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v

  Nanomaterials   have played a signifi cant role in pharmacology. Proteins and  nucleic acid   s   are 
nanosized building blocks of life and have been used as therapeutics in treating human 
diseases. Advancements in molecular biology and biotechnology have led to the clinical 
development and application of numerous nanosized biologics, including  proteins   and 
nucleic acids, in treating human diseases. Although non-biological nanomaterials were used 
as therapeutics long before modern science in human history, recent development of nano-
technology has resulted in a stockpile of novel synthetic nanomaterials with unique proper-
ties and functions. These nanomaterials can be used as new therapeutics or as vehicles to 
modify and enhance the effi cacy of existing therapeutics. A number of nanosized  drug 
delivery system   s   and therapeutics based on synthetic nanomaterials are currently approved 
for clinical use or in clinical development. It is expected that safer nanomaterials will also be 
available in pharmacological applications. 

   Nanomaterials     in Pharmacology  aims to introduce nanomaterials as a new therapeutic 
regimen in treating human diseases. There have been explosive expansions of research 
activities in the fi elds of nanotechnology and nanomedicine in recent years. Various nano-
materials have been developed and tested for potential use in pharmacology. It is not our 
intention to cover all aspects of nanomaterials and nanomedicine. This book has four sec-
tions covering inorganic nanomaterials, organic nanomaterials, pharmaceutical properties 
of nanomaterials, and applications of nanomaterials in medicine. Several examples of inor-
ganic and organic nanomaterials are provided to demonstrate how to design and develop 
nanomaterials for pharmacological purposes. The key pharmaceutical properties, including 
biocompatibility,  tissue    interaction  , pharmaceutics, and  pharmacokinetics  , of nanomaterials 
are discussed with a focus on the safety and pharmaceutical considerations of nanomaterials 
in translational development. The pharmacological applications of nanomaterials are 
depicted in treating various human diseases, including  cancer  , cardiovascular diseases, 
immune disorders, infectious diseases, gastrointestinal disorders, bone diseases, and respira-
tory disorders. 

 Although recent developments in nanotechnology have created endless opportunities 
for new therapeutics to treat human diseases, we should pursue clinical use of nanomaterials 
with care and responsibility. The tragic story of Thorotrast, a colloidal X-ray contrast agent 
based on ThO 2  broadly used from the 1930s to the 1950s, or a nanomedicine in modern 
terms, should remind us of the potential long-term side effects of the nanomaterials that 
remain in the body for a long time. Thorotrast was considered a safe contrast agent for 
X-ray  imaging   with few acute side effects. Its 400-plus year half-life in the human body gave 
rise to liver failure and  cancer   in many patients who were exposed to Thorotrast, many years 
later. For the students and scientists who are entering the fi eld of nanotechnology and 
nanomedicine, the understanding of the potential benefi ts and risks of nanomaterials in 
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pharmacology will be helpful to avoid the pitfalls, to maximize the potential of nanomateri-
als in pharmacology, and to thrive in the fi eld of nanomedicine. 

 Finally, we would like to sincerely thank all the contributors for their tremendous efforts 
to prepare the chapters and to share their knowledge in various aspects of nanomaterials 
and nanomedicine.  

  Cleveland, OH, USA     Zheng-Rong     Lu    
 Hirakata, Osaka, Japan     Shinji     Sakuma     
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    Chapter 1   

 Synthetic Polymer-based Nanomaterials       

     Swapnil     S.     Desale    ,     Jinjin     Zhang    , and     Tatiana     K.     Bronich       

  Abstract 

   Synthetic polymers play an essential role in the development of conventional pharmaceutical formulations 
as well as devices for controlled drug delivery and represent the most commonly used “building blocks” 
for engineering of various nanomedicines. In this chapter we review several classes of synthetic polymers 
that are widely used for the design of drug delivery systems, synthetic methodologies to tailor their physi-
cochemical properties, and therapeutic applications and developments.  

  Key words     Nanomedicines  ,   Polymers  ,   Polymerization  ,   Nanoparticles  ,   Drug delivery  

1       Introduction 

  Nanomedicine   is a rapidly developing area of biomedical research 
that uses devices of nanoscale  size   to address urgent needs for effec-
tively detecting diseases and improving drug and gene delivery. Such 
nanomaterial (NM)-based delivery vehicles have the ability to 
improve drug  pharmacokinetics  ,  biodistribution  , cell- or  tissue  -spe-
cifi c targeting, and drug exposure kinetics, resulting in enhanced 
effi cacy and improved tolerability [ 1 – 3 ]. The most sophisticated 
nanocarriers can simultaneously deliver multiple therapeutic and/or 
 imaging   agents and thus enable both diagnosis and therapy. Polymers 
are playing an essential role in the development of conventional 
pharmaceutical formulations as well as devices for controlled drug 
delivery and represent the most commonly used “building blocks” 
for engineering of the NM-based  drug delivery system   s  . The 
advances in synthetic  polymer   chemistry led to the exceptional diver-
sity and control over the composition, architecture and functionality 
of the  polymers  , which in turn enables the building of NM with 
tunable properties for various biomedical applications. This chapter 
fi rst highlights several classes of synthetic polymers, which are cur-
rently the most widely used for the design of NM-based drug deliv-
ery systems. The remainder of the chapter focuses on some examples 
of polymeric NMs and their applications in drug and gene delivery.  
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2     Synthetic Polymers 

 Polymers can be classifi ed as homopolymers and copolymers based 
on their composition. Homopolymer is defi ned as the  polymer   con-
taining a single type of repeating units, while copolymer is com-
posed of two or more different monomers. Both homopolymers 
and copolymers have been used extensively for drug delivery appli-
cations. The development of these polymer-based  drug delivery sys-
tem   s   relies on novel polymeric architectures and appropriate 
synthetic methodologies to tailor their physicochemical properties.  

