuclei stain)
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These cells populate the central NP at birth but quickly disappear during early

childhood [25]. The function of these cells is still under investigation, but it is

believed that they produce matrix and serve to coordinate matrix production of the

NP cells in the vicinity.

In the normal healthy IVD, the cells not only produce matrix macromolecules

and growth factors, they also produce a myriad of proteases [26, 27]. Included in

this list of proteases are the matrix metalloproteinases (MMPs) and aggrecanolytic

members of the disintegrin and metalloproteinase with thrombospondin motif

family (ADAMTS) as well as their respective inhibitors. It is the maintenance of

this critical balance that results in a healthy IVD ECM that is subsequently well

adapted for its physiologic and biomechanical function.

4 Intervertebral Disc Function and Mechanical Loading

IVDs are subjected to complex loads generated during compression,

flexion–extension, lateral bending, and axial rotations. The mechanical function

of the disc relies largely upon the synergistic relationship between NP and AF to

absorb and distribute spinal loads. Nearly 75% of the compressive load observed by

the IVD is borne by the NP itself, with the remaining 25% supported by the AF.

Load management in the AF and NP clearly relates to specific biochemical

components, their spatial relationships, and the resulting biphasic viscoelastic

properties. Under equilibrium conditions, compressive loads on the IVD are

borne predominantly by the swelling pressure (Donnan osmotic pressure) and

solid matrix of the NP. More specifically, the fixed charge density of the aggrecan

molecules found in the NP generate a swelling pressure of about 0.1–0.3 MPa [28].

When loads on the spine increase, for instance when bending to pick up a heavy

box, the low hydraulic permeability of the NP tissue causes fluid pressurization. As

a result of this, the NP not only supports compressive loading, but can convert some

of the compressive stresses into tensile stresses in the AF, which aids in stabilizing

the spine. Compressive loads typically observed within the human lumbar spine

have been estimated to be in the range of 150–250 N when lying prone, 500–800 N

during relaxed standing, and 1,900 N when lifting 10 kg with a rounded back [29].

Corresponding intradiscal pressures within the lumbar NP have been measured to

be 0.1–0.24 MPa lying prone, 0.5 MPa standing relaxed, and 2.3 MPa lifting 20 kg

weight with flexed back [30]. Application of such loads result in the exudation of

nearly 20–25% of disc water, resulting in a fluctuation in spine length of approxi-

mately 1–2 cm throughout the course of a day. As the volume fraction of water in

the NP decreases concomitant with an increase in fixed charge density, osmotic

pressure rises, allowing for the influx of fluid back into the IVD when the spine is

unloaded during diurnal rest periods.

206 J.J. Mercuri and D.T. Simionescu



5 Intervertebral Disc Degeneration

IDD is an aberrant cell-mediated process driven by a multitude of contributing

factors including disc nutrition, mechanical forces, and genetics. The interplay of

these elements culminates in detrimental changes within the disc’s ECM. Histolog-

ical evidence suggests that alterations in IVD ECM biochemistry appear to initiate

within the end-plates and NP as early as 11–16 years of age [31]. Together, these

changes eventuate in the discs’ structural and functional demise and result in

downstream effects on adjacent spinal structures, spinal biomechanics, and pain

generation.

During degeneration, a number of changes in the biochemistry of the IVD are

observed: disc water content and aggregating proteoglycan content decrease, non-

enzymatic crosslinking of type II collagen occurs inhibiting matrix turnover and

repair, and the production of proteoglycan decreases concomitant with a shift from

chondroitin sulfate-rich aggrecan to a keratin sulfate-substituted version [14, 16, 21,

32–34]. Additionally, overall matrix degradation, in particular aggrecan and colla-

gen type II, has been shown to increase in the degenerating IVD [35]. Increased

fragmentation of aggrecan has been shown to occur, which may ultimately lead to

glycosaminoglycan leaching and reduced osmotic pressure within the NP [32, 36].

Although disc collagen content does not significantly change with degeneration,

fibrillar collagens (especially type II collagen) become more fragmented and their

spatial distribution changes. This is particularly evident in the NP, which becomes

infiltrated with collagen type I with increasing degeneration [35, 37]. IVD fibro-

nectin content increases and becomes more fragmented with degeneration as well

[38]. Interestingly, fragments of both collagen type II and fibronectin have

exhibited the ability to perpetuate the degenerative cascade by upregulating MMP

activity, causing further degradation of type II collagen and aggrecan [38–40].

Current evidence suggests that the cells of the IVD are themselves the primary

culprits responsible for the destruction of the IVD ECM via the increased produc-

tion of numerous proteinases (Table 2) [26, 27, 41, 42]. In most cases, pro-

duction of tissue inhibitors of MMPs (TIMPs) increases in parallel with MMP

synthesis; however, TIMP-3 (an inhibitor of ADAMTS-4) may not, thus potentially

Table 2 Summary of the matrix metalloproteinases involved in intervertebral disc degeneration

[26, 41]

Enzyme name Synonym Major substrate

MMP-1 Collagenase I (interstitial) Fibrillar collagen (prefers type III)

MMP-2 72-kDa gelatinase A Gelatins, fibronectins, elastins

MMP-3 Stromelysin-1 Aggrecan, fibronectins, gelatins

MMP-7 Matrilysin Aggrecan, fibronectins, gelatins

MMP-8 Neutrophil collagenase Fibrillar collagen (prefers type I), aggrecan

MMP-9 92-kDa gelatinase B Gelatins

MMP-13 Collagenase III Fibrillar collagens (prefers type I)

ADAMTS-4 Aggrecanase Aggrecan core protein

ADAMTS-5 Aggrecanase Aggrecan core protein
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implicating ADAMTS-4 as the major source of aggrecan destruction in the degen-

erative process. In addition, ECM synthesis can be dramatically hampered due to

cell senescence, apoptosis, necrosis, and altered cell phenotype within degenerated

IVDs [43].

Taken together, these biochemical and cellular transformations within the

degenerating IVD result in macroscopic changes manifest as a dehydrated and

fibrous NP, disorganized AF lamellae, and an inconspicuous boundary between

the NP and AF. Concentric and/or radial annular tears, and NP fissure formations

are also observed within the severely degenerated IVD, and an overall reduction in

the central disc height may occur [11, 31]. Additionally, blood vessels and nerve

endings have been found to infiltrate into the center of the disc, which may harbor

inflammatory cells and their mediators.

6 Functional Consequences of IDD

Degenerative changes within the IVD, and in particular the NP, result in functional

changes to the disc and adjacent spinal structures. The NP has been shown to

transition from a fluid or gel-like material to that of a solid as indicated by an

increase in shear modulus (range: 5–60 kPa) and a diminished capacity to dissipate

energy [44]. As proteoglycan content of the NP decreases, the water content,

swelling capacity and thus the hydrostatic nature of the NP is lost [45]. This in

turn affects the IVD’s ability to distribute stress evenly across the disc and causes

stress concentrations to be most prevalent in the postero-lateral AF. As a result, the

AF directly supports compressive spinal loads, which together with loss of hydro-

static pressure of the NP may lead to increased shear stresses between AF lamellae

and thus contribute to their structural failure, increasing the risk of disc herniation

[46, 47]. Concomitantly, circumferential and radial strains have been observed to be

greater in the postero-lateral region of degenerated IVD, resulting in disc bulging

and reduction in disc height [48].

7 Nucleus Pulposus Replacement with Polymeric Materials:

A Potential Treatment Option for Symptomatic IDD

Surgical options commonly employed to combat the effects of IDD range in

invasiveness and depend on the extent and indication of the degenerative process.

While approximately two-thirds of patients undergo successful pain relief using

conservative treatments such as bed rest, anti-inflammatory drugs, chiropractic

adjustment, and physical therapy, the remainder will require more invasive surgical

intervention. These procedures include the removal or obliteration of herniated

or degenerate NP material, or complete removal of the disc, which requires
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subsequent spinal fusion or total disc arthroplasty [11, 49]. Despite the availability

of these treatments, they are palliative solutions at best. Fusion and disc arthroplasty

are considered to be last resort options for patients with severe symptomatic IDD.

Patients must wait until the degeneration and resulting pain and instability is severe

enough to warrant the removal of the disc, only to be replaced with stiff immobile

metallic fusion hardware or articulating joints. Consequences arising from these

treatments include spinal stenosis, accelerated degeneration in adjacent spinal

segments, altered range of motion and intradiscal pressure in adjacent levels,

subsidence, wear debris generation, and implant migration [50–55]. From this, it

is clear that current surgical options have serious limitations and that a gap in

treatment options exists [56].

An alternative surgical solution, nucleus pulposus replacement (NPR), is being

investigated as a minimally invasive, early-stage intervention for patients with mild

to moderate IDD. As degeneration first manifests within the NP, it is believed that

removal of the degenerated NP and its subsequent replacement with an alternative

mimetic material can mitigate the progression of IDD, while relieving pain and

restoring anatomic and biomechanical function in select patients [57]. To date, most

NPRs have been developed from in situ forming or pre-formed synthetic and

biologic polymers, which are currently in different stages of development or

clinical evaluation. We will briefly describe select devices and the polymeric

materials from which they have been developed. For a more in depth review of

commercial device designs, and pre-clinical, and clinical outcomes the readers are

directed to the following resource: “Motion Preservation of the Spine: Advanced

Techniques and Controversies” [58].

In situ curing materials offer the advantageous characteristics of being implanted

using minimally invasive techniques and allow for complete filling of the NP region

of the IVD. Detrimental characteristics of this class of materials include the

potential for exothermic reactions during curing which can elicit native tissue/

cellular destruction and migration of these flowable materials away from the NP

region prior to curing. One copolymer material developed in consideration of these

characteristics is a methylenediphenyldiisocyanate-polyurethane mixture, which is

injected into an expandable polycarbonate urethane containment balloon tailored to

the central region of the patient’s IVD [59]. Once cured, this material forms a

resilient and incompressible material that can re-establish pre-degeneration disc

heights.

Copolymers of polyethylene glycol dimethacrylate (PEGDM) and poly

(N-isopropylacrylamide) (PNIPAAM) have also been investigated as potential

injectable materials for NPR [60]. Coupling together the thermoresponsive nature

of PNIPAAM with the hydrophilicity of PEGDM, investigators were able to form

hydrogels that exhibited the capacity to gel at 32 �C, which allows for gelation within
the human body. These hydrogels exhibit mechanical properties that can be tailored

and an elastic characteristic that allows for the recovery of 85–98% of hydrogel

original height by 55 min following stress relaxation testing [60].

As an alternative to purely synthetic injectable materials, an NPR system

composed of a recombinant protein block copolymer of silk and elastin has been
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developed [61]. Genetically altered Escherichia coli bacteria produce the copoly-

mer, which is subsequently modified such that a diisocyante-based crosslinker can

be used to stabilize the system. The result is a cured material that has similar water,

protein, and mechanical properties to the native NP [61]. An in situ polymerizing

glutaraldehyde crosslinked albumin-based hydrogel has also been investigated as

protein-based NPR; however, information on this particular material is limited [62].

Pre-formed NPRs should exhibit the ability to be compressed or dehydrated

to minimize their profile for minimally invasive insertion and for preservation of

surrounding anatomic structures. Moreover, the dimensional constraints of the

patient’s NP must be considered pre-operatively in order to determine appropriate

implant sizing and optimal fit. Theoretically, as these materials swell, the pressure

generated aids in restoring/maintaining IVD height while the application of com-

pressive loading during daily activities would result in partial load transmission to

the AF by the implant. One of the most widely investigated pre-formed devices is

composed of a hydrogel pellet core of polyacrylonitrile and polyacrylamide copol-

ymer that is surrounded by a woven jacket of ultrahigh molecular weight poly-

ethylene (UHMWPE). As the hydrophilic core swells and absorbs body fluid, the

surrounding jacket prevents excessive expansion that could damage the adjacent

endplates. This device has exhibited excellent compressive fatigue-resistant pro-

perties and optimistic clinical outcomes [63]. Similarly, an acrylic copolymer

layered with dacron mesh that prohibits excessive lateral expansion has been

developed and exhibits the innate ability to absorb water while concomitantly

generating an axial lift force of up to 400 N [64].

Polyvinyl alcohol (PVA)/polyvinyl pyrrolidone (PVP) copolymers have also been

investigated for use as pre-formed NPRs. This material can be formed by successive

freeze–thaw cycles that create physical crosslinks via interchain hydrogel bonding

between the two components [65–67]. It was theorized that this material can be

partially dehydrated for implantation and that, following insertion and rehydration,

it would recapitulate the intradiscal pressure observed within the normal NP [66].

Unconfined compressive fatigue testing of the copolymer showed that there was no

change in polymer content, indicating the stability of the material [65]. However,

after 10 million testing cycles a permanent set was indicated by an un-recoverable

decrease in sample height and an increase in sample diameter compared with original

values [65]. Hydrogels composed of PVA alone have also been developed that

exhibit osmotic swelling pressure profiles similar to those of human NP [68].

In consideration of the clinical importance of being able to visualize any implant

material within the body, radio-opaque hydrogels for NPR have been formulated

[69]. Copolymers of iodobenzoyl-oxo-ethyl methacrylate (4IEMA) and hydrophilic

PVP or hydroxylethyl methacrylate (HEMA) exhibit appropriate swelling

characteristics, viscoelastic mechanical properties, and excellent cytocompatibility

[69]. Moreover, inclusion of the covalently attached iodine molecules allowed for

hydrogel visualization via X-ray in a porcine cadaveric spine model [69].

Although many designs and materials to date have shown promise, some

limitations are becoming evident. Pre-formed synthetics fail to fill the entire void

space following removal of the NP, leaving open the potential for device migration
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and expulsion [63, 70]. Synthetic materials may also generate wear debris or toxic

leachables due to incomplete in situ curing, which in the long term may adversely

affect adjacent disc and neurologic tissue. Additionally, none of the synthetic

implants attempt to regenerate healthy host NP tissue.

8 Tissue Engineering

The field of tissue engineering (TE) has been developed in part in response to

chronic organ and tissue donor shortages. TE has been broadly defined by

Laurencin as “the application of biological, chemical, and engineering principles

toward the repair, restoration, or regeneration of living tissue by using biomaterials,

cells, and factors alone or in combination.” [71]. Nerem elaborates that TE utilizes

“living cells, manipulated through their extracellular environment or even geneti-

cally, to develop biological substitutes for implantation into the body and/or to

foster the remodeling of tissue in some other active manner. The purpose is to either

either repair, replace, maintain, or enhance the function of a particular tissue or

organ” [72]. In general, the foundation of any TE strategy lies within the ability of

healthy cells to induce the de novo production and subsequent maintenance of an

ECM. Clinically speaking, this strategy aims to produce healthy tissue with which

to restore damaged or diseased tissues in hopes of recapitulating normal structure

and function. Although TE does not always allege to address underlying pathology,

one can speculate that the regeneration of a living tissue surrogate may be advanta-

geous compared to implanting synthetic materials alone in that the tissue surrogate

may possess the ability to remodel, integrate, and respond to the physiologic

environment in which it is placed.