3     Polyesters 

 Among all degradable  polymers  , aliphatic polyester-based poly-
meric structures are receiving special attention because of their 
compatibility with the natural environment and their ability to 
undergo hydrolytic and biological degradation [ 4 ]. Among the 
wide variety of aliphatic polyesters, poly( D , L -lactide-co-glycolide) 
( PLGA  ), poly(lactic acid) (PLA), poly(caprolactone) (PCL) are 
the most commonly used polymers for controlled drug release 
applications. There are two methods of the synthesis of aliphatic 
polyesters: polycondensation of diols and dicarboxylic acids or 
hydroxycarboxylic acids and ring-opening  polymerization   (ROP) 
of cyclic monomers (Scheme  1 ) [ 5 ,  6 ]. The polycondensation is 
hampered by drawbacks such as typically required high tempera-
tures and long reaction times that favor side reactions, necessity of 
continuous water removal to achieve high conversions and high 
molecular weights. The polymers obtained in this process are char-
acterized by high polydispersity. ROP yields  polymer   products 
with high molecular weight, lower polydispersity and, therefore, is 
a preferred route to obtain aliphatic polyesters [ 7 ,  8 ]. Various 
organometallic compounds, such as oxides, carboxylates, and 
 alkoxides are used as effective catalysts for the controlled synthesis 
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  Scheme 1    ( a ) Synthesis of polyesters by polycondensation of dicarboxylic acids and diols; ( b ) synthesis of 
 PLGA   copolymer by ROP using alcohol as an initiator and stannous octoate as the catalyst       
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of polyesters using ROP [ 9 ]. Alternately, polyesters without toxic 
metallic residuals, which is an important requirement for biomedi-
cal and pharmaceutical applications, can be prepared by using 
enzyme-catalyzed  polymerizations   [ 10 ]. Unlike chemical catalysts, 
enzymes function under mild conditions, enable high enantiose-
lectivity and regioselectivity, and are recyclable. Extensive research 
efforts have been expended in the past years to refi ne the ROP 
technique for the synthesis of the polyesters with controlled archi-
tecture and tailor-made properties. To obtain a polymer with a par-
ticular combination of desirable properties, copolymerization 
techniques have been extensively used. Controlling the 
 composition, morphology, glass transition temperature, and degra-
dation rate of the copolymers allows regulation of the drug release 
behavior from such matrices. Nanoparticles formulated from bio-
degradable polyesters are of great interest for drug delivery pur-
poses. A wide variety of hydrophilic or hydrophobic drugs and 
biological macromolecules can be encapsulated into biodegradable 
polyesters- based  nanoparticles   and delivered to specifi c organs or 
cells [ 11 ]. A number of techniques are available for the formula-
tion of polyester- based nanoparticles (or nanocapsules). The choice 
of a particular approach mainly depends on the physicochemical 
properties of the polymer (i.e., solubility and molecular weight) 
and the drug physicochemical properties (i.e., hydrophobicity/
hydrophilicity, sensitivity to the solvent). Currently, the most pop-
ular methods are emulsion/solvent evaporation or diffusion, dou-
ble emulsion, nanoprecipitation, and the salting out procedure. 
The emulsion/solvent evaporation method involves the prepara-
tion of an oil-in- water emulsion, where a small quantity of water-
immiscible organic solvent containing polymer and hydrophobic 
drug (oil phase) is emulsifi ed in an aqueous phase containing a 
stabilizer [ 12 ,  13 ]. The most common stabilizers are hydrophilic 
molecules such as polyvinyl alcohol (PVA), polysorbates 
(TWEEN ® ), or sodium cholate. Stable nanoparticles are formed in 
the aqueous phase by organic solvent evaporation under increased 
temperature or reduced pressure. In the emulsion/diffusion 
method, the oil phase containing polymer is dissolved in a partially 
water-miscible solvent (e.g., ethyl acetate, propylene carbonate) 
[ 14 ,  15 ]. The addition of a certain volume of water to the oil-in-
water emulsion induces a change in the equilibrium of the system 
and causes the partially water-miscible solvent to diffuse from the 
droplets into the aqueous phase. This reduces the polymer’s solu-
bility and results in particle formation. Another approach is the 
double-emulsion, W/O/W, method [ 16 ,  17 ]. The main benefi t of 
the double- emulsion method is its ability to effi ciently encapsulate 
hydrophilic drugs and  proteins  . In this approach, the drug, dis-
solved in water, is added to an organic solvent containing polymer, 
forming a water-in-oil emulsion. Then a small quantity of this ini-
tial emulsion is added to a second aqueous phase containing an 
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emulsifi er, such as PVA, to stabilize the particles. Nanoparticles are 
then obtained by evaporation of the organic solvent. Typically this 
method yields nanoparticles with larger sizes than single emulsion 
method with moderate drug loading and encapsulation effi ciency. 
Nanoprecipitation (or solvent displacement) method utilizes inter-
facial polymer deposition to form nanoparticles [ 18 – 20 ]. In this 
simple process, polymer and a drug are dissolved in a water- miscible 
solvent and this solution is then added dropwise to an aqueous 
solution (non-solvent) with or without stabilizer. Solvent diffusion 
results in polymer precipitation on the interface between the 
 aqueous phase and fi nely dispersed oil droplets, resulting in the 
formation of solid particles. Depending on the solvent choice and 
solvent–non-solvent ratio, this method is suitable for encapsulation 
of both hydrophilic and hydrophobic drugs as well as  protein- 
based  therapeutics. In general, nanoparticles of smaller sizes but 
with lower entrapment effi ciencies are obtained through this 
method when compared to other methods. Finally, the salting out 
method is an oil-in-water emulsion comprised of a primary aque-
ous phase containing stabilizer and a high concentration of salt 
(e.g., magnesium chloride hexahydrate) and polymer dissolved in a 
water-miscible solvent, such as acetone or tetrahydrofuran [ 21 ]. 
Due to the presence of a high concentration of salt, there is no dif-
fusion of the solvent into the aqueous phase. Fast addition of a 
large amount of water to this oil-in-water emulsion reduces the 
ionic strength and leads to the migration of the water-miscible 
organic solvent into the aqueous phase, inducing formation of 
solid particles. In this method, particles must be purifi ed to remove 
residual salt and solvent prior to use. A central challenge in the 
development of drug-encapsulated polymeric nanoparticles is the 
inability to control the mixing processes required for their synthe-
sis, which results in variable nanoparticle physicochemical proper-
ties ( size  , surface composition, and drug loading). To address this 
challenge the Langer group [ 22 ] developed a rapid and tunable 
mixing procedure utilizing hydrodynamic fl ow focusing in micro-
channels to control nanoprecipitation and prepare nanoparticles in 
a reproducible manner. The microfl uidic technique allows tuning 
the size of the resulting particles by varying fl ow rates, polymer 
composition, molecular weight or polymer concentration in 
organic solution. Remarkably, higher drug encapsulation was also 
reported for the polymeric nanoparticles prepared through micro-
fl uidics [ 22 ]. Recently, DeSimone and colleagues have developed a 
unique nanofabrication process called Particle Replication In 
Nonwetting Templates (PRINT) [ 23 ]. Using soft-lithography 
techniques adopted from the semiconductor industry, PRINT 
enables the production of monodisperse polymeric nanoparticles 
with well-defi ned control over particle size, shape, composition, 
and surface chemistry, and permits the loading of a wide range of 
cargoes with high loading effi ciency [ 24 ,  25 ].
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4        Polyanhydrides 

 Polyanhydrides,  polymers   containing hydrolytically labile anhy-
dride linkages in hydrophobic backbone, have been investigated 
for more than three decades as important biomaterials used for 
short-term release of drugs [ 26 ]. Polyanhydrides are characterized 
by their fast degradation followed by rapid erosion of material, but 
at the same time can be designed to release drugs that last from 
days to weeks by suitable choice of monomers. Numerous poly-
mers have been synthesized in this class of material by various 
 polymerization   techniques such as melt condensation, ROP, inter-
facial condensation, dehydrochlorination, and dehydrative cou-
pling agents [ 27 ]. The most convenient method of synthesizing 
high molecular weight polyanhydride copolymer is by the melt 
polycondensation of anhydride prepolymers (Scheme  2 ) [ 28 ,  29 ].

   Solution  polymerizations   at ambient temperature are typically 
utilized to prepare polyanhydrides from heat-sensitive monomers 
and generally yield low molecular weight  polymers  . The degrada-
tion of polyanhydrides is a hydrolytically triggered process and 
depends on the uptake of water into the  polymer   matrix and pH of 
the medium. The rate of water uptake is dependent on factors such 
as crystallinity, polymer composition, and molecular weight. It was 
reported that polyanhydrides derived from monomers containing 
aromatic moieties degrade much slower than aliphatic polyanhy-
drides [ 30 ]. Thus, the degradation rate can be tuned by control-
ling the composition of the corresponding copolymers. They 
degrade in vitro as well as in vivo to the nontoxic consistent dicar-
boxylic acids. Importantly, the materials based on the polyanhy-
drides show no evidence of infl ammatory reaction [ 31 ]. 
Polyanhydrides constitute the only class of surface eroding poly-
mers approved for clinical trial use by the Food and Drug 
Administration (FDA). One of the commonly used techniques for 
the preparation of polyanhydride-based  nanoparticles   is the solvent 
displacement method followed by freeze or spray drying [ 32 – 34 ]. 
Another method known as an anti-solvent nanoprecipitation tech-
nique utilized by Ulery et al. [ 35 ] and others [ 36 – 38 ] allows fab-
rication of the nanoparticles with relatively uniform  size   and shape. 
In biomedical research, polyanhydride-based nanoparticles have 
been widely explored as a  vaccine   adjuvant because of their ability 
to induce potent  immune response   in a pathogen-mimicking man-
ner without side effects [ 37 ,  39 – 42 ].  
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  Scheme 2    Synthesis of polyanhydride prepolymer and  polymer   from a dicarboxylic acid       
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5      N -(2-Hydroxypropyl) Methacrylamide (HPMA) Copolymers 

 Among synthetic polymeric drug carriers, the water-soluble HPMA 
copolymers are the most studied for the last 40 years [ 43 ]. HPMA 
 polymer  –drug conjugates have been developed as nanomedicines 
for delivery of a number of therapeutics, including anticancer and 
anti-infl ammatory agents [ 44 – 46 ]. HPMA  polymers   and their drug 
conjugates were initially synthesized by conventional free radical 
 polymerization   techniques. Recent advances in living radical polym-
erization methods, including atom transfer radical polymerization 
(ATRP) and reversible addition-fragmentation chain transfer 
(RAFT), allowed for the controlled synthesis of well- defi ned HPMA 
copolymers with narrow molecular weight distributions (Scheme  3 ) 
[ 47 ,  48 ].