In the last 20 years, significant interest has been raised in utilizing TE strategies

to mitigate the progression of IDD. Theoretical advantages of such approaches as

outlined by Halloran et al. include “the use of degradable polymers, less invasive

surgical procedures, preservation of native tissue, non-preclusion of future spinal

surgery and multi-level disc treatments” [73]. Effects of IDD are initially manifest

within the centrally located, hydrophilic NP, which when left unaddressed may

progress to affect the remainder of the IVD and adjacent spinal structures. In

response to this issue, researchers are developing TE strategies that aim to replace

the degenerate NP in symptomatic patients with mild to moderate IDD in an attempt

to mitigate its progression. The following sections provide details on the use of cells

and biopolymeric scaffolds in attempts at IVD regeneration.

8.1 Cell Sourcing for Tissue Engineering of the NP

For IVD applications, a suitable cell source must be identified for the following

reasons. First, dramatic reductions in viable cell number are typically observed in
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degenerated IVDs. Second, any remaining viable cells may exhibit altered pheno-

types or varying degrees of senescence. The NP cell population found in the

degenerative IVD is no exception to this fact [43]. Finally, as shown below, use

of scaffolds without cells has provided only limited successes. A variety of cell

sources have been described in the literature, including NP cells, chondrocytes,

notochordal cells, and stem cells. A short survey of the pros and cons of these cell

sources follows.

8.1.1 Autologous and Allogenic NP Cells

Theoretically, autogenic NPs would prove immunologically ideal. However,

Richardson et al. suggest that use of these cells may not be not clinically feasible

for several reasons: (1) NP cells are sparse and do not provide adequate quantity

for self repair, (2) harvest of NP cells from a healthy adjacent IVD will lead

to degeneration of that IVD, (3) harvest of NP cells from a degenerating IVD

will accelerate the degenerative process, (4) NP cells from degenerated discs

exhibit altered phenotype, increased senescence, increased expression of catabolic

cytokines and degradative enzymes as well as a diminished capacity for matrix

production [74]. Cadaveric NP cells from non-degenerated allogenic discs may also

prove to be a feasible option; however, optimal cryopreservation techniques are still

being developed, [75] and thus warrant further investigation. Although animal and

human studies utilizing autogenic and allogenic NP cell transplantation provide

some evidence of success in mitigating the progression of degeneration, these

results do not appear to indicate that implantation of these cells alone (without

scaffolds) have the capability to fully restore a degenerated disc to a normal healthy

status [76].

8.1.2 Chondrocytes

NP cells are often described as “chondrocyte-like” owing to their round morphol-

ogy and their ability to synthesize an ECM rich in collagen type II and the

proteoglycan aggrecan. In a study performed in New Zealand white rabbits, autol-

ogous auricular chondrocytes were expanded and re-inserted into nucleotomized

IVDs, which resulted in neo-formation of hyaline cartilage within the IVDs [77].

Although these results appear intriguing, it must be kept in mind that a striking

difference between ECMs produced by chondrocytes and NP cells does exist [23].

More recently, use of human fetal chondrocytes (hFCs) to mitigate IDD in a lapine

model was presented at the 23rd annual meeting of the North American Spine

Society [78]. Discs receiving hFC injection retained 87.1% of their pre-operative

disc height, and 60% of these discs had brighter MRI signal intensities compared

with untreated degenerative controls. Moreover, the authors state that the injected

human cells did not elicit immunological reactions, possibly due to the hFCs

lacking major histocompatibility complex (MHC) class II molecules and to the
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immune privileged nature of the IVD [79, 80]. Thus, these results suggest that hFCs

may be an appropriate cells source for use to mitigate IDD.

8.1.3 Notochordal Cells

Notochordal cells (NC) can be found in the IVD of many species throughout

their entire lifespan [25]; however, in humans these cells disappear after the first

decade of life and this precludes them from being used directly as an alternative cell

source for TE strategies [81]. However, research over the last decade has shown that

that the soluble factors produced by NCs possess anabolic characteristics that could

be crucial to the maintenance of a healthy NP [81–85]. In addition, NC conditioned

media has been shown to stimulate the differentiation of human mesenchymal stem

cells (MSCs) towards an early NP cell-like phenotype in 3D pellet culture [86]. Our

group has also observed a similar phenomenon in which MSCs from human adipose

tissue were cultured in monolayer in the presence of conditioned media derived

from a mixed population of porcine NP cells and NCs. The stem cells began

to exhibit gene and protein expression profiles, including the upregulation of

aggrecan, sox-9, and collagen type II, which could be indicative of differentiation

towards an NP cell-like phenotype [87].

Due to the transitory nature of the NC population within the human IVD, the use

of this cell population directly for NP TE applications might not be clinically

feasible. Although harvest and expansion of these cells from young cadavers or

the use of transgenic animal donors has been suggested as a possible alternative

[25], further investigations of such methods are warranted.

8.1.4 Adult Mesenchymal Stem Cells

One of the most widely investigated and promising alternative cell sources for TE

of the human NP is that of adult MSCs, in particular bone marrow-derived and

adipose-derived stem cells (BMSCs and ADSCs, respectively). Stem cells are aptly

defined as having the capacity for unlimited self-renewal paralleled with the ability

to develop into progenitor cells, which include osteogenic, chondrogenic, and

adipogenic lineages [88]. MSCs can be expanded in number in vitro and they

appear to possess the ability to suppress or alter allogeneic immune response

[89, 90]. Coupled with the fact that MSCs can differentiate into a chondrogenic

lineage, many researchers are investigating the ability to direct the differentiation of

MSCs towards an NP cell phenotype utilizing various inductive mechanisms. If

successful differentiation of MSCs into an NP-like cell can be realized, MSCs could

serve as an ideal alternative cell source for TE of the NP. Differentiation of human

BMSCs towards an IVD cell-like phenotype can be accomplished using several

different approaches: high cell density 3D spheroid cultures in the presence of

transforming growth factor beta-3 (TGF-b3) [91], hypoxia with cell culture media

containing TGF-b1 and ascorbic acid [92], NP-cell conditioned media [93], and 3D
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scaffolds composed of a thermoresponsive 3% chitosan–0.5 M glycerophosphate

crosslinked hydrogel [74]. Others have shown that direct injection of BMSCs into

the lumbar IVDs of New Zealand white rabbits resulted in an initial increase

proteoglycan content [94]. However, by 24 weeks, injected BMSCs had migrated

to the transition zone between the NP and AF and had developed spindle-shaped

morphologies reminiscent of AF cells. These interesting aspects definitely necessi-

tate further studies. In a similar approach, Sakai et al. injected allogenic BMSCs

encapsulated in atellocollagen type II hydrogels into rabbit degenerated IVDs with

outstanding results [95]. Similar to studies on BMSCs, several reports have

documented the potential of ADSCs to differentiate into NP-like cells using indirect

co-culture systems with NP cells [96, 97].

8.2 Biopolymeric Scaffolds for Tissue Engineering of the NP

Although it has been shown that there are many feasible cell sources for TE of the

human NP, it is clear that a suitable scaffold to support these cells is required for

successful tissue regeneration. In the event that the NP is severely degenerated,

creating an environment rich in destructive enzymes [27], one could speculate that

removal of the degraded NP could prove advantageous in allowing for the best

possible outcome for any alternative cell source to rescue the NP. Accordingly, the

use of a scaffold on which to seed cells would be advantageous not only for aiding

in the restoration of the mechanical function of the NP, but also in facilitating the

maintenance or re-establishment of a proper NP cell phenotype. An ideal NP

scaffold would include the use of a material that could (1) protect cells from

loads experienced by the IVD, (2) supports either the re-differentiation of cell

sources that may de-differentiate during monolayer expansion or induce the out-

right differentiation of cells, (3) is non-cytotoxic, and (4) ideally degrades into non-

cytotoxic components [74, 98–100]. To this list one could add that the chosen

scaffold material should be able to be implanted using a minimally invasive

approach and should mimic the biochemical and mechanical properties found in

the native NP while allowing for cell proliferation and infiltration. To date, numer-

ous scaffolds have been developed from biopolymers in attempts to support cell-

driven regeneration of a healthy NP.

8.2.1 Collagen–Glycosaminoglycan-Based Scaffolds

One of the more recent attempts at developing a scaffold that mimics the native

ECM of human NP was investigated by Halloran et al. [73]. Using a blend of

atellocollagen II, aggrecan, and hyaluronic acid crosslinked with a calcium-depen-

dent enzyme (microbial transglutaminase), the authors’ were able to form an in situ

curing hydrogel. The authors demonstrated that bovine NP cells remained viable

throughout the 7 day study and were producing sulfated glycosaminoglycan
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(sGAG); however, these molecules did not appear to be retained within the scaffold

itself.

In a similar fashion, Yang et al. developed a 70% porous hydrogel scaffold with

average pore diameter of 100 mm using a formulation of gelatin, chondroitin-6-

sulfate, and hyaluronic acid. Hydrogels were assembled via multiple freeze-dry

cycles and crosslinked with glutaraldehyde [101, 102]. Studies using these gels

indicated that human NP cells remained viable over a 4-week culture period and

appeared to proliferate significantly for between 2 and 4 weeks. Immunohisto-

chemistry for collagen type II stained positive within the scaffold, and gene

expression illustrated the upregulation of NP phenotype markers including collagen

type II, aggrecan, and Sox-9 in comparison to NP cells cultured in monolayer.

Interestingly, a downregulation in interleukin 1 (IL-1), which has been implicated

in increasing MMP activity and proteoglycan degradation, was observed along with

an upregulation of TIMP-1. In general, the scaffolds developed by Yang appear to

be conducive to repopulation, with NP cells maintaining their viability,

proliferative, and synthetic capacity. However, both control scaffolds (those with-

out cells) and scaffolds with NP cells were only able to maintain approximately half

their initial GAG content at best.

Li et al. have developed a porcine collagen type II, hyaluronate, chondroitin-6-

sulfate tri-copolymer sponge [103]. Unlike Yang et al. who utilized glutaraldehyde,

which does not have the ability to crosslink GAGs, Li utilized a 1-ethyl-3-

(3-dimethylaminopropyl)-carbodiimide (EDC) and N-hydroxysuccinimide (NHS)

crosslinking system to stabilize GAGs within their scaffolds. Evaluation of hydrogel

cytotoxicity carried out using rabbit NP cells indicated no significant difference in

DNA synthesis of NP cells in monolayer and scaffold. Histocompatibility following

implant in Sprague-Dawley rats indicated a foreign-body reaction, with inflammatory

cell infiltration at day 3 within and around the implant followed by a gradual

replacement of these cells with fibroblasts at day 14. The scaffold was almost

completely degraded after 84 days and fully replaced with vascularized granulation

tissue. There was no difference in circulating antibodies towards the porcine collagen,

as noted via ELISA between implant, untreated, and sham-operated groups.

In an attempt to mimic the physiological ratio of collagen type II to hyaluronan

in the healthy human NP, Calderon et al. constructed hydrogels scaffolds composed

of these two elements in a 9:1 (w/w) ratio [104]. Scaffolds were crosslinked

with various concentrations of EDC/NHS, but it was found that 8 mM EDC/NHS

resulted in a confined compressive modulus on the order of the native NP, while

allowing for optimal rat mesenchymal stem cell (rMSC) viability and proliferation.

Additionally, real time PCR results from rMSCs seeded on the scaffolds for 21 days

indicated that the scaffolds promoted increased aggrecan expression and inhibited

collagen type I expression compared to rMSCs cultured on monolayers.

Sakai et al. investigated the influence of three different atelocollagen scaffolds

(3% atelocollagen I, 0.3% atelocollagen I, 0.3% atellocollagen II) on human NP

cell proliferation and proteoglycan synthesis compared to 1.2% alginate hydrogels

[105]. In general, the results indicate varied influence of scaffold material on NP

cells. Cells in atelocollagen I scaffolds showed significantly more [3H]-thymidine
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uptake compared to alginate scaffolds, indicative of increased proliferation. Inter-

estingly, higher concentration gels (3% atelocollagen I and 1.2% alginate) had

significantly increased [35S] sulfate uptake compared to gels of low concentration.

However, normalized GAG content within the gels indicated that the alginate gels

had significantly more GAG than any of the atelocollagen gels (there were no

significant differences in GAG content between the atelocollagen gels). Addition-

ally, the assessment of in vitro NP tissue formation on the three atelocollagen gels

over a 4 week period indicated that the 3% atelocollagen gel contained significantly

more sGAG per milligram dry tissue weight, which may indicate that scaffolds

comprised of higher concentrations of atelocollagen are able to physically entrap

and retain more GAG.

8.2.2 Elastin-Based Scaffolds

Elastin is a biopolymer that exhibits the unique ability to deform in response to

applied load and to subsequently recoil to its original molecular orientation when

that load is removed. This molecule has been shown to be present in the NP and,

although not a major component by weight, elastin is thought to play a crucial role

in aiding in the restoration of IVD matrix deformation following bending [16, 106].

Under this premise, we have developed an elastin-based hydrogel scaffold for NP

tissue engineering. We hypothesized that a hydrogel scaffold that could deform and

expel water upon compression, and recover both its original shape and water

content once unloaded, could mimic the diurnal function of the native NP. Accord-

ingly, we developed an elastin–glycosaminoglycan–collagen (EGC) hydrogel scaf-

fold (Fig. 3) composed of soluble elastin, chondroitin-6-sulfate, hyaluronic acid,

and collagen. Scaffolds were formed via gelation of the soluble mixture at 37 �C
followed by lyophilization. The EGC scaffolds were subsequently crosslinked

using a carbodiimide-based fixative to allow for glycosaminoglycan incorporation,

and treated with penta-galloyl glucose, which is a polyphenolic tannin with proven

ability to stabilize both collagen and elastin [107, 108]. Scaffolds were then treated

with a mixture of enzymes to relieve some of the crosslinking, yielding a highly

deformable and resilient biomaterial. Characterization of the EGC hydrogel

Fig. 3 Image frames captured from a video of an EGC hydrogel scaffold (a) prior to, (b) during,

and (c) immediately following compression, illustrating its elastic shape-memory properties
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indicated its ability to withstand unconfined compression while concurrently

expressing water during loading [109]. Following load removal, EGC hydrogels

exhibited the capacity to immediately re-establish their pre-compression water

content and recover their initial height and shape (Fig. 3) [109]. We define these

combined characteristics as a shape-memory sponge effect, which to the best of our

knowledge has yet to be reported in the literature. The unconfined equilibrium

compressive modulus of ECG hydrogels is similar to that of the human NP, and

long-term cell culture studies utilizing porcine NP cells indicate that the material is

cytocompatible [109]. Although others have attempted to develop biomaterials

composed of these elements, their formulations were predominantly composed of

collagen and the material applications was not specifically tailored for NP regener-

ation [110]. Thus, our results demonstrate the formation of a novel biopolymeric

material for NP replacement that has physical characteristics similar to the native

NP and may allow for adaptation to a patients’ anatomy following minimally

invasive surgical introduction.