   HPMA copolymers have many attributes that make them ide-
ally suited for the development as drug carriers. These  polymers   
are biocompatible, non-immunogenic and can be tailored to the 
characteristics of the specifi c target. The molecular weight of 
HPMA copolymers can be adjusted to alter  biodistribution  ,  tissue   
localization and elimination from the body. The proper selection 
of the spacer between the drug and HPMA carrier (e.g., oligopep-
tide sequence, hydrazone bond, cis-aconityl spacer) allowed for 
controlled drug release within the tissue [ 49 – 52 ]. The HPMA 
copolymer conjugates containing doxorubicin were the fi rst syn-
thetic  polymer  -based therapeutics to enter clinical trials. Since 
then, numerous conjugates have been synthesized to contain drug 
or drug combinations,  proteins   and peptides, as well as targeting 
moieties and/or  imaging   probes. In addition, HPMA polymers 
were used for the modifi cation of proteins, surface modifi cation of 
biomaterials, masking and retargeting of therapeutic viruses and as 
macromolecular platforms for contrast agents.  
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6     Polyethylenimine (PEI) 

 PEIs are synthetic cationic  polymers   that have been widely employed 
as the most prominent polynucleotide delivery systems [ 53 ]. 
Depending on the linkage of the repeating ethylenimine units, PEI 
possesses either branched or linear topology (Scheme  4 ). Branched 
PEI is synthesized by  polymerization   of aziridine either in aqueous 
or alcoholic solutions [ 54 – 56 ], where the reaction is controlled by 
adjusting the temperature and initiator concentration, or in a rather 
vigorous bulk polymerization of anhydrous aziridine at a lower tem-
perature [ 57 ]. Linear PEI has been synthesized via cationic ROP of 
either  N -(2-tetrahydropyranyl)azidirine [ 58 ] or unsubstituted and 
2-substituted 2-oxazolines followed by acid or base-catalyzed hydro-
lysis of the corresponding N-substituted  polymer   [ 59 ,  60 ].

   The effi ciency of PEI as transfection agent as well as its cyto-
toxicity is closely linked to the  polymer   characteristics such as 
molecular weight, the degree of branching, charge density and 
buffering capacity. Generally, the low molecular weight linear or 
branched PEIs have low cytotoxicity but display poor transfection 
effi ciency. In order to solve the effi ciency versus toxicity problems, 
cross-linked PEIs were synthesized to include biodegradable cross- 
links that facilitate an increase in molecular weight but then follow-
ing cross-link degradation, allowing the release of lower molecular 
weight components to reduce cytotoxicity [ 61 ]. Alternatively, 
 star- like PEI derivatives with high charge density have been 
designed; these  polymers   utilize low molecular weight PEIs that 
are conjugated to a central multivalent polymer core [ 62 – 64 ].  

7     Amino Acid-based Polymers 

 Polymers based on natural  L -amino acids are an attractive class of 
materials given their biocompatibility, controlled biodegradability, 
and metabolizable degradation products. Incorporation of amino 
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  Scheme 4    Synthesis of ( a ) branched PEI by acid catalyzed  polymerization   of 
aziridine and ( b ) linear PEI by ROP of 2-ethyl-2-oxazoline       
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acids as a building block into synthetic  polymers   not only allows 
for adjusting hydrophilic/hydrophobic properties of the resulting 
polymers and tune their degradability but also imparts chemical 
functionalities to facilitate further modifi cation with bioactive mol-
ecules (e.g., drugs,  imaging   probes, or targeting ligands). The 
most common and effi cient method to produce polypeptides of 
suffi cient molecular weight is ROP of  N -carboxyanhydrides 
(NCAs) [ 65 ]. NCAs are easily synthesized through a reaction 
between amino acids and phosgene or a phosgene derivative (e.g., 
triphosgene), and the  polymerization   is commonly initiated using 
amino-functional molecules (Scheme  5 ).

   In recent years, the advances in NCA  polymerizations  , either 
using metal initiators or improved conventional initiators, allowed 
for the synthesis of broad range of block copolymers and side-chain 
functionalized polypeptides with controlled characteristics (molec-
ular weight, sequence, composition, and molecular weight distri-
bution) [ 66 ]. In addition, the diversity of synthetic  polymer   
chemistries and “click” reactions offer the ability to covalently link 
a variety of different  polymers   together and prepare hybrid materi-
als with functional macromolecular architectures and tunable phys-
icochemical properties to meet various requirements of biomedical 
applications.  

8     Dendrimers 

 Dendrimers are a unique class of polymeric materials most fre-
quently synthesized using divergent or convergent strategies by a 
series of controlled  polymerization   reactions [ 67 ]. Divergent syn-
thesis grows outwards from a multifunctional core molecule and 
comprises of two steps: fi rst is the activation of functional surface 
groups, and second is the addition of branching monomer units. 
The process is repeated for several generations and a  dendrimer   is 
built layer after layer. While this method is successful for the pro-
duction of relatively large quantities of  dendrimers  , problems 
occur from side reactions and incomplete reactions of the end 
groups that lead to structural defects. Convergent synthesis, on 
the other hand, starts at the surface and proceeds inwards before 
the attachment of the synthesized dendrons to the core [ 68 ]. In 
the convergent growth, a small number of reactive sites are func-
tionalized in each step resulting in less number of side reactions 
and more precise control over molecular weight of the dendrimer. 
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  Scheme 5    Synthesis of polypeptides via α-amino acid  N -carboxyanhydride ROP       
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However, convergent synthesis strategy is generally limited to the 
construction of lower-generation dendrimers due to steric diffi cul-
ties upon attachment of the dendrons to the core molecule. In 
contrast to other synthetic  polymers  , dendrimers are nearly mono-
disperse in molecular weight and  size  . They are highly branched 
macromolecules of nanoscale molecular size with multiple surface 
group functionalities and practically perfect spherical topology in 
case of higher generations. Functionalization of their terminal 
groups provides an exceptional opportunity for the immobilization 
of multiple bioactive molecules and solubilizing groups in a spe-
cifi c and controllable manner. Alternatively, the numerous internal 
cavities in the dendrimer cores can be loaded with various drugs via 
hydrophobic  interaction  , hydrogen bonds or chemical conjuga-
tion. Surface modifi cation of the dendrimer by a modifi cation with 
 polyethylene glycol   ( PEG  ), acetylation or esterifi cation is often 
used to improve the drug loading capacity of the resulting den-
drimers. It also renders them more biocompatible, less immuno-
genic, and less toxic, especially those decorated by free amino 
functionalities [ 69 – 71 ]. Because of these characteristics, den-
drimers have been widely studied as nanoscale containers for deliv-
ery of therapeutic payloads. The fl exibility to tailor both the core 
and surface of these systems allows optimizing the properties of 
drug carriers for the specifi c applications. Dendrimers of various 
structure, amphiphilicity, and architecture were explored as carriers 
for anticancer, antimalarial, antiviral, antitubercular, antimicrobial, 
and antihypertensive drugs [ 72 ]. Their application as scaffolds of 
prodrugs is particularly interesting [ 73 – 75 ]. Furthermore, several 
groups addressed the strategies for the synthesis of the degradable 
dendrimers that can achieve high accumulation and retention in 
diseased  tissues  , but allow rapid and safe elimination of nontoxic 
dendrimer fragments [ 76 ]. Biodegradable dendrimers are com-
monly prepared by inclusion of ester groups in the  polymer   back-
bone, which will be chemically hydrolyzed and/or enzymatically 
cleaved by esterases in physiological solutions [ 77 ]. For example, 
Frechet and colleagues reported effi cient synthesis of robust and 
biodegradable PEGylated dendrimer based on a polyester–polyam-
ide hybrid core. The architecture has been designed to avoid 
destructive side reactions during the synthesis while maintaining 
the dendrimer’s degradability [ 78 ]. Polycationic dendrimers can 
be complexed with  nucleic acid   s   and used for gene therapy. 
Applications of dendrimers as  protein   mimics [ 79 ], biomimetic 
regeneration of hydroxyapatite [ 80 ], and mimicking in  angiogenesis 
[ 81 ] has also been reported. Furthermore, dendrimers can act as 
“nano-drugs” themselves and their therapeutic potential has been 
explored against various diseases [ 82 ]. As an example, dendrimer- 
based nanomedicine mixed in carbomer gel (VivaGel ® ) is being 
developed as a vaginal microbicide gel to prevent the transmission 
of genital herpes and human immunodefi ciency virus [ 83 ]. 
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The active ingredient of this gel is a dendrimer comprising a divalent 
benzhydrylamine core and four generations of lysine branches 
capped with sulfonated naphthyl groups that impart hydrophobicity, 
and a high anionic charge to the dendrimer surface. Initial human 
trials have shown VivaGel to be safe and well- tolerated, and Phase II 
clinical studies for its effi cacy are ongoing. Despite the promise of 
dendrimers-based  drug delivery systems     , their translation into actual 
therapies is challenging due to their lengthy synthesis and the need 
to develop nontoxic and biocompatible dendrimers.  