8.2.3 Tissue-Based Scaffolds

In our research laboratory, we have also considered an alternative approach to

generation of a scaffold for TE of the human NP. The use of ECM-based scaffolds

derived from the decellularization of healthy xenogenic or allogenic tissues has

become increasingly popular [111]. It is believed that scaffold development

utilizing such techniques may prove advantageous because biologically appropriate

scaffolds with an ECM microarchitecture tailored towards specific tissues are

formed from the outset by the resident host tissue cells themselves. Recent literature

indicates that this approach is suitable for the regeneration of numerous tissues

including heart valves, vascular grafts, and corneal tissue [107, 108, 112]. In

considering this, we hypothesized that an ideal scaffold for TE of the NP could

be generated via the utilization of decellularized xenogenic NP. Theoretical

advantages to our approach include the formation of a natural biopolymeric scaf-

fold whose components, including whole aggrecan molecules and minor collagens,

may be maintained in relevant ratios while innate ECM molecule interactions

are preserved, thus yielding a close match to the native tissue microarchitecture.

Using a combination of chemical and physical methodologies to successfully

decellularize porcine NP, we were able to create a scaffold (Fig. 4) that closely

approximates the chemical, physical, and mechanical nature of the human NP

[113]. Our acellular porcine nucleus pulposus (APNP) scaffolds contain many of

the major and minor ECM components found in the human NP including aggrecan

and collagen types II, IX, and XI [113]. Quantification of the APNP GAGs and

hydroxyproline content revealed a 21:1 ratio of these components, respectively.

This closely approximates the 27:1 ratio found in the healthy human NP [23, 113].

Porcine cell remnants including DNA and the antigenic epitope alpha-Gal are

absent within this material. The unconfined compressive material properties of

the APNP approach values reported by others for the human NP [113–115].
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We have also shown that these scaffolds generate an osmotic swelling pressure

profile (Fig. 4) that mirrors that of a 25-year-old human and that they are conducive

to repopulation with human ADSC [28, 113].

Le Visage et al. investigated the use of small intestine submucosa, an ECM

composed predominantly of type I collagen, GAGs, and growth factors, which

they hypothesized would provide an attractive substrate for disc cells [116]. Fol-

lowing 3 months in standard cell culture conditions, human NP cells (obtained from

degenerated discs) attached and migrated into the scaffolds and remained meta-

bolically active, as determined by histology. Dimethyl-methylene blue (DMMB)

assay indicated that control scaffolds (without cells) slowly lost their original GAG

content, but that scaffolds seeded with NP cells steadily gained significant amounts

of GAG with an average increase of 40%. This was confirmed by toluidine blue

staining, which showed large areas of sGAG not observed in control scaffolds.

Ultimately however, cells began to die at the 2 and 3 month time-points, and gene

and protein expression for aggrecan, collagen type II, and Sox-9 were not represen-

tative of active NP cells.

8.2.4 Alginate-Based Scaffolds

Due to its similar structure to chondroitin sulfate and its ability to absorb 200–300

times its weight in water, many investigators have hypothesized that this brown

Fig. 4 Insert: Representative macroscopic image of an APNP hydrogel scaffold seeded with

human adipose-derived stem cells following 7 days of culture in a 12-well plate. Graph: Osmotic

swelling pressure profile of APNP hydrogel scaffolds (green-squares) compared to human NP

(orange-triangles and red-diamonds) values found in the literature [28]
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algae derivative can be used to form NP TE scaffolds. Alginate is a linear copolymer

consisting of repeating blocks of (1,4)-linked D-mannuronate and L-glucuronate.

Upon submersion in an aqueous environment containing divalent calcium ions,

sodium ions from sodium alginate are displaced by calcium allowing for the forma-

tion of a calcium crosslink between adjacent carboxylic acid groups at neutral pH,

creating a solution to gel transition. However, despite exhibiting the ability to

maintain an NP-like phenotype, reports of shortcomings in utilizing sodium alginate

include the inability of IVD cells to assemble and maintain a functional ECM, as well

as a decrease in the mechanical integrity of the scaffolds that is dependent on the time

in culture [117]. It has been suggested that such observations are a result of Na+/Ca2+

ion exchange in culture media, increased cell-mediated degradation of the gels,

cellular Ca2+ metabolism, or a combination thereof [117].

In an attempt to overcome the aforementioned pitfalls, Chou and Nicoll

suggested that methacrylate-modified alginate solutions would create scaffolds

that have improved mechanical stability, maintain NP cell viability, and allow in-

situ free-radical crosslinking via a photo-initiator and UV light exposure [118].

Encapsulated bovine NP cells in 3% alginate hydrogels modified with 2.5% meth-

acrylate were shown to be viable and exhibit a round NP cell morphology at

14 days, concomitant with staining positive with immunohistochemistry for chon-

droitin-sulfate proteoglycan. The mean equilibrium Young’s modulus for these gels

was ~1.2 kPa, which is slightly lower than that of native human NP tested in

unconfined compression [114]. Although the gel modulus increased with increasing

methacrylate incorporation (5–7.5% methacrylation), cell viability decreased. In an

extension of this work, Chou et al. implanted 2% alginate hydrogels modified with

3.5% methacrylate seeded with bovine NP cells into a murine subcutaneous pouch

model to assess the maintenance of phenotype and matrix production [119]. Results

indicated that the gels elicited a mild foreign body reaction, as evidenced by thin

fibrous capsule formation; however, the photo-crosslinked gels remained intact. NP

cells maintained collagen type II gene expression while showing a significant

increase in aggrecan expression between 4 and 8 weeks. Equilibrium Young’s

modulus significantly increased in cell-encapsulated scaffolds (4.31 � 1.39 kPA)

in comparison to acellular controls (2.34 � 0.33 kPa), which could be indicative of

NP-like tissue formation.

Leone et al. developed a new amidic derivative of alginate crosslinked with 1,3

diaminopropane as they hypothesized that a hydrogel more closely mimicking the

physical and chemical properties of hyaluronic acid would be ideal for tissue

engineering the NP [120]. A 1% alginate solution resulted in a hydrogel that

reached a swelling equilibrium after 1 h and was capable of swelling up to 250%

its volume. Moreover, rheological analysis indicated that the alginate gel behaved

in similar manner to non-degenerated NP and exhibited a predominantly elastic

solid-like behavior under dynamic conditions with increasing stiffness upon

increasing angular frequency. When seeded with normal primary chondrocytes

from human knee articular cartilage, the gels allowed cell proliferation, mainte-

nance of phenotype, and even appeared to produce low levels of MMP-13, which

may be indicative of a cellular attempt to remodel the scaffold.
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In an alternative approach to utilization of alginate scaffolds for NP TE, Gaetani

investigated the use of semipermeable alginate microcapsules with a liquid core for

the co-culture of human NP cells and ADSCs to create NP tissue in vitro [121].

Using a one-step process, a cell suspension in 40 mM barium chloride was created

and added drop-wise into a 0.5% (w/v) sodium alginate solution in DMEM.

The authors cite the advantages of using barium due to its reduced involvement

in biological processes compared to that of calcium and an observed increase in

alginate mechanical integrity. Culture for 7 days resulted in a pseudo-tissue struc-

ture in which tightly aggregated and elongated spindle-shaped cells resided at the

liquid core–alginate interface, with rounded cells evenly distributed throughout

the core itself. Interestingly, the authors also found that the matrix surrounding the

rounded cells stained positively for aggrecan and collagen type I. The authors

theorized that using a liquid-core scaffold may be advantageous because cells are

not trapped in a gel matrix, but rather are suspended in liquid media. Careful

consideration of this theory, however, is warranted as most cells derived from

tissues are anchorage-dependent. The observed production of collagen type I by

the cells within the scaffold in this study suggests that the cells are attempting to

create their own substrate for attachment; however, the production of collagen type

I would probably not result in an appropriate NP-like tissue. Additionally, since the

authors used NP cells harvested from herniated discs, long-term studies with

healthy cells are certainly warranted.

8.2.5 Miscellaneous Scaffolds

The use of chitosan, a cationic polysaccharide derived from depolymerization

and deacytlation of chitin found in crustacean shells, has been investigated by

Roughly as an alternative scaffold for NP TE [122]. The authors hypothesize that

the thermoresponsive cationic chitosan hydrogels would be able to trap and retain

anionic proteoglycan molecules produced by encapsulated NP cells, an ability

significantly lacking in many other hydrogel systems. The authors found that gels

made of 1.5% chitosan crosslinked with glycerophosphate in the presence of

hydroxyethyl cellulose allowed bovine NP cell proliferation while retaining nearly

75% of synthesized GAG within the constructs after 20 days of in vitro culture. This

resulted in a total GAG content that was 8–12% of GAG levels found in the native

bovine NP. With the addition of TGF-b to the culture media, total GAG content

approached but never exceeded 15% of native NP values, despite increased time in

culture. Moreover, the rate of proteoglycan accumulation eventually diminished,

which may have been due to a potential inhibitory effect of the surrounding

proteoglycan on the cells, as suggested by the authors.

Reza et al. illustrated the feasibility of using methacrylating carboxymethyl-

cellulose (CMC), a water-soluble polysaccharide derivative of cellulose, to yield a

photo-crosslinkable hydrogel scaffold for encapsulating NP cells [123]. The authors

utilized this material due to the fact that carboxylic acid on the CMC molecule

becomes deprotonated at physiologic pH, resulting in a negative charge similar to
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that found on the native GAG molecules found in the NP. Bovine NP cell-laden

scaffolds composed of a 3% solution of 250 kDa CMC exhibited an equilibrium

Young’s modulus of 3.53 � 0.87 kDa and 60% cell viability after 7 days in culture.

Additionally, histologic analysis indicated that the NP cells had a round morphol-

ogy and resided in lacunae surrounded by pericellular and interterritorial deposits of

chondroitin sulfate proteoglycan.

Yang et al. developed scaffolds derived from fibrin, citing such advantages as

the ability to deliver cells and scaffolds in a minimally invasive fashion while

maintaining the ability to form a scaffold that conforms to the nucleotomized space

[124]. NP cells were suspended in fibrinogen concentrate derived from centrifuged

human plasma, which was subsequently clotted via the addition of calcium. Results

suggest a significant twofold increase GAG production, a 326% increase in

aggrecan, and a significantly greater amount of DNA in the fibrin clot scaffolds

as compared to human NP cells cultured in alginate. However, NP cells cultured in

fibrin also expressed increased collagen types I and VI, which could be indicative of

fibrotic phenotype.

Seguin et al. developed NP tissue in vitro on a porous calcium phosphate (CPP)

substrate surface, which could theoretically allow the construct to be anchored to

bone of the vertebral body [115]. CPP substrates were formed by sintering CaP

powder, yielding a scaffold with a mean porosity of ~37% and pore size of 27 mm.

After 2 weeks in culture on CPP, bovine NP cells were able to form a continuous

layer, with subsequent ECM production by 6 weeks resulting in a tissue thickness of

approximately 1.8 mm and a dry weight of 2.5 mg. This matrix stained with

toluidine blue throughout the ECM, with more intense staining in the pericellular

regions indicative of proteoglycan production. The growth rate of newly formed

tissue decreased as time passed (0.6 mg/week at 2 weeks to 0.3 mg/week at

6 weeks), despite a steady increase in Hoescht DNA staining indicative of cell

proliferation. GAG content within the tissue formed on CPP was not significantly

different at 6 weeks from content found in native bovine tissue (218 and 227 mg/mg

dry weight, respectively). SDS-PAGE illustrated that collagen II was predomi-

nantly found in the formed tissue, whereas unconfined compression testing indi-

cated no significant difference in mechanical properties of in-vitro formed tissue

compared to native bovine NP. Although the CPP appears to be an excellent

substrates on which to develop NP tissue, further investigation of the implanted

construct should be evaluated to determine the potential bone in-growth and

possible over-growth into the formed NP tissue which would be detrimental.

Additionally, this initial work does not take into consideration that the native NP

tissue does not directly interface with bone; instead a cartilaginous endplate would

lie between the two.

The latter issue was addressed more recently by Hamilton et al. who developed a

trilayer composite consisting of CPP, articular cartilage (CEP), and NP tissue [125].

By sequential seeding of chondrocytes onto the CPP surface followed 2 weeks later

by seeding NP cells onto the matrix produced by the chondrocytes, the authors were

able to form a tissue composite construct. Although it appeared that the NP cells

were able to maintain a rounded morphology, the interfacial shear load required to
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cause delamination of the in-vitro formed constructs (1.3 � 0.23 N) was approxi-

mately 60 times less than that required of ex vivo samples.

Others have investigated the use of various composite scaffold materials with

which to tissue engineer the entire IVD. Brown et al. investigated the effects of

gelatin, demineralized bone matrix (DBM), and polylactide on porcine NP cell

viability, metabolic activity, and gene expression [126]. Following 1 month of

culture, NP cells assumed a flattened polygonal shape on gelatin microspheres,

whereas those on DBM appeared elongated and spindle shaped. Interestingly, NP

cells did not appear to attach to the polylactide scaffolds after 1 month and

exhibited limited metabolic activity and viability. Cells on gelatin scaffolds

exhibited higher metabolic activity, significantly higher mRNA expression for

collagen type II (3.7-fold increase) and no significant difference in aggrecan

expression compared to NP cells seeded on DBM scaffolds. Interestingly, cells

on DBM expressed significantly more collagen type I, which the authors attribute to

the presence of bone morphogenetic protein within the DBM. Additionally, the

authors suggest that surface texture and/or the polymer degradation products could

have influenced the observed cell response. From the data the authors suggest that

gelatin and DMB should be investigated further for use in a composite cell scaffold

for IVD TE.

8.2.6 Scaffolds Without Cells

A limited number of researchers have investigated the utilization of scaffolds alone

to recruit neighboring disc cells and MSCs in an attempt to restore native NP

integrity. Abbushi et al. implanted a polyglycolic acid felt material coated with

hyaluronic acid and rabbit allogenic serum into rabbit IVDs that had been operated

on to evacuated the NP [127]. Although MRI, lateral radiographs, and histological

results after 6 months indicated mitigation of degeneration concomitant with the

presence of NP-like cells secreting proteoglycan-rich ECM, the discs progressively

degenerated and were unable to re-establish pre-operation disc height and MRI

signal values. Additionally, Revell et al. injected a hyaluronic acid-based hydrogel

(HYAFF120) into the lumbar spine of pigs immediately following subtotal

nucleotomy [128]. Again, similar results were obtained following 6 weeks of

implant in which discs receiving HYAFF120 gels maintained normal disc height

and had striking resemblances to native NP tissue containing chondrocytes

(suggested by the authors to have originated from neighboring disc tissue or

remaining NP tissue). Although these results suggest that implantation of cell-

free scaffolds may initially mitigate degeneration of the NP, the authors did not

allow for the onset of degeneration before implantation and thus results need to be

interpreted with caution.

As seen above, implanting cells without scaffold support or scaffolds without

cells may not prove efficacious. NP allograft studies in a lapine disc degeneration

model indicate that injection of NP cells alone does not mitigate degeneration as

effectively as implanting NP allografts, and can result in the formation of fibrotic
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NP tissue [129]. Thus, the use of a healthy alternative human NP cell source

in conjunction with an appropriate scaffold may be the most beneficial approach

to NP TE.

9 Animal Models of IDD

Animal models make possible the study of etiological mechanisms associated with

IDD while allowing for the investigation of the efficacy of potential therapeutic

approaches. Numerous animal models have been investigated that reflect the

biochemical, radiological, and histological changes observed within degenerating

human IVDs. Although these models provide important clues towards developing

treatment strategies, the selection of model and interpretation of results must be

approached cautiously due to intrinsic differences between animal species and

humans (e.g., IVD size and aspect ratio, anatomical variation in adjacent spinal

structures, variations in disc cell populations and metabolism, biochemical compo-

sition, biomechanics) [130, 131].

Animal models of IDD can be broadly classified into two categories: naturally

occurring and experimentally induced. Macaques, beagles, and sand rats are a few

examples of animals that appear to naturally develop evidence of IDD over the

course of their lives [132–134]. One of the most widely investigated animal models

of induced degeneration includes lumbar disc puncture models. Masuda et al. found

that using 16G and 18G needles to penetrate through the AF into the NP of

New Zealand white rabbits resulted in a mild and reproducible model of disc

degeneration, as indicated by reductions in disc height, histological staining for

proteoglycan, and MRI signal intensity [135]. Degenerative changes were observed

as early as 2 weeks post-puncture with progression of degeneration through the

8 week study. Similar results were attained by Sobajima et al. who observed a

progressive loss in NP area and MRI signal intensity as early as 3 weeks, which

progressed over the 24-week study [136]. Degenerative findings included a

decrease in the number of notochordal cells, fluctuating numbers of NP cells,

formation of a fibrocartilagenous NP, osteophyte formation, and end-plate sclerosis

[136]. Annular stab models using scalpels have also been performed in Sprague-

Dawley rats, sheep, and pigs resulting in similar outcomes [137, 138].

Other forms of induced degeneration include axial overloading of the disc to

stimulate degeneration [139, 140], intradiscal injection of an apoptotic (campto-

thecin) [141], and chemonucleolytic agents such as chondroitinase ABC [142].

Zhou et al. showed that intradiscal injection of bromodeoxyuridine (BrdU), a

known mutagen that incorporates into DNA in place of thymidine, created a cellular

senescence/aging model of degeneration in sheep IVDs [143].

Choice of the ideal animal model to test tissue engineered strategies has to

balance cost and relevance. The naturally occurring macaque model would be a

primary choice; however, the costs may be prohibitive, especially for the academic

arena. Other large animals such as goats and sheep may also pose cost limitations

Advances in Tissue Engineering Approaches 223



and appear to exhibit degenerative changes that are milder, less repeatable, and take

long periods of time to develop. The rabbit model of induced degeneration via

needle puncture may be more appropriate for screening purposes. Although there is

debate as to the influence that the notochordal cell population retained within the

NP of this species may have on therapeutic intervention, degeneration in rabbits

repeatedly occurs and it seems unlikely that the presence of this cell population

will favorably alter any particular therapeutic outcome. Regardless, all results from

animal studies must be cautiously interpreted in the context of feasibility in

humans.

10 Conclusions

The adult IVD is a large avascular structure composed of a proteoglycan-rich

gelatinous core (the NP) surrounded by concentric sheets of fibrous collagen (the

AF). The biochemical components, specialized architecture, and mechanical pro-

perties allow the support of compressive loads while allowing for varying degrees

of range of motion. Distinct cell populations residing within the IVD account for the

differential distribution of ECM components found in the NP as compared with

the AF. Clearly, the ECM homeostasis in the NP is in a very delicate balance.

Aging, disc nutrition, mechanical forces, and genetic factors contribute to chronic

IDD, characterized by high levels of proteases and dramatic changes in NP ECM

biochemistry. Loss of NP proteoglycans and inherent hydration capacity has

important functional changes, which may become symptomatic and require inter-

vention. Current treatment options such as fusion and total disc arthroplasty exhibit

limitations including adjacent level degeneration and wear debris production. A gap

in surgical treatment options exists because current methods are only considered

when degeneration has progressed significantly, resulting in spinal instability and

persistent pain. NPR may be a feasible option for mitigation of mild to moderate

IDD. Existing NPR devices developed from synthetic pre-formed or in situ forming

materials are very promising, but have some serious limitations such as failure of

pre-formed devices to fill the entire void space following nucleotomy and genera-

tion of debris or toxic leachables from synthetic materials. More importantly, none

of the synthetic implants actually regenerate healthy host NP tissue, including the

appropriate cells and ECM components.

Tissue engineering approaches using cells and scaffolds hold the promise for

effective NP regeneration by creating tissue analogs capable of maintaining NP

ECM homeostasis. Among the numerous cell types that have been investigated,

adult stem cells have shown the most promise for differentiation into NP cells.

Several types of scaffolds of biologic and synthetic origins have been developed to

mimic the physico-chemical properties of the native NP and also to support seeded

cells and encourage NP regeneration. The ideal scaffold should be sufficiently

strong to withstand mechanical loads immediately after implantation but should

also be slowly degradable to allow for remodeling. Scaffolds should also mimic the
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physico-chemical of the native NP. Ideally, scaffold degradation products should

not elicit local or systemic reactions and should not disturb local pH and gas/

nutrient exchange. Use of scaffolds or cells alone does not appear to be sufficient

to entirely prevent the progression of IDD. To test feasibility, lumbar disc puncture

in rabbits appears to provide a progressive and reproducible animal model of

degeneration that closely approximates that observed in humans. For more clini-

cally relevant functional studies of tissue engineered devices, large animal models

are more adequate for functional analyses.

Future studies in this field should focus on better understanding the biology of

NP cells, the functional interactions between IVD components, and the pathobiol-

ogy of the IDD process in humans, so that early non-surgical interventions can be

tested. Use of adult stem cells pre-differentiated under physiologically relevant

conditions on 3D scaffolds prior to implantation by minimally invasive procedures

may prove most advantageous.

All in all, the future of IVD tissue engineering is bright and novel developments

in scaffold chemistry utilizing both synthetic and biopolymers are bound to should

provide excellent alternatives for millions of patients suffering from IDD.
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Functionalized Biocompatible Nanoparticles

for Site-Specific Imaging and Therapeutics
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and Avinash C. Pandey

Abstract The applicability of nanoparticles is determined by their unique size-

dependent properties, such as their optical and magnetic properties, which make

them very attractive candidates for numerous biomedical applications such as drug

delivery nanosystems, diagnostic biosensors, and imaging nanoprobes for magnetic

resonance imaging contrast agents. Surface chemistry defines the functional

properties and biological reactivity of these nanocrystals. Targeted delivery of

therapeutics has the potential to localize therapeutic agents to a specific tissue as

a mechanism to enhance treatment efficacy and mitigate side effects. Moieties that

combine imaging and therapeutic modalities in a single macromolecular construct

may confer advantages in the development and applications of nanomedicine. Here,

an insight into the development of various kinds of functionalized biocompatible

nanoparticles for site-specific imaging and therapeutics is discussed in detail.
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1 Introduction

In the past, use of nanoparticles has been made without knowledge of their

existence, and we now find that the particles used were in the nanoregime.

Nanoparticles were used by artisans as far back as the ninth century in

Mesopotamia for generating a glittering effect on the surface of pots. These

nanoparticles were created by the artisans by adding copper and silver salts and

oxides, together with vinegar, ochre and clay, onto the surface of previously glazed

pottery.

The last few decades have seen the emergence of nanomaterials for several

applications in almost all fields of life, ranging from solid state lighting to biomedi-

cal applications [1, 2]. Their properties lie between those of the bulk material and

those of atoms as they are only made up of some atoms arranged in an ordered

fashion. The small size of these nanoparticles gives them significantly different

properties, which in turn result in the widespread applications of these

nanomaterials. Various nanoscale materials, such as nanorods, nanowires [3],

nanotubes, and nanofibers [4], have been explored in many biomedical applications

[5] because of their novel properties, such as the high surface-to-volume ratio,

surface tailorability, and multifunctionality. Transmission electron microscopic

(TEM) images of plasmonic gold nanostructures such as nanospheres, nanorods,

and nanoshells are shown in Fig. 1.

For biomedical applications, nanomaterials have been widely used in the field of

tissue engineering, for diagnosis and treatment of certain diseases such as cancer,

and for other biomedical applications include targeted drug delivery and imaging,

hyperthermia, magneto-transfections, gene therapy, stem cell tracking, molecular

and cellular tracking, magnetic separation technologies (e.g., rapid DNA sequenc-

ing), and detection of liver and lymph node metastases. The most recent

applications of superparamagnetic iron oxide nanoparticles (SPIONs) are in early

detection of cancer, atherosclerosis, and diabetes.
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The objective of nanotechnology is to detect every cancer cell instead of full grown cancers

(Ranu K. Dutta).

Nanoparticles play a very important role in cancer research. Due to their

extremely small size, nanoparticles are easily and more readily taken up by the

human body. Hence, they can interact well with biological membranes so that cells,

tissues, and organs are eligible for entrance of nanoparticles [7]. Nanoparticles are

used in the field of medicine for several reasons: (1) improved delivery of poorly

water-soluble drugs, which enhances their faster dissolution in the blood stream;

(2) transcytosis of drugs across tight epithelial and endothelial barriers; (3) delivery

of large macromolecule drugs to intracellular sites of action; (4) co-delivery of two

or more drugs or therapeutic modality for combination therapy; (5) visualization of

sites of drug delivery by combining therapeutic agents with imaging modalities;

and (6) Conjugating nanoparticles with site specific ligands can be useful in site

specific imaging, image guided therapy, for specific MRI contrast agents, ablation,

hyperthermia, etc.

2 Properties of Nanoparticles

The size of nanoparticles lies between that of bulk material and the atomic

structures, which gives them unique properties and makes them eligible candidates

for several applications. At the nanoscale, the percentage of atoms present at the

surface of a material becomes significantly enhanced, resulting in drastically

changed properties of these nanomaterials. For bulk materials larger than 1 mm
(1 micron), the percentage of atoms at the surface is insignificant in relation to the

number of atoms present in their nanoform. At the small size range (<10 nm) the

concept of quantum confinement originates. The wave function associated with

these materials will be confined and degenerate, resulting in strong quantum

confinement. Several varieties of nanoparticles are available, such as polymeric

nanoparticles, dendrimers [8–10], metal nanoparticles, quantum dots (QDs),

Fig. 1 TEM images of plasmonic gold nanostructures: (a) nanospheres, (b) nanorods, and

(c) nanoshells. (Figure adapted from [6])
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liposomes, micelles, and other types of nano-assemblies [11–13]. Nanoparticles

have a large surface area-to-volume ratio that helps in diffusion process. Use of

nanoparticles can also lead to special properties such as increased heat and chemi-

cal resistance.

For biomedical applications, the size, charge, and surface chemistry of the

nanoparticles are important since they strongly affect both their circulation time

and also their bioavailability within the body. In addition, magnetic properties and

internalization of particles depend strongly on the size of these magnetic particles.

For example, following systemic administration, larger particles with diameters

greater than 200 nm are usually sequestered by the spleen as a result of mechanical

filtration and are eventually removed by the cells of the phagocyte system, resulting

in decreased blood circulation time. On the other hand, smaller particles with

diameters of less than 8 nm are rapidly removed through extravasation and renal

clearance. Particles of 10–100 nm are optimal for subcutaneous injection and

demonstrate the most prolonged blood circulation times. The particles in this size

range are small enough both to evade the reticulo-endothelial system (RES) of the

body and to penetrate the very small capillaries within the body tissues and,

therefore, may offer the most effective distribution in certain tissues. A nanoparticle

has emerged as a promising candidate for the efficient delivery of drugs used in the

treatment of cancer by avoiding the RES, utilizing the enhanced permeability and

retention effect and tumor-specific targeting.

Nanoparticles such as those of the heavy metals, like cadmium selenide, cad-

mium sulfide, lead sulfide, and cadmium telluride are potentially toxic [14, 15]. The

possible mechanisms by which nanoparticles cause toxicity inside cells are

schematically shown in Fig. 2. They need to be coated or capped with low toxicity

or nontoxic organic molecules or polymers (e.g., PEG) or with inorganic layers

(e.g., ZnS and silica) for most of the biomedical applications. In fact, many

biomedical imaging and detection applications of QDs encapsulated by complex

molecules do not exhibit noticeable toxic effects [16]. One report shows that the

tumor cells labeled with QDs survived in circulation and extravasated into tissues

Fig. 2 Possible mechanisms

by which nanoparticles cause

toxicity inside cells. GSH
glutathione, GSSG
glutathione disulfide, MDA
malondialdehyde, NFkB
nuclear factor kappa B, Nrf2
nuclear factor-erythroid

2-related factor 2, ROS
reactive oxygen species
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just as effectively as unlabeled cells; there was no obvious difference in their ability

to form tumors in mice after 40 days and QDs had no adverse effects on the

physiology of the host animal or labeled cells [17].

Quantum dots are nanoparticulate clusters of semiconductor material (smaller

than the Bohr exciton radius) that show quantum confinement effects. The quantum

confinement effect means that the optical properties of these nanoparticles are

controlled by their size, rather than their composition, which makes them useful

optical imaging agents. The size of the band gap of these materials dictates the

energy of the photon emitted and, according to Plancks equation (where energy is

inversely proportional to the wavelength), also the wavelength of emitted light.

QDs have been the focus of great interest recently because of their biological

imaging capabilities [18], via their bright fluorescence, photostability, and their

narrow and size-tunable emission spectrum [19].

3 Surface Modification

Nanoparticle surface modification is of tremendous importance to prevent nanopar-

ticle aggregation prior to injection, decrease the toxicity, and increase the solubility

and the biocompatibility in a living system [20]. Imaging studies in mice clearly

show that QD surface coatings alter the disposition and pharmacokinetic properties

of the nanoparticles. The key factors in surface modifications include the use of

proper solvents and chemicals or biomolecules used for the attachment of the drug,

targeting ligands, proteins, peptides, nucleic acids etc. for their site-specific bio-

medical applications. The functionalized or capped nanoparticles should be prefer-

ably dispersible in aqueous media.

Surface modification is necessary in nanoparticles for various reasons: (1) to

make them biocompatible and non-immunogenic for biomedical applications,

(2) to make them dispersible in aqueous media for most biomedical applications,

(3) to stabilize the nanoparticles in water for long period, (4) to prevent agglomera-

tion of nanoparticles by use of some capping agents and surfactant molecules, (5) to

render specificity towards their target cell or tissue, and (6) to render sterically

accessible functional groups for bioconjugation etc.

There are some important points to be remembered during the choice of

materials for surface modifications: (1) Most in vivo biomedical applications

need the particles to be well dispersed and stable in water. (2) Most of the synthesis

methods that produce highly monodisperse, homogeneous nanoparticles use

organic solvents. (3) Capping agent, surfactant, and the surface moieties to be

attached on the surface of nanoparticles should be chosen carefully. (4) Biocom-

patible capping agents should be used that do not show any adverse effects like

platelet aggregation upon administration into the blood or thrombosis, stenosis etc.

Some studies show that carbon nanotubes can aggregate blood platelets [21].

(5) Capping agents should overcome the RES uptake by macrophages and other

cells. Conventional surface non-modified nanoparticles are usually caught in the
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circulation by the RES (e.g., in the liver and the spleen), depending on their size and

surface characteristics. (6) The chemicals used should be of high purity.

4 Surface Modifying Agents

4.1 Capping and Passivating Agents

Capping agents provide biocompatibility besides controlling the particle size.