9     Polymer Therapeutics 

 The term “Polymer Therapeutics” was coined by Prof. Ruth Duncan 
to defi ne a family of new chemical entities that comprises a variety of 
complex macromolecular systems containing a water- soluble poly-
meric carrier covalently bound to the bioactive molecule(s). These 
polymeric drugs include  polymer  –drug and polymer– protein   conju-
gates, polymeric micelles where drug is covalently bound to the 
polymer, and polyplexes (containing covalent linkers) developed as 
nonviral vectors for the delivery of  nucleic acids      [ 84 ]. Polymer is an 
integral and functional part of such multifunctional systems for 
improved drug, protein and gene delivery [ 30 ,  85 ,  86 ]. The linkers 
are typically sensitive to the conditions that are unique for the tar-
geted site (e.g., an acidic environment, presence of specifi c enzyme), 
which increases the specifi city of drug delivery and release. In addi-
tion, a targeting moiety may also be introduced into the conjugate 
to increase its therapeutic index.  PEGylation   has become a well-
established technology for the use of  proteins   as drugs. When 
attached to a protein, peptide and more recently to an aptamers, 
typically via conjugation of a monomethoxylated  PEG   segment 
bearing a reactive moiety at one of the polymer termini, PEG imparts 
prolonged blood residency and diminished immunogenicity of the 
bioconjugate. The most studied polymer–drug conjugates are based 
on HPMA copolymer and PEG backbones and, initially, their design 
was focused on  cancer   treatments and incorporated common che-
motherapeutic agents (e.g., doxorubicin, taxanes, camptothecin, or 
platinates) [ 87 ]. Over the years, numerous conjugates have been 
synthesized which contain drugs that act on the emerging targets for 
cancer therapy such as angiogenesis, apoptotic pathways, kinases and 
others. As an example, HPMA–fumagillol, the fi rst antiangiogenic 
conjugate, proved to be effective at inhibiting tumor growth and 
exhibited a signifi cantly better toxicity as compared to free drug 
[ 88 ]. It was demonstrated that HPMA copolymer–wortmannin 
conjugate retained the ability to inhibit type I PI3-kinase activity 
[ 89 ], and HPMA–geldanamycin conjugate inhibited the capacity of 
heat shock proteins such as HSP-90 to form complexes with client 
oncoproteins [ 90 ,  91 ]. Therapies focusing on the activation of apop-
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totic pathways are also promising anticancer strategies [ 92 ]. The 
PEGylation of curcumin, a Jab1 inhibitor, and the conjugation of 
Bcl2-inhibitor HA14 to HPMA, are two examples of this proapop-
totic approach [ 93 ,  94 ]. In addition, polymer–drug conjugates were 
actively explored for the treatment of other diseases including infec-
tions [ 95 ],  infl ammation   [ 96 ], rheumatoid  arthritis   [ 97 ] and diabe-
tes [ 98 ]. Several preclinical studies have already illustrated the 
potential of conjugates in  regenerative medicine  , for example, for 
wound healing [ 99 ], ischemia [ 100 ], or  osteoporosis   [ 101 ]. The 
new concepts such as delivering drug combinations via one polymer 
carrier [ 102 ], exploring new polymer architectures (branched, 
grafted, and star  polymers   and  dendrimers  ) or use of coiled-coil pep-
tides motifs as linkers [ 103 ] are the recent developments in the fi eld 
of polymer therapeutics. To address the concerns regarding the pos-
sible accumulation of the nondegradable polymers in the body, an 
increasing number of biodegradable polymers such as poly(glutamic 
acid) (PGA) [ 104 ], polyacetal Fleximer [ 105 ], poly(malic acid) 
[ 106 ], dextrin [ 107 ] have been investigated as platforms for the 
design of new polymer therapeutics. Translational research in poly-
mer therapeutics has yielded ten marketed PEG-protein/aptamer 
conjugates [ 105 ,  108 ]. In the case of polymer–drug conjugates 
progression to regulatory approval has been slower. The closest to 
market is Opaxio™ (PGA-paclitaxel conjugate, also known as 
Xyotax or  CT  -2103) developed by Cell Therapeutics Inc. [  http://
www.celltherapeutics.com/opaxio    ], which is in advanced Phase III 
clinical trials. Opaxio™ sister conjugate CT-2106, PGA-
camptothecin conjugate, is also in Phase II clinical trial. Promising 
results are emerging from a number of ongoing clinical studies 
involving anticancer conjugates such as ProLindac™, an HPMA 
copolymer DACH-platinate from Access Pharmaceuticals that has 
successfully completed a European Phase II clinical trial in patients 
with ovarian cancer [ 109 ]. PEG- irinotecan conjugate (NKTR-
102) is undergoing Phase III evaluation in patients with metastatic 
breast cancer and is also being studied in Phase II clinical trials in 
ovarian and  colorectal cancer   [  http://Nektar.com    ]. Mersana is 
commercializing XMT1001 (Fleximer ® -camptothecin conjugate) 
as its lead candidate but has also a potent antiangiogenic conjugate 
XMT1107  (Fleximer ® -fumagillin) in Phase I studies. Overall, the 
design and clinical development of new polymer therapeutics hold 
a signifi cant potential of this group of NMs for targeting a wide 
range of the diseases.  

10     Polymeric Micelles 

 Amphiphilic block or graft copolymers comprised of two or more 
chains with different hydrophobicity have been used extensively 
in pharmaceutical applications ranging from sustained-release 
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technologies to gene delivery. These copolymers are known to 
spontaneously self-assemble in an aqueous solution into nano-
scopic polymeric micelles (10–100 nm) having fairly narrow  size   
distribution. The nature of the self-assembly process allows for sig-
nifi cant versatility in the chemical composition of the polymeric 
micelles and thus permits fi ne tuning of the material properties, 
morphology and sizes. These micelles have unique core–shell 
architectures with hydrophobic  polymer   chains segregating into a 
micelle core surrounded by a shell of hydrophilic chains. 
Hydrophobic drugs can be entrapped into the micelle core non-
specifi cally through hydrophobic interactions or specifi cally by 
chemical conjugation to the core-forming block of the copolymer 
via a carefully designed pH- or enzyme-sensitive linker that can be 
cleaved to release a drug in its active form. A variety of drugs with 
diverse physicochemical properties can be incorporated into the 
core by engineering the structure of the core-forming segment of 
the copolymer to attain suffi ciently strong  interaction   with drug 
molecules. These polymeric micelle systems can also be used for 
co-delivery of two or more drugs with similar or different proper-
ties for combination therapy, or to combine multiple modalities 
within a single carrier [ 110 ,  111 ]. Hydrophilic shell serves as a 
stabilizing interface between the hydrophobic core and external 
milieu and most commonly consists of  PEG   chains with a molecu-
lar weight ranging from 2 to 15 kDa. In addition, shell can inhibit 
 protein   binding and opsonization during systemic administration, 
which allows them to remain in the circulation longer by evading 
the mononuclear phagocytic system. Also, modifi cation of the shell 
with various ligands using different surface chemistries enables the 
micelle to be targeted to a specifi c site. A much wider range of 
hydrophobic blocks have been explored as drug loading cores. 
Examples include polyesters, polyanhydrides, poly( L -amino acids), 
poly(methyl methacrylate), phospholipids/long chain fatty acids, 
polypropylene oxide (in Pluronics/poloxamers). The choice of 
hydrophobic block is largely dictated by drug compatibility with 
the hydrophobic core (when drug is physically loaded) and the 
stability of the micelle. Micelles must be stable enough to retain 
drug cargo upon administration and remain intact long enough to 
accumulate in suffi cient concentrations at the target site. The ther-
modynamic tendency for micelles to dissociate is primarily con-
trolled by the length of the hydrophobic block while the kinetic 
(rate of dissociation) stability depends on many factors, including 
the size of a hydrophobic block, the mass ratio of hydrophilic to 
hydrophobic blocks, and physical state of the micelle core [ 112 ]. 
The incorporation of hydrophobic drugs may also further enhance 
micelle stability. Among the different strategies to enhance the 
kinetic stability of polymeric micelles, core- or shell-cross-linking 
have been shown to limit the premature disassembly and slow 
down the release of the encapsulated drug [ 113 ]. The resulting 
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cross-linked micelles are, in essence, nanoscale single molecules 
that are stable upon dilution and can withstand environmental 
challenges and shear forces without structural deterioration. For 
example, Iijima et al. [ 114 ] have shown that core cross-linked 
micelles of PEG-b-poly( D , L -lactide) possess high stability against 
dilution, temperature change, and even dissolution of surfactants. 
Wooley and coworkers [ 115 ,  116 ] cross-linked the micellar corona 
and obtained the so-called shell-cross-linked knedel-like micelles—
robust nanostructures with a permeable cross-linked shell. 
However, the reversible stabilization of the micellar structure will 
be more desirable to achieve effi cient intracellular drug release and 
circumvent micelle accumulation in the body. To this end, the use 
of degradable polymer components or the introduction of revers-
ible cross-links allowed development in situ degradable micelles 
[ 117 – 119 ]. High loading capacity and controlled drug release 
profi le are key features for the potential  drug delivery system  . The 
loading capacity and loading effi ciency of the polymeric micelles is 
infl uenced by several factors, including both structure of core- 
forming block and a drug, molecular characteristics of the copoly-
mer, such as composition, molecular weight, and the solution 
temperature. The maximum loading level is largely infl uenced by 
the interaction between the drug and core-forming block, and 
stronger interactions enable saturation to be reached at a lower 
polymer concentration. The drug loading can also be improved by 
enhancing the local environment of the micelle core through the 
means of conjugation of small amount of drug [ 120 ] or conjuga-
tion of side chains with similar structure to the drug [ 121 ]. In 
addition, the location of the incorporated molecules within poly-
meric micelles (micelle core or the core–shell interface) determines 
the extent of solubilization as well as the rate of drug release [ 122 , 
 123 ]. In general, for drugs physically incorporated in polymeric 
micelles, release is controlled by the rate of diffusion of the drug 
from the micellar core, stability of the micelles, and the rate of 
biodegradation of the copolymer. If the micelle is stable and the 
rate of polymer biodegradation is slow, the diffusion rate of the 
drug will be mainly determined by the compatibility between the 
drug and core-forming block of copolymer, amount of drug 
loaded, the molecular volume of drug, length of the core forming 
block, and physical state of the core. Moreover, external conditions 
such as change in pH, temperature or application of ultrasound 
[ 124 ] can also trigger drug release from polymeric micelles. 
Another important but less investigated factor that can affect dif-
ferent characteristics of polymeric micelles is the morphology and 
dimensions of micellar aggregates. Indeed, fi lamentous polymeric 
micelles (“fi lomicelles,” also referred to as “worm micelles”) with 
single dimensions as long as 18 μm (the diameter is ~57 nm) syn-
thesized from amphiphilic PEG- b -PCL copolymer were reported 
to solubilize twice as much paclitaxel as spherical micelles [ 125 ]. 
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Recently, Wooley’s group [ 126 ] demonstrated that shell-cross- 
linked, rod-shaped micelles prepared from pH-sensitive poly(acrylic 
acid)- b -poly(p-hydroxystyrene) block copolymer exhibited a 
higher doxorubicin-loading capacity and rate of release compared 
to their spherical counterparts derived from the same copolymer 
precursor. Importantly, it was also demonstrated that rational 
design of polymeric micelles and other NMs of a given geometry 
(size and shape) offers an unprecedented control of their longevity 
in circulation and targeting to selective cellular and subcellular 
locations [ 127 – 129 ]. Further understanding of structure–activity 
relationships of such complex multicomponent nanomedicines is 
essential to determine the criteria for the successful development of 
polymeric micelle therapeutics. Currently several micelle formula-
tions based on amphiphilic block copolymers are in clinical trials 
for treating a variety of  cancers   [ 130 – 133 ]. In addition, the fi rst 
targeted micellar formulation (BIND-014) has recently reached 
clinical development [ 134 ]. 

 The fi eld of polymeric micelles was signifi cantly advanced by 
employing charge-driven self-assembly of block copolymers con-
taining water-soluble ionic and nonionic block (double hydrophilic 
block copolymers or block ionomers). The micellization of these 
copolymers can be induced by adding oppositely charged molecules 
such as synthetic [ 135 ,  136 ] or natural (DNA,  proteins  ) [ 137 – 139 ] 
polyelectrolytes, surfactants/lipids [ 140 ,  141 ], or metal ions [ 142 , 
 143 ]. These molecules form electrostatic complexes with the 
charged blocks of block ionomers, and prompt spontaneous segre-
gation of the resulting complexes into micelle- like structures with 
electrostatically neutralized polyion cores and hydrophilic  polymer   
shells. Ionic block lengths, charge density, and ionic strength of a 
solution affect the formation of stable block ionomer complexes 
and, therefore, control the amount of the drug that can be incorpo-
rated within the micelles [ 139 ,  144 ]. As an example, the metal-
complex formation of ionic block copolymer,  PEG  -PGA, was 
explored to prepare polymeric micelles  incorporating anticancer 
drug cisplatin. In preclinical studies, they exhibited remarkably pro-
longed blood circulation and effective accumulation in solid tumors 
[ 145 ]. This formulation is currently being evaluated in Phase III 
clinical trial as a treatment for pancreatic  cancer   under the name 
NC-6004 (Nanoplatin; NanoCarrier Co., Ltd.; Japan) [ 146 ]. 

 Since being proposed independently by Kabanov and Kataoka 
[ 147 ,  148 ] in 1995, this approach has been widely used for devel-
oping nonviral gene delivery systems using cationic block or graft 
copolymers. In this case, the neutralization of positive charges on 
the polycation block by negatively charged DNA or siRNA leads to 
the formation of polyion micelles. Advanced and tunable charac-
teristics of the cationic copolymers such as chemical structure and 
length of the segments, rigidity, hydrophilicity, charge density, bio-
degradability allow to modulate gene-delivery properties such as 
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DNA binding, colloidal stability of the complexes, toxicity, endo-
somal escape, vector unpacking, and transfection effi ciency [ 149 –
 151 ]. Similar to  nucleic acid  , charged  proteins   and peptides can be 
entrapped into a polyion micelle core [ 137 ,  152 – 154 ]. Recently, 
this strategy was successfully used for the delivery of antioxidant 
enzymes to the central nervous system [ 155 – 157 ]. There has also 
been a focus on the development of micellar carriers that are able 
to deliver both a therapeutic drug and a nucleic acid [ 158 ]. As an 
example, Wang and coworkers reported micelles composed of bio-
degradable  PEG  -poly(ε-caprolactone)-b-poly(2- aminoethylethylene 
phosphate) triblock copolymers, PEG-PCL-PPEEA, with the capac-
ity to encapsulate hydrophobic paclitaxel into PCL core and com-
plex siRNA against polo-like kinase 1 to the cationic PPEEA block. 
These micelles simultaneously delivered two payloads into the same 
tumor cells both in vitro and in vivo, and inhibited tumor growth in 
a synergistic manner following systemic administration [ 159 ].  