Passivation is achieved mostly by capping the particles with organic materials,

but inorganic materials are also used. Organic ligands such as thiopyridines and

thiolates have been reported to minimize surface defects and increase luminescence

efficiencies. Several capping agents such as silica [22], starch, biotin, citric acid

[23], polyvinyl pyrollidine, polyvinyl alcohol, oleic acid, and cytosine [24] have

been regularly used for diverse biomedical applications. In view of the diverse

applications of these nanoparticles in biology and medicine, hundreds of capping

strategies have been studied. Many of these typically involve some kind of polymer

such as poly(ethylene glycol) (PEG) [25–29], poly(lactic-co-glycolic acid) (PLGA),
or a polysaccharide [30–32]; natural macromolecules such as oligonucleotides [33],

peptides, and proteins [34–39]; poly(vinyl alchohol), poly(vinyl pyrolline), silica etc.

Sharma et al. [40] have shown the surfacemodification of nanoparticles by embedding

ZnOnanoparticles in SiO2matrix andmeasuring the luminescence. The luminescence

properties and structure of these ZnO nanoparticles embedded in SiO2 matrix are

shown in Fig. 3.

Sharma et al. [40] have used tetra-ethyl-ortho-silicate (TEOS) for the formation

of SiO2 matrix. The chemical structure of TEOS can be represented as shown in

Fig. 3 Prepared ZnO QDs embedded in SiO2 matrix under (a) ordinary and (b) UV (365 nm

excitation) lamps. (A) Solid samples, (B) samples dissolved in ethanol, and (C) samples dissolved

in water. Photographs were taken with a digital camera just after completion of synthesis.

(c) TEM Image of symmetrically dispersed ZnO QDs embedded in SiO2 matrix. (Figure adapted

from [40])
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Fig. 4a. TEOS is liquid at room temperature and slowly hydrolyzes into silicon

dioxide and ethanol when in contact with ambient moisture. In TEOS, the silicon

atom is already oxidized; the conversion of TEOS to SiO2 is essentially a rear-

rangement rather than an oxidation reaction. The overall reaction for the SiO2

matrix requires the removal of two oxygen atoms from TEOS as shown in Fig. 4b.

In this case, formation of SiO2 matrix was probably the result of TEOS surface

reaction. TEOS chemisorbs onto silanol groups (Si-OH) at the surface, as well as at

strained surface bonds. The mechanism is depicted in Fig. 4c. TEOS will not adsorb

onto the resulting alkyl-covered surface during intermediate reaction steps, so SiO2

matrix formation was probably limited by removal of these intermediate surface

alkyl groups. As shown in Fig. 4d, these groups can undergo elimination reactions

with neighboring molecules to form Si–O–Si bridges. This process quickly occurs

in the ambient reaction conditions: TEOS can be its own oxygen source, and SiO2

can be deposited in the form of a matrix from TEOS. However, additional oxygen

atoms provided by ZnO increases the matrix formation rate, presumably this is the

cause behind the formation of symmetrically dispersed ZnO QDs embedded in the

SiO2 matrix.

Fig. 4 (a) Chemical structure of tetra-ethyl-ortho-silicate (TEOS). (b) Removal of two oxygen

atoms from TEOS. (c) Mechanism depicting how TEOS chemisorbs onto silanol groups (Si-OH)

on surface. (d) Formation of Si–O–Si bridges by elimination reactions with neighboring

molecules. (Figure adapted from [40])
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4.2 Role of Surfactants

The most challenging issue is the synthesis of well-dispersed and stable colloidal

synthesis of nanoparticles for biomedical applications. The fundamental problems

in use of the nanoparticles is the lack of stability of their dispersions and the

generation of spacious aggregates in the dry state, which leads to loss of their

special nanoscale properties and also making them unsuitable for biomedical

applications. In aqueous media, the nanosized particles are primarily separated by

the ionic repulsion forces produced due to adsorption on their surface [41, 42].

Nanoparticles capped by surfactants stay well dispersed in solution for a longer

time. The surfactants act as microreactors for inorganic reactions and also act as

steric stabilizers to inhibit aggregation of nanoparticles. Surfactants modify the

nanoparticle’s shape, size, and other surface properties differently depending on

their molecular structure, i.e., nature of the head group, length of hydrophobic tail,

and type of counterions.

Nanocrystals such as CdS, CdSe, CdTe, or CdSe/ZnS, ZnS, ZnO etc. have been

synthesized in organic solvents at high temperatures in the presence of surfactants

to yield monodisperse and stable particles [43]. Surfactant molecules coat the

surface of nanoparticles, as shown in Fig. 5. The polar surfactant head group is

attached to the inorganic particle surface, while the hydrophobic chains protrude

into the organic solvent, mediating colloidal stability. Then, to make the particle

water soluble or dispersible, the surfactant layer is replaced or a coating is made,

with an additional layer introducing either electric charge or hydrophilic polymers

for mediating solubility in water. Coulomb repulsion between nanocrystals with

surface charge of the same polarity prevents aggregation in water. Hence, synthesis

Fig. 5 Surfactant molecules on the surface of nanoparticles
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of monodisperse and colloidal suspension in aqueous media can be accomplished.

However the exact mechanism that governs formation and stabilization is still not

very well understood.

5 Synthesis of Colloidal Nanoparticles

Colloidal nanoparticles are a class of nanomaterials synthesized by wet chemical

methods. The reaction chamber is a reactor containing a mixture of liquids that

control the nucleation and the growth. The precursors are introduced according to

the desired atomic species for the growth of the nanocrystals. The precursors

decompose, forming new reactive species or ions that are needed for the nucleation

and growth of the nanocrystals. The key factor in the colloidal synthesis of

nanocrystals is the surfactant used. A surfactant is dynamically adsorbed to the

surface of the growing QDs under the reaction conditions. The surfactant must be

mobile enough to provide access for the addition of the reaction precursor atomic or

ionic species. It should prevent aggregation of the nanocrystals. A surfactant that

binds very strongly to the surface of the QD would not allow the nanocrystal to

grow. A weakly co-ordinating molecule would yield large particles or aggregates.

Some suitable surfactant molecules include alkyl thiols, phosphines, phosphine

oxides, phosphates, phosphonates, amides, amines, carboxylic acids etc. The sur-

factant molecule should be stable if the reaction is carried out at higher

temperatures. By controlling the mixture of surfactant molecules that are present

during the generation and nucleation of QDs, control of their size and shape

becomes possible. Colloidal nanocrystals are dispersed in solution; hence, they

can be functionalized easily with molecules such as proteins and oligonucleotides.

6 Different Types of Nanoparticles

6.1 Functionalized Nanoparticles

6.1.1 Lipid-Functionalized Nanoparticles

Nanoparticles, such as iron oxide particles and QDs, are mostly synthesized in

nonpolar organic solvents and capped with a surfactant. If they are to be solubilized

in aqueous buffers, their hydrophobic surface components must be replaced by

amphiphilic ones. An alternative strategy was developed by Dubertret et al. for

TOPO-coated QDs [44]. The hydrophobic particles were dissolved in chloroform

together with PEGylated phospholipids. After evaporating the solvent and hydrat-

ing the mixed film of QDs and lipids, QD-containing micelles were formed. The

same method can be used for encapsulating hydrophobic iron oxide particles in
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micelles. With this elegantly simple procedure, one obtains a water-soluble particle

of small size, which can easily be functionalized by just mixing the appropriate lipids.

A representation of the encapsulating procedure for hydrophobic nanoparticles in

micelles is shown in Fig. 6.

Lipids are mixed with the nanoparticles in an apolar solvent. The mixed film

obtained is hydrated. Thereafter, the nanoparticle-containing micelles and empty

micelles are separated by centrifugation.

6.1.2 Peptide-Conjugated Nanoparticles

Several peptide-conjugated nanoparticles have been synthesized by researchers for

targeted delivery into the cell and cellular organelles. Inspired by viruses,

Tkachenko and coworkers conjugated peptides to bovine serum albumin (BSA)

via an ester linker, and then conjugated the BSA to gold nanoparticles [45]. The

four peptides they used were from viral cell entry or targeting proteins, and they

were able to achieve targeted entry of the gold nanoparticles into the nucleus of

HepG2 cells. Furthermore, it should be noted that the cells were still viable after

entry of the gold nanoparticles. Nitin et al. developed a similar approach for

solubilizing iron oxide [46]. They conjugated TAT peptides and a fluorescent

label to the distal end of the PEG chains of the phospholipids to coat the iron

oxide particles. The TAT peptide has been shown to deliver nanoparticles into cells,

making it attractive for intracellular labeling. The uptake of this conjugate was

demonstrated in vitro with both MRI and fluorescence microscopy. Another study

showed the intracellular delivery of peptide-conjugated QDs. The authors selected

an insect neuropeptide, allatostatin (AST1; APSGAQRLYG FGL-NH2), conju-

gated it to CdSe�ZnS QDs, and investigated the intracellular delivery of the

conjugate in living cells such as human epidermoid ovarian carcinoma cells

(A431) and mouse embryonic fibroblast cells (3T3) [47], as shown in Fig. 7.

Figure 7a shows a fluorescence image of A431 cells incubated with a 5 mM

Fig. 6 Encapsulation of hydrophobic nanoparticles in micelles
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Fig. 7 (a) Fluorescence image of A431 cells incubated with a 5 mM Syto16 dye solution for

10 min followed by a 1 nM QD605-AST1 solution for 30 min. Cell nucleus is preferentially

stained green by Syto16 due to its cell permeability and DNA intercalation. The yellow-orange
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Syto16 dye solution for 10 min followed by a 1 nM of QD605-AST1 solution for

30 min. In Fig. 7a we see that the cell nucleus is preferentially stained green by

Syto16 due to its cell permeability and DNA intercalation. The yellow-orange color

indicates colocalized CdSe�ZnS QD-AST1 and Syto16). Phase, fluorescence, and

overlay images of A431 and 3T3 cells were labeled using solutions of 0.5 nM QD-

streptavidin) and 0.5 nM CdSe�ZnS QD-AST1 (Fig. 7b–e) Some different

strategies for nanosystems are illustrated in Fig. 8. Figure 8a shows liposomal

systems, Fig. 8b solid biodegradable nanoparticles, and Fig. 8c macromolecular

dendrimer complexes.

6.1.3 Aptamer-Conjugated Nanoparticles

Recently, nanoparticle–aptamer bioconjugates, as shown in Fig. 9, have been

developed and demonstrated for targeted delivery to cancer cells. The imaging

Fig. 7 (continued) color indicates colocalized QD-AST1 and Syto16. (b–e) Phase, fluorescence,

and overlay images of A431 (b, c) and 3T3 (d, e) cells labeled using solutions of 0.5 nM

QD-streptavidin (b, d) and 0.5 nM QD-AST1 (c, e). Scale bars: 25 mm. (Adapted from [47])

Fig. 8 Nanosystems that may function as simultaneous drug delivery and imaging agents for

targeting T cells: (a) liposomal systems, (b) solid biodegradable nanoparticulates, and (c) macro-

molecular dendrimer complexes. PEG polyethylene glycol, Gd-DTPA gadolininum-diethylene

triamine penta acetic acid. (Adapted from [48])
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and/or monitoring modalities can be based on traditional fluorophores, or QDs and

SPIONs. Aptamers are DNA or RNA oligonucleotides that fold by intramolecular

interaction into unique three-dimensional conformations capable of binding to

target antigens with high affinity and specificity. Aptamers are quickly emerging

as a new powerful class of ligands that rival antibodies in their potential for

diagnostic and therapeutic application.

Medley et al. have shown the use of aptamer-conjugated nanoparticles for cancer

cell detection [50]. Herr et al. [51] have shown the rapid collection and detection of

leukemia cells using a novel two-nanoparticle assay with aptamers as the molecular

recognition element.

6.1.4 Polymer-Modified Nanoparticles

Biocompatible or biodegradable polymers have been extensively explored in recent

years because of their potential biomedical applications, e.g., poly(lactic acid)

(PLA), poly(glycolic acid) (PGA), poly(lactic-co-glycolic acid) (PLGA), PEG,

alginate, etc. A multifunctional biodegradable PLGA nanoparticle attached to

moieties such as T-cell antibodies and contrast agents for MRI is shown in Fig. 10.

PEG modification of nanoparticles increases circulation time by evading macro-

phage-mediated uptake and removal from the systemic circulation. Non-PEGylated

nanoparticles are quickly eliminated from the bloodstream because of the adsorp-

tion of blood proteins (opsonins) onto their surface, which triggers the recognition

of the mononuclear phagocyte system (MPS) by the macrophages. Plasma half-life

(t1/2) was less than 12 min for amphiphilic poly(acrylic) short chain (750 Da)

methoxy-PEG or long chain (3,400 Da) carboxy-PEG QDs. But, plasma t1/2 was

Fig. 9 Aptamers conjugated gold nanoparticles. (Adapted from [49])

Functionalized Biocompatible Nanoparticles for Site-Specific Imaging and Therapeutics 245



1 h for long-chain (5,000 Da) methoxy-PEG QDs. These coatings determined the

pattern of in vivo tissue localization, with retention of some QDs occurring up to

4 months.

PEGylation of nanospheres can be carried out either via a simple adsorption of

PEG chains onto the nanoparticles or by a covalent linkage of PEG chains with

poly(alkyl cyanoacrylate) (PACA) polymers. The adsorption approach is not pref-

erable since there is no covalent linkage and is not really suitable enough for in vivo

applications. It has been demonstrated that these kinds of assemblies (PACA

nanoparticles on which poloxamer 388 or poloxamine 908 was adsorbed) are

not stable during in vivo administration, resulting in a loss of coating, and

have no significant influence on the biodistribution pattern [52]. Biodegradable

nanoparticles show an increased residence time in blood vessels that could over-

come the post-treatment accumulation of the free drug. In addition, sterilization of

the polymeric nanoparticles by membrane filtration is feasible, which offers a great

advantage.

Some advantages of PEG surface modification are: (1) water solubility, (2) high

mobility in solution, (3) lack of toxicity and immunogenicity, (4) ready clearance

from the body, and (5) altered distribution in the body.

PEG polymer has to be suitably functionalized at one or both terminals. PEGs

that are activated at each terminus with the same reactive moiety are known as

“homobifunctional.” If the functional groups present are different, then the PEG

derivative is referred as “heterobifunctional” or “heterofunctional.” Chemically

activated PEG polymer derivatives are used to attach the PEG to the desired

molecule or ligand.

Two ways of linking the PEGmolecules are: (1) PEG derivatives are obtained by

reacting the PEG polymer with a group that is reactive with hydroxyl groups, e.g.,

anhydride, acid chloride, chloroformate or carbonate; and (2) attachment of func-

tional groups such as aldehydes, esters, amides etc. with the PEG polymer.

The heterobifunctional PEGs are very useful in linking two entities in cases

where a hydrophilic, flexible, and biocompatible spacer is needed. Preferred end

groups for heterobifunctional PEGs are maleimides, vinyl sulfones, pyridyl

disulfides, amines, carboxylic acids, and N-hydroxysuccinimide (NHS) esters.

Fig. 10 Multifunctional solid biodegradable PLGA nanoparticles attached to several moieties

such as T-cell antibodies, magnetic resonance contrast agent (biotin-BSA-Gd-DTPA) and

encapsulated immunosuppressive drug (doxorubicin). (Adapted from [48])
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6.2 Functionalized Carbon Nanotubes

Several drug delivery approaches have been carried out using carbon nanotubes

(CNTs) [53–55]. The biocompatibility of CNTs is a significant issue in many of

their proposed bio-applications. For the solubilization of CNTs, the attachment of

relatively large functional groups to the nanotubes is required because CNTs are

insoluble in water. The first report of CNT functionalization was reported by

Haddon and coworkers on the amidation of nanotube-bound carboxylic acids

with long-chain alkylamines, such as octadecylamine [56]. A variety of oligomeric

and polymeric compounds have been used in the functionalization of CNTs for their

solubility in common organic solvents and/or water.

Convenient and effective delivery of functionalized CNTs to a targeted site faces

several limitations. Nanocapsules have been proposed as drug carriers that could be

used to realize the “magic bullet” concept proposed by Nobel Prize winner Paul

Ehrlich (1854–1915). Paul Ehlrich [57] at the beginning of the twentieth century,

refers to a drug capable of targeting a particular site and releasing its contents when

desired. In order to accomplish this, novel polymeric membrane microcapsule CNT

devices have been developed for targeted delivery of therapeutics. CNTs were

encapsulated in an alginate–poly(L-lysine)–alginate (APA) membrane to form a

polymeric membrane targeted drug delivery device. The nanotubes were embedded

in the core or attached to the surface of different types of alginate capsules. The

device could be functionalized with targeting ligands for specific diseases or sites of

the system, along with the therapeutic moiety to improve the clinical efficiency.

The polymeric membrane protects the functionalized CNTs carrying the therapeu-

tics from the harsh external environments encountered during drug delivery. This

novel approach facilitates delivery of CNTs and their cargo safely and effectively to

target sites.

Folic acid-conjugated CNTs have been investigated for site-specific delivery of

drugs. Figure 11 shows an example of folate receptor-mediated targeting of

nanoparticles on cancer cell lines. Folate has been used as a targeting ligand

because of the presence of overexpressed folate receptors on many cancer cells

[58, 59]. The ability of single-walled carbon nanotubes (SWNTs) attached to a

therapeutic agent (structure 1 in Fig. 10) to destroy cancer cells was studied by

using the MTT assay. Folate receptor-mediated targeting studies were carried out

on folate receptor-positive [FR(+)] human choriocarcinoma (JAR) and human

nasopharyngeal carcinoma (KB) cell lines. The uptake mechanism of folate-

mediated delivery of folate-conjugated CNTs is illustrated in Fig. 11. The study

on CNTs as a vector for drug delivery into living cells was carried on HeLa cells

[60], as shown in Fig. 12. HeLa cells were incubated with AlexaFluor594-labeled

SWNTs for 12 h at 37 �C, and living cells were observed under confocal fluores-

cence microscope for a CNT uptake study as shown in Fig. 12a, which shows dual

confocal detection of AlexaFluor594-SWNT (red) internalized into cells, with the

membrane stained by AlexaFluor488 (green).
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6.3 Metal Nanoparticles

Faraday, in the mid-nineteenth century, contributed to the study of colloidal metal

particles. Turkevich and coworkers in 1951 synthesized and characterized “water-

soluble” gold colloids of size 18 nm [62]. Brust and coworkers reported metal

particles stabilized by alkanethiols [63, 64]. Murray and coworkers [65] termed

these “monolayer-protected clusters” (MPCs), which could be redissolved in com-

mon solvents without decomposing or aggregating. MPCs are synthesized using a

bottom-up approach from a small number of building blocks. Gold MPCs can range

in size from 1 to 10 nm, containing approximately 55–1,000 gold atoms with

molecular weights between 10 and 200 kDa. Metallic nanoparticles such as Ag,

Au, and Pt have been synthesized by researchers for several centuries. Because of

their excellent optical properties, metallic nanoparticles are especially useful for

biomedical applications such as optical contrast agents, multimodal sensors com-

bining optical imaging and scattering imaging, and photothermal therapy. Figure 13

shows the UV–vis spectrum of solutions of gold nanoparticles capped with

octadecylamine–bis(2-ethylhexyl)-sulfosuccinate (ODA-AOT), and the effect of

capping agent concentration on the spectrum.

Water solubility of MPCs is best accomplished by using a thiolated, polar-

protecting ligand in a modified Brust reaction. In the Brust reaction,

tetrachloroauric acid is reduced from Au3+ to Au1+ in the presence of the thiol

capping ligand, yielding a colorless gold-thiol solution. This is either composed of a

gold-thiol polymer or tetramer. Following the initial reduction, the gold is further

reduced to Au0 in the presence of sodium borohydride (NaBH4), yielding a black to

dark brown solution. Other potent reducing agents, such as lithium aluminum

hydride (LiAlH4) or lithium triethylborohydride, have been used to reduce different

metal cores such as palladium and platinum.

Fig. 11 Above: Folate receptor-mediated targeting and SWNT-mediated delivery of structure 1

by endocytosis. Below: Structure 1. (Adapted from [60]).
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Another method for the synthesis of stable metal nanoparticles involves first

mixing the metal hydrosols and an ethanol solution of dodecylamine and then

extracting the dodecylamine-stabilized metal nanoparticles into toluene. The etha-

nol, a water miscible and good solvent for dodecylamine, was used as an interme-

diate solvent to improve the interfacial contact between citrate-stabilized metal

nanoparticles and alkylamine. The extraction of dodecylamine-stabilized metal

Fig. 12 CNTs act as a vector for drug delivery into living cells. After incubation of HeLa cells

with AlexaFluor594-labeled SWNTs for 12 h at 37 �C, living cells were observed under confocal

fluorescence microscope for a CNT uptake study. (a) Images show dual confocal detection of

AlexaFluor594-SWNT (red) internalized into cells with the membrane stained by AlexaFluor488

(green). (b) Series of images of different z-focal scanning planes down through cells. (Adapted

from [61])
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nanoparticles to the toluene layer, indicated by a vivid transfer of color from the

aqueous phase to toluene, then proceeds quickly and completely to leave a colorless

aqueous solution behind. The phase transfer method for preparation of the

alkylamine-stabilized nanoparticles of other noble metals, including Ag, Pd, Rh,

Ir, and Os, has been investigated by Yang et al. [67].

For the preparation of alkylamine-stabilized noble metal nanoparticles using the

phase transfer method, typically 0.8 mL of 40 mM aqueous tri-sodium citrate

solution is added to 10 mL of 1 mM aqueous metal salt solution (0.1 mL of

concentrated HCl solution was added for the dissolution of PdCl2 in the aqueous

environment). Under vigorous stirring, different amounts of 112 mM aqueous

NaBH4 solution are introduced dropwise upon the metals to prepare a metal

hydrosol in which sodium citrate serves as the stabilizer. The molar ratio of

NaBH4 to the valence of the noble metal in their salts is kept above 1.5 to ensure

the reduction of the metal to zerovalent state. The hydrosol is then mixed with

10 mL of ethanol containing 200 mL of dodecylamine and the mixture stirred for

2 min. A 5-mL volume of toluene is added and stirring continued for another 3 min.

Dodecylamine-stabilized noble metal nanoparticles rapidly extract into the toluene

layer, leaving behind a colorless aqueous solution [67]. This general phase transfer

protocol for synthesizing alkylamine-stabilized nanoparticles of noble metals has

been reported by Yang et al. [67]. TEM images of alkylamine-stabilized Ag and Pd

nanoparticles are shown in Figs. 14 and 15, respectively.

Copolymer-stabilized nanoparticles based on Au (HAuCl4 sol), Ag (AgNO3),

Pt (Na2PtCl66H2O), and Rh (Na3RhCl6) have been prepared using a 0.01 wt%

solution of the appropriate salt and a 1.0 M aqueous solution of NaBH4 as the

reducing agent (molar ratio of NaBH4:dithioester end groups was 25:1). A portion

of the reaction mixture was centrifuged for 1 h at 13,000 rpm, and the supernatant

removed. The resulting aggregates were re-dispersed in deionized water by agita-

tion. The centrifugation and re-dispersal process was repeated several times to

ensure that only covalently bound polymers remained in the colloidal solutions of

the stabilized nanoparticles.

Fig. 13 UV–vis spectrum of

ODA-AOT-capped gold

nanoparticle solutions with

decreasing concentrations of

ODA: (a) 0.5, (b) 0.1, and
(c) 0.05 M. Inset shows the
corresponding gold

nanoparticle solutions.

(Adapted from [66])
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6.3.1 Stabilization of Colloidal Metal Particles in Liquids

Small metal particles are unstable with respect to agglomeration to the bulk. At

short interparticle distances, two particles would be attracted to each other by van

der Waals forces and, in the absence of repulsive forces to counteract this attraction,

an unprotected sol would coagulate. To counteract this, stabilization can be

achieved in two ways: electrostatic stabilization and steric stabilization.

Generally, gold nanoparticles have been used for most biomedical applications.

Gold nanoparticles with varying core sizes are usually prepared by the reduction of

Fig. 14 TEM image of alkylamine-stabilized Ag nanoparticles. (Adapted from [67])

Fig. 15 TEM image of alkylamine-stabilized Pd nanoparticles. (Adapted from [67])
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gold salts in aqueous, organic phase, or in two phases. However, the high surface

energy of gold nanoparticles makes them highly reactive and, as a result, they

undergo aggregation. The presence of an appropriate stabilizing agent prevents

particle agglomeration by binding to the particle surface to impart high stability and

also provides rich linking chemistry if it acts as a functional group for

bioconjugation. Nanoparticles based on gold chemistry have attracted significant

research and practical attention recently. They are versatile agents with a variety of

biomedical applications, including use in highly sensitive diagnostic assays, ther-

mal ablation, and radiotherapy. Surface conjugation of antibodies and other

targeting moieties is usually achieved by adsorption of the ligand to the gold

surface. Coated ferrite nanoparticles can be attached to functional groups through

Au–S bonds, as shown in Fig. 16.

Surface adsorption, however, can denature the proteins or, in some cases, limit

the interactions of the ligand with the target on the cell surface due to steric

hindrance. Additionally, for systemic applications, long-circulating nanoparticles

are desired for passive targeting to tumors and inflammatory sites. Surface

functionalization of gold nanoparticles has been carried out by using a hetero-

bifunctional PEG spacer for intracellular tracking and delivery [68].

Fig. 16 Gold-coated ferrite nanoparticles can be attached to functional groups through Au–S

bonds. (Credit: Charles O’Connor)

252 R.K. Dutta et al.



6.4 Semiconductor Nanoparticles

The most common syntheses of semiconductor nanocrystals such as CdS, CdSe,

CdTe, or CdSe/ZnS, ZnS, ZnO etc. have been carried out in organic solvents at

high temperatures in the presence of surfactants to yield monodisperse and stable

particles. This leads to the production of surfactant-coated particles. Here, the

polar surfactant head group is attached to the inorganic surface and the hydro-

phobic chain protrudes into the organic solvent, mediating colloidal stability. The

solvents used for the dispersion of these particles (e.g., toluene or chloroform) are

not soluble in aqueous media because of their hydrophobic surface layer. For

biomedical applications, water-soluble materials are required. Thus, the surfactant

layer is replaced or coated by an additional layer that introduces either an electric

charge or hydrophilic polymers for mediating solubility in water. Coulomb

repulsion between nanocrystals with surface charge of the same polarity prevents

aggregation in water.

6.4.1 Non-Oxide Semiconductors

Non-oxide semiconductor nanoparticles include a wide range of nanoparticles such

as cadmium chalcogenides (CdE, where E ¼ sulfide, selenide, and telluride). CdE

nanocrystals were probably the first material used to demonstrate quantum size

effects corresponding to a change in the electronic structure with size, i.e., the

increase of the band gap energy with the decrease in size of particles. For example,

cadmium selenide (CdSe) QDs dissolved in toluene fluoresce in three noticeably

different colors (blue ~481 nm, green ~520 nm, and orange ~612 nm), (as shown in

Fig. 17) because the QD bandgap (and thus the wavelength of emitted light)

depends strongly on the particle size; the smaller the dot, the shorter the emitted

wavelength of light. Hence, it is evident that the “blue” QDs have the smallest

particle size, while the “green” dots are slightly larger, and the “orange” dots are the

Fig. 17 Cadmium selenide

QDs, dissolved in toluene,

fluorescing brightly in the

presence of a ultraviolet

lamp, in three noticeably

different colors (blue
~481 nm, green ~520 nm, and

orange ~612 nm). The blue
QDs have the smallest

particle size, the green dots

are slightly larger, and the

orange dots are the largest.

(Adapted from http://www.

amazingrust.com/

experiments/current_projects/

Misc.html)
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largest. These semiconductor nanocrystals are commonly synthesized by thermal

decomposition of an organometallic precursor dissolved in an anhydrous solvent

containing the source of chalcogenide and a stabilizing material (polymer or

capping ligand). Stabilizing molecules bound to the surface of particles control

their growth and prevent particle aggregation.

In the case of CdSe, dimethylcadmium Cd(CH3)2 is used as a cadmium source

and bis(trimethylsilyl)sulfide, (Me3Si)2S, trioctylphosphine selenide (TOPSe),

or trioctylphosphine telluride (TOPTe) serve as sources of selenide in trioctyl-

phosphine oxide (TOPO) used as solvent and capping molecule. The mixture is

heated at 230–260 �C over a few hours while modulating the temperature in

response to changes in the size distribution, as estimated from the absorption

spectra of aliquots removed at regular intervals. The particles, capped with TOP/

TOPO molecules, were non-aggregated and easily dispersible in organic solvents to

form optically clear dispersions. When similar syntheses are performed in the

presence of surfactant, strongly anisotropic nanoparticles are obtained, e.g., rod-

shaped CdSe nanoparticles can be obtained.

Because Cd(CH3)2 is extremely toxic, pyrophoric, and explosive at elevated

temperatures, other Cd sources have been used. CdO appears to be an interesting

precursor. CdO powder dissolves in TOPO and HPA (hypophosphorous acid) or

TDPA (tetradecylphosphonic acid) at about 300 �C giving a colorless homogeneous

solution. By introducing selenium or tellurium dissolved in TOP, nanocrystals grow

to the desired size.

Nanorods of CdSe or CdTe can also be produced by using a greater initial

concentration of cadmium as compared to reactions for nanoparticles. This

approach has been successfully applied for synthesis of numerous other metal

chalcogenides including ZnS, ZnSe, and Zn1-xCdxS. Similar procedures enable

the formation of MnS, PdS, NiS, and Cu2S nanoparticles, nanorods, and nanodisks

[65, 67, 69–73]. An alternative route by which passivation of CdSe QDs is achieved

employs one of the nucleobases, cytosine, that makes the CdSe QDs more biocom-

patible because of its versatility. Cytosine molecules alone do not contribute to

fluorescence yield [74, 75] as the changes in the electronic and optical properties of

cytosine-capped CdSe QDs are insignificant; rather, cytosine molecules only act as

a capping agent for reducing the surface defect density of QDs. The QD was

represented by a 32-atom cluster and capping was performed with either four or

eight cytosine molecules. The zero of the energy is aligned to the Fermi energy, as

shown in Fig. 18a,b. Figure 19a shows the optical absorption and Fig. 19b shows the

photoluminescence spectra of CdSe and CdSe QDs capped with different

concentrations of cytosine molecules.