11     Polymersomes 

 Polymersomes (polymeric vesicles) is another class of supramolecu-
lar assemblies formed by amphiphilic block copolymers in diluted 
aqueous solutions. Typically the formation of vesicular structures is 
favored for the copolymers with relatively low weight fraction of 
hydrophilic block (~20–40 %) [ 160 ]. Polymersome sizes vary from 
50 nm to 10 μm depending on the chemical composition and the 
length of  polymer   blocks, the preparation method, as well as reac-
tion conditions [ 161 ]. The copolymers of various architectures 
(diblock, triblock, graft, and dendritic) have been utilized as build-
ing blocks for design and preparation of polymersomes [ 162 – 165 ]. 
Nonbiodegradable poly(ethyl ethylene), poly(butadiene), 
poly(dimethylsiloxane), poly(propylene oxide), polystyrene as well 
as biodegradable PLA, PCL, and poly(trimethylene carbonate) 
have been used as a hydrophobic part of the block copolymers 
[ 166 – 171 ].  PEG  , PGA and poly(acrylic acid) have been frequently 
selected as water-soluble blocks. More recently, so-called PICsomes 
(polyion complex vesicles) have been developed by electrostatic 
self-assembly of oppositely charged block- and homoionomers 
[ 172 ]. The key distinction between polymersomes and spherical 
micelles is that the former have an interior aqueous cavity sur-
rounded by a wall that consists of entangled chains [ 173 ]. Due to 
the higher molecular weight of the  polymers  , polymersome mem-
branes are generally thicker (8–22 nm), stronger, and hence, 
intrinsically more stable and less permeable than conventional lipo-
somes. The thickness of the membrane is determined by the length 
of the hydrophobic block and can be tuned through fi ne control of 
the polymer chemical composition [ 167 ,  174 – 176 ]. The enhanced 
structural integrity and much denser hydrophilic polymer brush on 
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the surface of the polymersomes lead to their more persistent cir-
culation in the bloodstream [ 177 ]. Polymersomes are able to 
encapsulate hydrophilic, hydrophobic and amphiphilic molecules 
like any other vesicular structure, but their membrane tunability 
and superior stability are unique and undoubtedly benefi cial for 
potential applications in drug delivery as well as medical diagnos-
tics. Examples of drug-loaded polymersomes are increasingly broad 
and now include anticancer drugs, oligonucleotides, therapeutic 
 proteins  , diagnostic probes, or their combinations [ 178 – 182 ]. In 
addition, targetability of the polymersomes with various ligands 
attached to the surface has been demonstrated [ 183 – 187 ]. Recently, 
modulation of the membrane stability or permeability in response 
to specifi c stimulus has received a lot of attention as a strategy for 
controlled drug release from polymersomes. Numerous stimuli 
(e.g., pH, redox potential, temperature, magnetic fi eld, light, and 
ultrasound) have been exploited in the design of stimuli- responsive 
polymersomes [ 188 ]. While these systems are still at the level of 
research and development, their structural versatility and improved 
properties in terms of stability and multifunctionality make them 
excellent candidates for potential biomedical applications.  

12     Polymeric Nanogels 

 The term “nanogels” usually defi nes hydrogel particles of nanoscale 
 size   formed by physically or chemically cross-linked  polymer   net-
works [ 85 ]. Polymeric nanogels can be prepared by physical self- 
assembly of interactive  polymers   [ 189 ] or by cross-linking reaction 
of preformed polymers [ 190 ]. Nanoemulsion or microemulsion 
 polymerization   methods are often used to obtain nanogels with 
well-controlled sizes [ 191 – 193 ]. Another attractive set of synthetic 
techniques for preparation of nanogel particles is based on a 
template- assisted nanofabrication and exploit the internal water 
phase of liposomes [ 194 ], cross-linking of polymeric micelles [ 195 , 
 196 ] or lithographic PRINT process [ 24 ]. Various chemical cross- 
linking reactions have now been developed, including photocross-
linking, carbodiimide-mediated amide bond cross-linking, 
quaternization of amino groups, and “click” chemistry [ 143 ,  197 –
 199 ]. Labile bonds are frequently introduced into nanogels during 
their synthesis to make them degradable and facilitate drug release. 
Dispersed in the water, the nanogels are highly swollen and can 
incorporate 30 % wt. and more of biological molecules and drugs 
through electrostatic, van der Waals and/or hydrophobic interac-
tions or covalent bonding with the nanogel chains. These loading 
capacities are unusually high and exceed those of liposomes and 
polymeric micelles [ 85 ,  200 ]. As a result of drug loading, the 
nanogels collapse forming stable  nanoparticles  , in which biological 
agent becomes entrapped. Introducing dispersing hydrophilic 
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polymers (e.g.,  PEG  ) in a nanogel structure can prevent their 
aggregation. During the collapse of the drug-nanogel complex 
hydrophilic polymer chains become exposed at the surface and 
form a protective layer around the nanogel. The control and versa-
tility of polymer chemistry allows designing a broad range of drug 
formulations and inclusion of multiple therapeutic cargos within 
the same nanogel carrier [ 85 ,  196 ,  201 ]. Stimuli-responsive drug 
release via temperature or pH-induced volume collapse can also be 
very attractive for drug delivery applications. The functionalization 
of the nanogel surface can further facilitate their selective accumu-
lation in the target  tissue   or cells [ 202 – 204 ]. Development of 
nanogels that can carry, protect, target and release therapeutic 
agents in spatially and temporally controlled manner is actively 
ongoing and their rational design can provide a platform for mul-
tiple applications. 

 Over the last decade, the fi eld of  polymer  -based biomaterials 
for delivery of low molecular drugs,  proteins   and  nucleic acid   s   has 
seen exponential growth. Only selected examples were reviewed 
here due to the large number of contributions on this topic. Indeed, 
the recent advances in polymer chemistry have allowed the develop-
ment of a diverse range of NMs of various sizes, shapes, surface 
chemistries, and targeting properties. Polymer composition also 
plays an essential role in function and application of such macromo-
lecular carriers. There is growing evidence that some synthetic  poly-
mers   can display biological response-modifying activity and can 
infl uence the molecular mechanism of action of a drug. Several of 
the polymer-based nanocarriers are already in clinical use and 
numerous of the others are undergoing various stages of  preclinical 
and clinical evaluation. Although considerable progress has been 
made, further synthetic improvements are needed to design safe, 
more “intelligent” and effi cient drug delivery platforms.     
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    Chapter 2   

 Cyclodextrin-Based Drug Carriers for Low Molecular 
Weight Drugs, Proteins, and Nucleic Acids       

     Taishi     Higashi    ,     Keiichi     Motoyama    , and     Hidetoshi     Arima      

  Abstract 

   Currently, active pharmaceutical ingredients (APIs) have diversifi ed from low molecular weight compounds 
to proteins, gene, or oligonucleotides, and the advanced drug delivery systems are required to determine 
the optimum pharmaceutical formulations. In this context, a large number of oligo-/polysaccharide- based 
nanomaterials such as cellulose, dextran, chitosan/chitin, mannan, hyaluronic acid, and sacran are utilized 
as advanced drug carriers for the various drugs. On the other hand, cyclodextrins (CyDs) have mainly been 
used as pharmaceutical excipients for low molecular weight drugs to improve their solubility, stability, 
taste, bioavailability, etc. However, the use of CyDs as drug carriers for proteins and nucleic acids is limited 
because of their weak interactions. Of note, CyD-based drug carriers combined with various functional 
materials such as ligands, polymers, nanosphere, microsphere, liposome, and micelle have recently been 
developed for low molecular weight drugs, proteins, or nucleic acids. In the present chapter, we review 
recent oligo-/polysaccharide- and CyD-based drug carriers for various drugs.  

  Key words      Saccharide    ,    Cyclodextrin    ,   Drug delivery system  ,   Low molecular weight drugs  ,   Proteins  , 
  Nucleic acids  ,   Folic acid  ,   Polypseudorotaxane  ,   Polyethylene glycol  ,   Dendrimer  

1       Introduction 

 Recently, active pharmaceutical ingredients (APIs) have been 
extending from low molecular weight compounds to  proteins   or 
 nucleic acid   s  . As a result, advanced pharmaceutical techniques are 
required to develop the drugs including proteins or nucleic acids. 
For instance, improvements of solubility, stability, and/or blood 
retention are required to develop  protein   drugs [ 1 ]. In the case of 
nucleic acids, improvements of their transfer effi ciencies to target 
 tissues   and cells are necessary [ 2 ]. To achieve these techniques, 
various biomaterials such as  polymers  , sugars, liposome, micelle, 
and nanosphere are utilized [ 3 – 7 ]. 