6.4.2 Oxide Semiconductors

Oxide semiconductor nanoparticles such as ZnO were surface-modified by Dutta

et al. using a different approach [76]. They described the design and fabrication of
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luminomagnets of ZnO:Fe. The luminomagnets were surface-immobilized with the

ligand folic acid. The relation between folic acid and cancer has been shown in

several published works [77]. For this, the luminomagnets were first surface-

modified with (3-aminopropyl)-trimethoxysilane (AEAPS) to form a self-assembled

monolayer, and subsequently conjugated with folic acid through amidation between

the carboxylic acid end groups on folic acid and the amine groups on the particle

surface. A very convenient coupling group is NHS (or its sulfo derivative, sulfo-

NHS), which can be easily generated by direct reaction of a carboxylic acid with

NHS in the presence of the dehydrating agent, 1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide hydrochloride (EDC). The strategy of folic acid conjugation is dia-

grammatically shown in Fig. 20.

Fig. 18 (a) Density of states of CdSe and capped CdSe QDs. (b) Charge density of capped CdSe

QDs. (Adapted from [75])

Fig. 19 (a) Optical absorption and (b) photoluminescence spectra of CdSe and CdSe QDs capped

with different concentration of cytosine. Sample A is as-prepared QDs and Samples B and C are

capped QDs. (Adapted from [75])

Functionalized Biocompatible Nanoparticles for Site-Specific Imaging and Therapeutics 255



6.5 Magnetic Nanoparticles

Magnetic nanoparticles (MNPs) functionalized with the drug can serve as potential

drug carriers in a new drug delivery strategy based on the application of external

magnetic fields. The principle of drug delivery by nanomagnets is based on the use

of both constant and high-frequency oscillating magnetic fields. Since these

particles are magnetic in nature, they can be targeted to specific areas (e.g., cancer

tissues) by a constant external magnetic field. Their size, which is comparable to

biological functional units, and their unique magnetic properties allow their utili-

zation as molecular imaging probes. By tuning growth parameters, such as mono-

mer concentration, crystalline phase of the nuclei, choice of solvent and surfactants,

growth temperature and time, and surface energy, it is possible to control the size,

composition, and magneto-crystalline phase of MNPs. Non-hydrolytically

synthesized MNPs are typically coated with hydrophobic ligands. Therefore, it is

necessary to exchange these ligands for appropriate ones that will give high

colloidal stability in aqueous biofluids, and to avoid the aggregation that can

occur under harsh physiological conditions.

Over the past decade, a number of biomedical applications have begun to

emerge for magnetic micro- and nanoparticles of differing sizes, shapes, and

compositions [78]. Many applications still rely on the use of iron oxide particles

(usually Fe2O3 or Fe3O4), like the original ferrofluids. These particles are available

with diameters ranging from ~300 nm to less than 10 nm. They exhibit superpar-

amagnetic behavior, magnetizing strongly under an applied field, but retaining no

permanent magnetism once the field is removed. This on/off magnetic switching

Fig. 20 Reaction mechanism for surface modification of luminomagnets with folic acid. (Adapted

from [76])

256 R.K. Dutta et al.



behavior is a particular advantage in magnetic separation, one of the simplest

applications. Magnetic separation is now well established as a viable alternative

to centrifugal separation of complex chemical or biological solutions. Iron oxide

particles are first encased in a biocompatible coating to form tiny beads. TEM

images of some iron oxide nanoparticles are shown in Fig. 21. The beads are then

“functionalized,” i.e., their surfaces are treated with a biological or chemical agent

known to bind to a specific target. On placing the beads in solution, any target cells

or molecules will latch onto the functionalized surfaces.

An alternative class of MNPs was produced from pure transition metals, such as

Fe, Ni, and Co, which exhibit ferromagnetic behavior. Unlike the SPIO and

ultrasmall SPIO (USPIO) particles, these pure metal particles retain their magneti-

zation once an external magnetic field is removed, causing particulate clustering.

Ferromagnetic nanoparticles also tend to have a larger magnetic moment than their

superparamagnetic counterparts. Ultrasmall Fe particles are, thus, likely to produce

a better signal in magnetic sensors or to respond more readily to an applied field

gradient than iron oxide particles of the same size. Upon conjugation with the

appropriate targeting molecules, MNPs can be utilized for the active detection of

cancer. The active targeting can be applicable in diagnosis as well as in therapeutics

for cancer [80], artherosclerosis etc.

6.5.1 Magnetite, Maghemite, and Ferrites

Synthesis of PEG-Modified Magnetic Nanoparticles

PEG is hydrophilic and is widely used in biological research because it protects

surfaces from interacting with cells or proteins. Thus, coated particles may result in

increased blood circulation time. For their preparation, 10-mg magnetite particles

were dispersed in 1.0 mL of deoxygenated water by sonication for 30 min. The

aqueous dispersion of MNPs was dissolved in the aqueous cores of reverse micelles

Fig. 21 TEM images of (a) as-synthesized iron oxide nanoparticles, (b) poly (amino acid)-coated

iron oxide nanoparticles in water. Scale bars: 80 nm (Adapted from[79])
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together with a polymerizable derivative of PEG as a monomer [i.e., maleic

anhydride-modified PEG (MA-PEG)] and N,N0-methylene bis acrylamide (MBA)

as crosslinking agent under nitrogen gas. Additional amounts of water may be

added in reverse micellar solution in order to obtain host micellar droplets of

desired size. In a typical experimental protocol, 50 mL of 0.05 M AOT solution

in hexane, 500 mL of magnetite solution (10 mg/mL), 100 mL of MA-PEG (5 mg/

mL), and 10 mL of MBA (0.5 mg/mL) were mixed. The solution was stable and

brownish transparent at this stage. Nitrogen gas was bubbled through this solution

to remove the dissolved oxygen. After 30 min, 20 mL of 2% ammonium persulfate

as an initiator was added. The polymerization of monomers was carried out by a

free radical polymerization mechanism at 37 �C for 8 h. After polymerization, the

particles were purified from unreacted monomers.

Surface Modification of Magnetic Nanoparticles

Several surface modification methods have been tried for applications in drug

delivery and for MRI applications. A multifunctional magnetic nanoparticle

probe for deep tissue molecular MRI is shown in Fig. 22. The magnetic nanoparti-

cle (5–10 nm in diameter) has an oligonucleotide hairpin probe on its surface. Cell-

penetrating peptides (for deep tissue delivery) and ligands (for targeting specific

cell types) are also conjugated on the nanoparticle surface. Binding of two or more

nanoparticle probes on an mRNA target inside a cell should generate a measurable

Fig. 22 Multifunctional magnetic nanoparticle probe for deep tissue molecular MRI. The mag-

netic nanoparticle (5–10 nm in diameter) has an oligonucleotide hairpin probe on its surface. Cell-

penetrating peptides (for deep tissue delivery) and ligands (for targeting specific cell types) are

also conjugated on the nanoparticle surface. Binding of two or more nanoparticle probes on an

mRNA target inside a cell should generate a measurable change in the MRI signal. Cells

expressing specific molecular markers of disease, infection, or injury are detected in this way.

(Credit: Gang Bao)
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change in the MRI signal. Cells expressing specific molecular markers of disease,

infection, or injury are detected in this way. Previously, monocrystalline iron oxide

nanoparticles (MION) had been synthesized for MRI applications. One such appli-

cation is illustrated in Fig. 23. Josephson et al. [81] have shown the effects of iron

oxides on proton relaxivity. The post-MION axial MRI of the rat, illustrating the

regions of interest (ROIs) for the gray and white matter, have been demonstrated.

Antibody-Conjugated MNPs

Antibody targeting of drug substances can improve the therapeutic efficacy of the

drug, as well as improve the distribution and concentration of the drug at

the targeted site of drug action. McCarron et al. studied two novel approaches for

the creation of immunonanoparticles with improved therapeutic effect against

colorectal tumor cells [82]. They used poly(lactide) polymers and CD95/APO-1

antibody to target nanoparticles. Pan et al. used dendrimer–MNPs for efficient

delivery of gene-targeted systems for cancer treatment [83]. Detection of colon

cancer is also possible by using Fe3O4–rch24 antibody conjugates. FePt–Au

nanoparticles conjugated with HmenB1 antibodies, can be used to identify neuro-

blastoma cells (CHP-134) with a polysialic acid overexpression. These, along with

their capability of being manipulated under an external magnetic field, provide

controllable means for magnetically tagging of all biomolecules, leading to highly

Fig. 23 (a) Post-Gd axial MRI of the rat brain illustrating the regions of interest (ROIs) for the

tumor (red) and contralateral (yellow) brain. (b) Post-monocrystalline iron oxide nanoparticle

(MION) axial MRI of the rat illustrating the ROIs for the gray (gray) and white (white) matter.

(c–f) Binarized images of tissue sections of microfilled vessels at 20� magnification of tumor (c),

contralateral brain (d), gray matter (e), and white matter (f) ROIs. The color of each frame (red,
yellow, gray or white) corresponds to the color of the ROI from which the tissue sections were

sampled for histology. (Adapted from [81])
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efficient bioseparation and biodelivery, highly sensitive biolabeling, and MRI with

enhanced contrast.

Human epidermal growth factor receptor 2 (HER2/neu) antibodieswere conjugated

to the surface of poly(amino acid)-coated iron oxide nanoparticles (PAIONs) for the

detection of breast cancer (Fig. 24) [79]. The method of antibody conjugation was

briefly: 0.57 nmol PAION (4 mg) was washed with 4 mL of a phosphate-buffered

saline (PBS) solution by vortexing and sonication. Thewashed particles were collected

in a Microcon Centrifugal Filter Device (molecular weight cutoff 100 kDa). After

being washed twice, the particles were suspended with 4 mL of 25% glutaraldehyde

solution (final concentration of 1mg/mL) and incubated overnight at room temperature

with shaking. Glutaraldehyde-functionalized particles were washed with a PBS solu-

tion, as performed in the previous washing step, and this was repeated three times.

HER2/neu antibodies were then conjugated to the glutaraldehyde-functionalized

nanoparticles as follows: PAION (2 mg, 0.285 nmol) dispersed in 400 mL of PBS

was mixed with 100 mL of 200 mg/mL antibody solution (0.054 mM). A BSA-

conjugated PAION was used as a negative control which was prepared with the

remaining 2 mg of functionalized nanoparticles by suspending them in 500 mL of

3% BSA in PBS. The mixture was kept at 4 �C and maintained overnight to allow

stable binding between the protein and PAION. The antibody- and BSA-conjugated

particles were then washed with a PBS solution and incubated with excess ethanol-

amine for 1 h at room temperature to block nonspecific binding sites. Finally, 1 mg/mL

antibody- and BSA-conjugated PAIONs in PBS solution were stored at 4 �C until use.

6.6 MR Contrast Agents

6.6.1 Nonspecific Contrast Agents

Nonspecific contrast agents are low molecular weight contrast agents, e.g.,

Gd–DTPA, and high molecular weight blood pool agents [84], such as high

generation dendrimers [85]. These agents can be used for MR angiography and to

measure the perfusion and permeability properties of tissues.

6.6.2 Targeted Contrast Agents

Targeted contrast agents are specific and directed to a specific molecular or cellular

target with an appropriate targeting ligand molecule. Recombinant high density

lipoprotein (HDL)-like nanoparticles, a specific contrast agent for MRI of athero-

sclerotic plaques, has been reported [86] (Fig. 25).

Sipkins et al. [87] described the detection of tumor angiogenesis with an

avb3-specific antibody that was conjugated to polymerized paramagnetic

liposomes [87]. The red fluorescence represents the liposomes (Fig. 26c) and

the green fluorescence represents blood vessels. In Fig. 26, we see that
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Fig. 24 HER2/neu antibody-conjugated poly(amino acid)-coated iron oxide nanoparticles for

breast cancer cell imaging. The part labeled as 1 is shown enlarged. (Adapted from [79])
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paramagnetic avb3-specific RGD–liposomes were exclusively found within the

vessel lumen or associated with vessel endothelial cells Fig. 26c, whereas nonspe-

cific paramagnetic RAD–liposomes Fig. 26d were also found outside blood vessels

within the tumor.

Fig. 25 Different components of the recombinant HDL-like specific contrast agent for MRI of

atherosclerotic plaques. (Adapted from [86])

Fig. 26 MR images of tumors of mice after they were injected with (a) paramagnetic avb3-
specific RGD–liposomes and (b) nonspecific paramagnetic RAD–liposomes. (c, d) Fluorescence

microscopy of 10 mm sections from dissected tumors revealed a distinct difference between tumors

of mice that were injected with RGD–liposomes (c) or RAD–liposomes (d). Vessel staining was

done with an endothelial cell-specific FITC–CD31 antibody. The red fluorescence represents the

liposomes and the green fluorescence represents blood vessels. RGD–liposomes were exclusively

found within the vessel lumen or associated with vessel endothelial cells (c), whereas

RAD–liposomes (d) were also found outside blood vessels within the tumor (Adapted from [88])
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6.6.3 Smart Contrast Agents

Smart contrast agents are referred to as activated or responsive agents. One such

example is EgadMe, a complex that contains a sugar moiety that prevents water

from coordinating with Gd3+. Enzymatic cleavage of this sugar by b-galactosidase
improves the accessibility of water to Gd3+, which results in an increase in the

relaxivity of the complex [89].

6.6.4 Contrast Agents for Labeling Cells

Contrast agents such as iron oxide particles conjugated to the TAT peptide [90] or

Gd–HPDO3A [gadolinium1,4,7-tris(carboxymethyl)-10-(20-hydroxypropyl)-1,4,7,10-
tetraazacycl ododecane] [91, 92], fall into this category. HP-DO3A is a neutral

(nonionic) gadolinium chelate. In order to meet the diverse requirements sketched

above, highly potent, innovative, specific and preferably multimodal contrast agents

are required.

6.6.5 MR Molecular Imaging and Drug Targeting of Atherosclerosis

with Contrast Agents

Angiogenesis plays an important role in providing the tumor with nutrients.

Antiangiogenic therapies are therefore believed to provide a powerful treatment

option for cancer. In atherosclerosis, the plaques contain angiogenic microvessels,

which are believed to play an important role in plaque development. Imaging

plaques and tumors with a avb3-specific contrast agent is therefore of importance

for early detection, defining the severity of the disease, and following the effect of

therapy. Scanning electron micrographs of control fibrin clot and fibrin-targeted

paramagnetic nanoparticles bound to clot surface are shown in Fig. 27. Recently,

Fig. 27 SEM images of (a) control fibrin clot (arrows indicate fibrin fibrils), and (b) fibrin-targeted
paramagnetic nanoparticles bound to clot surface (arrows indicate fibrin-specific nanoparticle-bound
fibrin epitopes). (c, d) Thrombus in external jugular vein targeted with fibrin-specific paramagnetic

nanoparticles demonstrating dramatic T1-weighted contrast enhancement in gradient-echo image

(c) with flow deficit (arrow) of thrombus in corresponding phase-contrast image (d). (Adapted

from [93])
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Winter and coworkers [93] presented results of a combinatory approach of MR

molecular imaging and drug targeting of atherosclerosis with this contrast agent. To

that end, they used the avb3-specific nanoparticles to target the aortic vessel wall

after balloon injury. For therapeutic purposes they included fumagillin in the lipid

monolayer of the nanoparticles and observed an anti-angiogenic effect with MRI

that was confirmed histologically.