 Oligo-/polysaccharides are promising biomaterials possessing 
the multifunctions and high safety and used as targeting ligands, 
pharmaceutical excipients, gelatinizers, etc. in the pharmaceutical 
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fi elds. For example, oligo-/polysaccharides including mannose or 
fucose and galactose are utilized as targeting ligands for Kupffer 
cell and hepatocyte, respectively [ 8 ,  9 ]. Also, cellulose and its 
derivatives are useful excipients to prepare the tablets [ 10 ]. Sucrose, 
trehalose, sorbitol, and some oligo-/polysaccharides are used as 
stabilizers for  protein   drugs [ 11 ,  12 ]. Alginate, carrageenan, gellan 
gum, xanthan gum, etc. form hydrogels encapsulating the drugs 
and are utilized as controlled release carriers for various drugs [ 13 ]. 
Thus, oligo-/polysaccharides have been fundamental biomaterials 
in the pharmaceutical fi elds. 

  Cyclodextrins   (CyDs) are cyclic oligosaccharides composed of 
six (α-CyD), seven (β-CyD), and eight (γ-CyD) glucopyranose 
units, containing a hydrophobic central cavity and hydrophilic outer 
surface (Fig.  1 ) [ 14 ]. CyDs are known to form inclusion complexes 
with a variety of guest molecules in solution and in a solid state, and 
the solubilization of lipophilic drugs by CyDs has been widely uti-
lized in the pharmaceutical fi elds [ 15 ,  16 ]. In the cell biology fi elds, 
CyDs at higher concentration induce hemolysis and decrease the 
integrity of the mucosal epithelial cells and extract cholesterol, phos-
pholipids, and  proteins   from biological membranes, which are useful 
for investigating the function of caveolae, lipid rafts, and cholesterol 
transporter [ 17 ]. However, the interactions between CyDs and 
proteins or  nucleic acid   s   are negligible, resulting in a limitation to 
utilize CyDs as drug carriers for these drugs.

   Recently, oligo-/polysaccharide- and CyD-based drug carriers 
combined with various functional materials such as ligands,  polymers  , 
nanosphere, microsphere, liposome, and micelle are  developed 
for  low molecular weight drug   s  ,  proteins  , or  nucleic acid   s   [ 18 – 22 ]. 

Cylodextrin derivative R1 R2 R3

n=1, a-CyDs ;  n=2, b-CyDs ;  n=3, g -CyDs.

OR3

R3O

OR3

n

OR3

R1O OR2

Methyl-cyclodextrin (M-CyD)
2,6-Di-O-methyl-3-O-acetyl-cyclodextrin (DMA-CyD)
2-Hydroxypropyl-cyclodextrin (HP-CyD)
6-O-Glucuronylglucosyl-cyclodextrin (GUG-CyD)

R1, R2, R3 = H or CH3
CH3 COCH3 CH3
R1, R2, R3 = H or CH2CH(OH)CH3
H H H or glucuronylglucose

  Fig. 1    Structures of CyDs and their derivatives       
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In this chapter, we introduce a number of recent oligo-/polysaccha-
ride- and CyD-based drug carriers for various drugs. Especially, we 
focus on CyD-based multifunctional drug carriers in this review.  

2     Oligo-/Polysaccharide-Based Drug Carriers 

 Recently, a large number of oligo-/polysaccharide-based drug 
carriers combined with various functional materials are developed 
and utilized for low molecular weight compounds to  proteins   or 
 nucleic acid   s  . Song et al. prepared sucrose- and maltose-modifi ed 
liposomes encapsulating doxorubicin (DOX) [ 23 ]. Both sugar- 
modifi ed liposomes enhanced the cellular uptake of DOX via lectin-
mediated endocytosis and showed high antitumor activity in vitro. 
Ishii et al. prepared oligomannose-coated liposome [ 24 ]. This lipo-
some had the potentials as a delivery carrier and an adjuvant of 
antigens to dendritic cells. In addition, Higuchi et al. demonstrated 
the utility of fucosylated cationic liposome as a Kupffer cell-selective 
delivery carrier for NF-κB decoy [ 25 ]. The NF-κB decoy complex 
with fucosylated cationic liposome could be useful for treatment of 
cytokine-related liver disease. 

 Oligo-/polysaccharides have also been used as sustained release 
drug carriers for various drugs. For example, chitosan is utilized as 
controlled release carriers for insulin, streptomycin, bovine serum 
albumin, etc. [ 26 ]. Chitosan is a cationic biodegradable polysac-
charide and is one of the most widely used biopolymers in  drug 
delivery system   (DDS). Interestingly, chitosan is also used as anti-
microbial, wound healing, hypocholesterolemic, and antiulcer 
agents [ 26 ]. Meanwhile, dextran is used as sustained release drug 
carriers for antibiotics, tacrolimus,  imaging   agents, etc. [ 27 ]. For 
example, the conjugation with dextran provides prolonged blood 
half-life and passive targeting ability to various drugs such as  pro-
teins   and  antitumor drug   s   [ 27 ]. In addition, Tokatlian et al. pre-
pared porous hydrogels consisting of hyaluronic acid which is one 
of the anionic polysaccharides and demonstrated their utility as 
nonviral DNA carriers [ 28 ]. Furthermore, Chen et al. reported that 
diisocyanate/Pluronic F127/hyaluronic acid hydrogel provides 
sustained and thermo-responsive release of DOX and shows potent 
antitumor effect in vitro [ 29 ]. 

 Recently, Okajima et al. extracted supergiant ampholytic sugar 
chains from the Japanese indigenous cyanobacterium  Aphanothece 
sacrum  and named it sacran [ 30 ]. Sacran consists of glucose, galac-
tose, mannose, xylose, rhamnose, fucose, galacturonic acid, gluc-
uronic acid, alanine, galactosamine, and muramic acid. Surprisingly, 
molecular weight of sacran is markedly high (>20 MDa) and sacran 
forms fi lm and hydrogel. More recently, Motoyama et al. utilized 
sacran as sustained release drug carriers [ 31 ]. Sacran formed hydro-
gels in the presence of various charged drugs such as 4-biphenyl 
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acetic acid, prednisolone, and chlorpheniramine maleate. In addition, 
the sacran hydrogels prolonged the release of the drugs, and the 
release could be controlled by the concentration of aluminum 
chloride as a cross-linker. Thus, sacran has the potentials for novel 
sustained release drug carriers.  

3      Cyclodextrin  -Based Drug Carriers for Low Molecular Weight Drugs 

 Currently, a large number of  low molecular weight drug   s   are used 
in the clinical fi eld, although trend of APIs has shifted to  proteins   
and  nucleic acid   s  . So far, CyDs have been utilized as pharmaceuti-
cal excipients to improve solubility, stability, bioavailability, etc. of 
low molecular weight drugs. Recently, CyD-based supramolecular 
compounds are developed as drug carriers for low molecular 
weight drugs. For instance, Namgung et al. developed a novel 
drug carrier formed by multivalent host-guest interactions between 
a  polymer  /CyD conjugate and a polymer/paclitaxel conjugate 
[ 32 ]. This multivalent host-guest  interaction   between CyD and 
paclitaxel provided the formation of stable nanoparticle, and this 
nano-assembly delivered paclitaxel into the targeted  cancer   cells 
and released the drug via a degradation of ester linkages between 
paclitaxel and the polymer backbone, resulting in signifi cant anti-
tumor activity in a mouse tumor model. Salmaso et al. prepared 
the β-CyD conjugate with  folic acid   through a  polyethylene glycol   
( PEG  ) spacer [ 33 – 35 ]. β-CyD moiety in this conjugate included 
rhodamine-B, and the resulting complex was incorporated into KB 
cells, a folate receptor-α (FR-α)-overexpressing human epidermal 
carcinoma cell line, but not into MCF7 cells, a non-FR-α-expressing 
human lung carcinoma cell line [ 33 – 35 ]. Zhang et al. prepared the 
folic acid/PEG-β-CyD conjugate through a click chemistry strat-
egy [ 36 ]. This conjugate formed nanoparticle with 5-fl uorouracil 
in aqueous solution and provided selective uptake of the drug 
through FR-α-mediated endocytosis. 