Approximately 15% of cancer patients are diagnosed in stage I or II with

conventional diagnostic tools; MR contrast effects may help to improve the rate

of cancer diagnosis in its earliest stages. One successful example is the molecular

imaging of breast cancer using Fe3O4 magnetism-engineered iron oxide (MEIO)

nanoparticle probes. Breast cancer cells typically overexpress HER2/neu. When

nanoparticles with relaxivity coefficient of 218 mm�1 s�1 are conjugated with the

HER2/neu-specific antibody Herceptin, the SK-BR-3 breast cancer cell lines can be

detected (Fig. 28a) [95]. Furthermore, Fe3O4–Herceptin probes make the ultrasen-

sitive in vitro detection of cancer cells possible since these probes interact with all

HER2/neu-positive cancer cells, including Bx-PC-3 cells which have only a mini-

mal level of HER2/neu (Fig. 28b) [96].

A composite scaffold drug delivery system (CS-DDS) for osteoarticular tuber-

culosis therapy has been prepared by loading bi-component drugs into a

Fig. 28 (a) In vitro MR detection of HER2/neu-positive breast cancer (SK-BR-3) by Fe3O4

(MEIO)-Herceptin nanoparticle probes. (b) MR contrast enhancement effects of various cancer

cells with different HER2/neu expression levels, (c–e) Highly-sensitive in vivo cancer detection by

utilization of MnFe2O (MnMEIO)-Herceptin nanoparticle probes. (c) Intravenous tail-vein injec-

tion of the MEIO-Herceptin probes into a mouse with a small (ca. 50 mg) HER2/neu-positive

cancer in its proximal femur region. For comparison, MEIO-Herceptin probes and CLIO-

Herceptin probes were also tested. (d) Color-mapped MR images of the mouse at different times

following injection. (e) Time-dependent relaxivity (R2) changes at the tumor site after injection of

the probes (Adapted from [94])
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mesoporous silica nanoparticle-coated porous b-tricalcium phosphate scaffold,

which was followed by an additional bioactive glass coating [97].

6.6.6 MR Contrast Agents for the Detection of Apoptotic Sites

Annexin V-functionalized crosslinked iron oxide (CLIO) was designed as a contrast

agent for MRI, which was additionally labeled with Cy5.5 to allow colocalization

with optical imaging techniques [98]. Alternatively, conjugation of multiple

Gd–DTPA molecules or SPIO particles to the C2 domain of synaptotagmin I was

shown to allow the detection of apoptotic cells in vitro [99]. Zhao et al. [100] were

the first to apply a C2 domain-functionalized SPIO and showed very promising

results for future in vivo applications of MR contrast agents for the detection of

apoptotic sites.

6.7 Lanthanide-Based Nanoparticles

The first staining of biological cells with lanthanides dates back to 1969 when

bacterial smears (Escherichia coli cell walls) were treated with aqueous ethanolic

solutions of europium thenoyltrifluoroacetonate, henceforth appearing as bright red

spots under mercury lamp illumination. In the mid-1970s Finnish researchers in

Turku proposed EuIII, SmIII, TbIII, and DyIII polyaminocarboxylates and

b-diketonates as luminescent sensors for time-resolved luminescent (TRL)

immunoassays [101–103]. Dysprosium(III) is another lanthanide ion that has

been used in MRI, being classed as a negative contrast agent. Up-converted

NaYbF4 microparticles doped with different LnIII, ErIII, TmIII, or HoIII ions, or

a combination of them, emit visible orange, yellow, green, cyan, blue, or pink light

under near infrared excitation. The emission color can be tuned by modifying either

the dopant concentration or the dopant species.

Some lanthanides such as gadolinium(III) remain the dominant starting material

for contrast agent design but other lanthanide ions (and other oxidation states, i.e., +2)

are also being increasingly investigated as alternatives to gadolinium(III) within

laboratory conditions. GdF3 (or GdF3/LaF3) nanoparticles were investigated as T1

contrast agents [104]. The surface of the nanoparticles can be either positively charged

by conjugation with 2-aminoethyl phosphate groups or negatively charged by coating

with citrate groups. Surface functionalization of the nanoparticles is very important

because surface properties play an important role in controlling solubility and reten-

tion in specific tissues, and bioactive materials can be conjugated on the surface. The

most studied among them are the particles of Gd2O3. The Gd2O3 samples were

synthesized via the polyol route by Ahren et al. [105], whereby 6 mmol GdCl3 and

7.5 mmol NaOH were dissolved in 30 mL of DEG. The two solutions were mixed,

magnetically stirred, and heated to about 140 �C. The temperature was held constant
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for 1 h and then increased to and retained at 180 �C for the next 4 h to obtain

nanoparticles of Gd2O3.

7 Targeted Drug Delivery Using Nanoparticles

Targeted delivery of drug using nanoparticles is important for the following

reasons: (1) the unique pathophysiologic characteristics of tumor vessels enable

macromolecules, including nanoparticles, to selectively accumulate in tumor

tissues; (2) drug resistance has emerged as a major obstacle limiting the therapeutic

efficacy of chemotherapeutic agents, and among several mechanisms of drug

resistance, P-glycoprotein is the best known and most extensively investigated;

(3) intracellular and organelle-specific strategies are possible; (4) organ- or tissue-

specific drug delivery is possible; and (5) targeting.

7.1 Passive Targeting by Nanoparticles

7.1.1 Enhanced Permeability and Retention Effect

Nanoparticles that have the capability of escaping reticuloendothelial system cap-

ture can circulate for longer times in the bloodstream and, hence, have a greater

chance of reaching the targeted tumor tissues. The enhanced vasculature of a

growing tumor enables macromolecules, including nanoparticles, to selectively

accumulate in tumor tissues [106], since the existing vessels near the tumor mass

need a greater supply of oxygen and nutrients [107]. The resulting imbalance of

angiogenic regulators such as growth factors and matrix metalloproteinases makes

tumor vessels highly disorganized and dilated, with numerous pores showing

enlarged gap junctions between endothelial cells and with compromised lymphatic

drainage. These features are called the enhanced permeability and retention effect,

which constitutes an important mechanism by which macromolecules, including

nanoparticles, with a molecular weight above 50 kDa, can selectively accumulate in

the tumor interstitium.

7.2 Active Targeting by Nanoparticles

When the nanoparticle drug delivery vector is made more specific by the addition of

some target ligand or antibody, it is called active targeting [108]. One approach

suggested to overcome these limitations is the inclusion of a targeting ligand or

antibody in polymer–drug conjugates. Initially, direct conjugation of an antibody to

a drug was investigated. However, this approach was not successful during clinical
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trials for the treatment of cancer. One of the reasons for this is that the number of

drug molecules that can be loaded on the antibody while preserving its immune

recognition is limited.

7.2.1 Internalization of Targeted Conjugates

Whether targeted conjugates can be internalized after binding to target cells is an

important criterion in the selection of proper targeting ligands. Internalization

usually occurs via receptor-mediated endocytosis. Using the example of the folate

receptor (Fig. 29), when a folate-targeted conjugate binds with a folate receptor on

the cell surface, the invaginating plasma membrane envelopes the complex of the

receptor and ligand to form an endosome. Newly formed endosomes are transferred

to target organelles. As the pH in the interior of the endosome becomes acidic and

lysozymes are activated the drug is released from the conjugate and enters the

cytoplasm, provided the drug has the proper physico-chemical properties to cross

the endosomal membrane. Released drugs are then trafficked by their target organ-

elle, depending on the drug. Meanwhile, the folate receptor released from the

conjugate returns to the cell membrane to start a second round of transport by

binding with new folate-targeted conjugates. Some examples of different types of

nanocarriers for drug delivery systems are shown in Fig. 30.

Carrier
Drug
Ligand

Receptor
Membrane

lnvagination

Exocytosis and
receptor recycling

Drug release
triggered by pH or
enzymes

endosome

MDR

DNA

Nucleus

Fig. 29 Internalization of nanoparticles via receptor-mediated endocytosis. Tumor-specific

ligands or antibodies on the nanoparticles bind to cell-surface receptors, which trigger internaliza-

tion of the nanoparticles into the cell through endosome. As the pH in the interior of the endosome

becomes acidic, the drug is released from the nanoparticles and goes into the cytoplasm. Drug-

loaded nanoparticles bypass the P-glycoprotein efflux pump, not being recognized when the drug

enters cells, leading to high intracellular concentration.MDR multidrug resistance. (Adapted from

[107])
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AlphaRx is one of the leaders in the development of nanoparticulate drug

delivery systems to enhance the bioavailability of the drugs towards targeted

diseased cells, promoting the required response while minimizing side effects.

A good illustration is given in Fig. 31. Nanoscale drug platforms include a class

of particles made of FDA-approved polymers or lipids which, because of their size

and chemical composition, permit systemic and local treatment. Blood vessels that

supply tumors are more porous than normal vessels, making nanoscale drug

delivery systems a particularly attractive prospect.

External magnets are being used to guide a novel, intra-arterially administered

chemotherapy delivery vehicle directly to the tumor site (Fig. 32). Scott

C. Goodwin, chief of vascular and interventional radiology, UCLAMedical Center,

reported results of an ongoing phase I/II study of this new regional therapy

technique at the annual scientific meeting of the Society of Cardiovascular and

Interventional Radiology (http://www.cancernetwork.com/news/display/article/

10165/85758). The product, MTC-DOX (magnetic targeted carriers–doxorubicin),

currently being tested in primary liver cancer patients, is under development by

San Diego-based FeRx Incorporated. It consists of doxorubicin adsorbed to the

company’s proprietary MTCs.

Fig. 30 Types of nanocarriers for drug delivery. (a) Polymeric nanoparticles: polymeric

nanoparticles in which drugs are conjugated to or encapsulated in polymers. (b) Polymeric

micelles: amphiphilic block copolymers that form nanosized core–shell structures in aqueous

solution. The hydrophobic core region serves as a reservoir for hydrophobic drugs, whereas

hydrophilic shell region stabilizes the hydrophobic core and renders the polymer water-soluble.

(c) Dendrimers: synthetic polymeric macromolecule of nanometer dimensions, which are com-

posed of multiple highly branched monomers that emerge radially from the central core.

(d) Liposomes: self-assembling structures composed of lipid bilayers in which an aqueous volume

is entirely enclosed by a membranous lipid bilayer. (e) Viral-based nanoparticles: in general, the

structure are the protein cages, which are multivalent, self-assembled structures. (f) Carbon

nanotubes: carbon cylinders composed of benzene rings. (Adapted from [107])
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Fig. 31 Therapeutic nanoparticles for drug delivery in cancer

Fig. 32 An investigational

product known as MTC-DOX

(doxorubicin adsorbed to

magnetic targeted carriers)

is infused to the hepatic artery

feeding the targeted tumors.

An external magnet creates

a magnetic field that pulls the

MTC-DOX out of circulation

into the liver tissue. An

angiogram verifies patency

of the targeted artery and

shows that no embolism

occurred. The diagram shows

the location of eight MRI

scans taken through the liver

postinfusion
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In this study, delivery was targeted to a single lesion in a specific hepatic

segment, using a small, externally positioned magnet (5 kilogauss) to create a

localized magnetic field within the body over the tumor site. The physical force

created by the magnetic field induces transport (extravasation) of the MTCs through

the vascular wall. The external magnet remains in place for about 15 min after

dosing. Upon removal of the magnet, the MTCs do not recirculate but are retained

in the tissue, where the drug then desorbs from the MTCs, leading to sustained

release of the particles at the desired site.

7.3 Drug-Infused Nanoparticles Stop Cancer from Spreading

By using tumor-targeting nanoparticles filled with chemotherapy drugs, scientists

kept kidney and pancreas cancers from spreading through the bodies of mice

(Fig. 33). Researchers led by University of California, San Diego pathologist

David Cheresh designed nanoparticles that selectively attached to a protein found

on the surface of blood vessels that supply tumors with nutrients and oxygen [109].

The particles were loaded with doxorubicin, an effective but highly toxic anticancer

drug with side effects ranging from white cell destruction to fatal heart disease. By

targeting blood vessel cells, the researchers needed just one-fifteenth of the amount

used in a traditional, system-flooding dose.

Duke University bioengineers have developed a simple and inexpensive method

for loading cancer drug payloads into nanoscale delivery vehicles, and have

demonstrated in animal models that this new nanoformulation can eliminate tumors

after a single treatment [109]. After delivering the drug to the tumor, the delivery

Fig. 33 Prevention of spread of cancer to other body parts (Adapted from [109])
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vehicle breaks down into harmless byproducts, markedly decreasing the toxicity for

the recipient.

Nanoscale delivery systems have become increasingly attractive to researchers

because of their ability to efficiently get into tumors. Since blood vessels supplying

tumors are more porous, or leaky, than normal vessels, the nanoformulation can

more easily enter and accumulate within tumor cells. One such example is shown in

Fig. 34; mouse tumor cells show penetration of anticancer drug after 24 h. Cancer

cells have taken up a chimeric polypeptide–drug combination This means that

higher doses of the drug can be delivered, increasing its cancer-killing abilities

while decreasing the side effects associated with systematic chemotherapy.

7.4 Mechanism of Nanoparticle Internalization

Peptide coatings can help nanoparticles slip into cells. Anas, Ishikawa, Biju and

coworkers with Japan’s National Institute of Advanced Industrial Science and

Technology had a better idea after thoroughly studying the insect neuropeptide

allatostatin and learning that it helps CdSe-ZnS QDs pass through cell membranes

by recruiting clathrin, a protein that facilitates endocytosis by forming vesicles

around foreign substances [47] (Fig. 35). The researchers suspected that allatostatin

might be gaining access to cells via galanin receptors. But when they blocked those

receptors, it did not have much influence on the influx of QDs. By inhibiting PI3K, a

kinase that is crucial to the formation of clathrin vesicles, they noted that fewer than

half of the QDs made their way in, hence indicating that most of the nanoparticle

entry is clathrin-mediated.

Fig. 34 Mouse tumor cells

(blue) showing penetration of

anticancer drug after 24 h.

Cancer cells have taken up a

chimeric polypeptide–drug

combination, shown in

magenta. (Adapted from

[110])
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8 Conclusion and Future Prospects

Some nanotechnology for drug delivery and imaging applications is already being

marketed. Future efforts in cancer therapy are envisaged to be driven by multifunc-

tionality and modularity, i.e., creating functional modalities that can be assembled

into nanoplatforms and can be modified to meet the particular demands of a given

clinical situation. These strategies couple targeting and imaging/monitoring

modalities, and can selectively deliver therapeutics intracellularly. Targeting

modalities can be based on the recognition properties of cell-surface receptor

ligands, monoclonal antibodies, peptides, or aptamers. Eventually, multiplex

nanoparticles may be capable of detecting malignant cells (active targeting moiety),

visualizing their location in the body (real-time in vivo imaging), killing the cancer

cells with minimal side effects by sparing normal cells (active targeting and

controlled drug release or photothermal ablation), and monitoring treatment effects

in real time.
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