 Recently, Okamatsu et al. developed  folic acid  -appended 
β-CyDs possessing one or two caproic acids between folic acid and 
a β-CyD molecule as a spacer (Fol-cap1-β-CyD or Fol-cap2-β- CyD) 
and evaluated them as novel tumor targeting carriers for  antitumor 
drug   s   [ 37 ,  38 ]. In these conjugates, the β-CyD moiety works as a 
reservoir of antitumor drugs, and spacer provides strong host-guest 
 interaction  . Actually, both Fol-cap1-β-CyD and Fol-cap2- β-CyD 
formed stable inclusion complexes with DOX at pH 7.3 with high 
stability constants (>10 6  M −1 ). In addition, Fol-cap- β-CyDs 
increased cellular uptake of DOX in KB cells. Interestingly, stability 
constants of Fol-cap-β-CyDs and DOX markedly decreased at 
pH 6.8, implying the drug release in the lysosome (Fig.  2 ). Also, 
Fol-cap-β-CyDs increased cytotoxic activities of DOX, vinblastine, 
and paclitaxel in KB cells, but not in A549 cells, a FR-α-negative 
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human lung adenocarcinoma epithelial cell line. Furthermore, the 
complexes of DOX with Fol-cap-β- CyDs showed signifi cant antitu-
mor activity, not only after the intratumoral administration but also 
after the intravenous administration to mice subcutaneously inocu-
lated colon-26 cells, a FR-α- positive mouse colon adenocarcinoma 
cell line. Thus, Fol-cap-β-CyDs could be useful as promising antitu-
mor drug carriers.

   Motoyama et al. developed folate-appended methyl-β-CyD 
(FA-M-β-CyD) as a novel  antitumor drug   carrier [ 39 ,  40 ]. The 
M-β-CyD moiety in the conjugates formed stable inclusion com-
plexes with DOX and paclitaxel. In addition, FA-M-β-CyD 
increased antitumor activity of DOX and paclitaxel in KB cells, but 
not 5-fl uorouracil. Moreover, FA-M-β-CyD/DOX complex 
showed markedly high antitumor activity compared to DOX alone 
and M-β-CyD/DOX complex in vivo. These results suggest the 
potentials of FA-M-β-CyD as tumor-selective carriers for  antitu-
mor drugs  . 

 Meanwhile, Onodera et al. reported that FA-M-β-CyD shows 
excellent antitumor activity by itself after an intratumoral or intra-
venous injection to colon-26 cell-bearing mice [ 41 ]. In this case, 

  Fig. 2    Proposed mechanism for antitumor effect of DOX complexes with 
Fol-cap-β-CyDs       
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the M-β-CyD moiety in this conjugate shows antitumor activity 
through the  interaction   with lipids on the cellular membranes. 
Surprisingly, all of the tumor cell-bearing mice after an intravenous 
injection of FA-M-β-CyD survived for at least more than 140 days. 
In addition, antitumor activity of FA-M-β-CyD could be mediated 
by the regulation of autophagy rather than the induction of apop-
tosis [ 42 ]. These fi ndings imply that FA-M-β-CyD has the poten-
tial as a novel anticancer agent.  

4      Cyclodextrin  -Based Drug Carriers for Proteins 

 Currently, a large number of  protein   drugs are used in the pharma-
ceutical fi elds. However, low stability, low proteolytic resistance, 
immunogenicity, and short circulating half-life of the  proteins   often 
hinder the development of protein drugs. In addition, controlled 
release systems of proteins are also required to achieve the optimum 
treatments. Therefore, various methods such as additions of phar-
maceutical excipients,  PEGylation   techniques, and point mutations 
are applied to improve the properties of protein drugs [ 1 ]. 

  PEGylation   technology has been widely used to improve ther-
apeutic effi cacies of  protein   drugs [ 43 ]. For example, when  PEG   is 
covalently attached to a protein, it transfers many of the  polymer  ’s 
favorable characteristics to the resulting conjugate, i.e., a number 
of benefi ts such as increased circulating half-life, enhanced proteo-
lytic resistance, reduced antigenicity and immunogenicity, reduced 
aggregation, and improved bioavailability. However, the activities 
of  proteins   are lost by PEGylation because of a steric hindrance 
formed by PEG chains. 

 Most recently, Arima and colleagues developed self-assembly 
 PEGylation   retaining the activity (SPRA) technology via a host- 
guest  interaction   between β-CyD and adamantane, i.e., the inclu-
sion complexation of adamantane/insulin conjugate and PEGylated 
β-CyD (Fig.  3 ) (unpublished data). This supramolecular PEGylated 
insulin could dissociate a  PEG   chain from the assembly, resulting 
in the prolonged hypoglycemic effect without loss of the activity.

   CyDs can also form inclusion complexes with linear  polymers   
such as  PEG  . Harada et al. fi rst reported the supramolecular assem-
blies of PEG and α-CyD, namely,  polypseudorotaxane  , in which a 
number of the cyclic molecules are spontaneously threaded onto 
the  polymer   chain [ 44 ,  45 ]. On the other hand, γ-CyD forms the 
polypseudorotaxane with double-stranded PEG [ 46 ]. These polyp-
seudorotaxanes are less soluble in water, although CyDs in the 
polypseudorotaxanes can be dethreaded from the polymer chain 
by dilution. When both ends of the polymer chains in polypseudo-
rotaxanes are covalently capped with bulky molecules, CyDs are 
trapped in and cannot be dethreaded from the assembly, giving the 
so-called polyrotaxane [ 47 ]. 
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 Recently, drug carriers utilizing polyrotaxanes or polypseudo-
rotaxanes have been developed for  protein   drugs. Li et al. reported 
the sustained release system for macromolecular drugs using  polyp-
seudorotaxane   hydrogels consisting of α-CyD and high molecular 
weight PEGs (M.W. 8000–100,000) [ 48 ]. Both components 
spontaneously formed polypseudorotaxane hydrogels possessing 
the thixotropic property. In addition, the hydrogels showed the 
sustained release profi les of FITC-dextran, a model compound, at 
least for 130 h in vitro. Also, the polypseudorotaxane hydrogels 
consisting of CyDs and  PEG  -poly[(R)-3-hydroxybutyrate]-PEG 
triblock copolymer or PEG-b-poly ε-caprolactone diblock copoly-
mer were also used as drug carriers [ 49 – 53 ]. Zhao et al. prepared 
biodegradable polypseudorotaxane hydrogel consisting of α-CyD 
and PEG-b-poly ε-caprolactone-grafted chitooligosaccharide [ 54 ]. 
This hydrogel provided the sustained release of bovine serum albu-
min at least for 140 h in vitro. Polypseudorotaxane hydrogel 
 consisting of PEG-appended heparin and α-CyD was also used as a 
sustained drug release carrier [ 55 ]. α-CyD and poly(PEG methyl 
ether methacrylate)-co-poly[2-(dimethylamino) ether methacry-
late] formed a polypseudorotaxane hydrogel [ 56 ]. The structure 
of this hydrogel could be disrupted by an increase in temperature 
and a decrease in pH, resulting from dethreading of α-CyD from 
PEG chains and ionization of dimethylamino groups in the axile 
molecule, respectively. Moreover, the release of bovine serum 

PEG

PEGylation

a- or g -CyD

a- or g -CyD

Insulin

Polypseudorotaxane
Supramolecular

PEGylation

Polypseudorotaxane
hydrogel

  Fig. 3    CyD-based controlled release systems for insulin introduced in this review       
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albumin from the hydrogel was accelerated at higher temperature 
and at acidic pH conditions. 

 Higashi et al. prepared α- and γ-CyD  polypseudorotaxane   
hydrogels with high molecular weight  PEG   (M.W. 20,000) and 
evaluated them as sustained release carriers for insulin and lyso-
zyme (Fig.  3 ) [ 57 ,  58 ]. The α- and γ-CyDs formed polypseudoro-
taxanes with one PEG chain and two PEG chains, respectively. 
In addition, the hydrogels were formed by physical cross-linking, 
resulting from hexagonal and tetragonal columnar channels of the 
linearly aligned α- and γ-CyD cavities in the crystal phases of the 
polypseudorotaxanes, respectively. Both α- and γ-CyD polypseu-
dorotaxane hydrogels provided the sustained release of insulin and 
lysozyme at least for 12 h in vitro. These release mechanisms were 
almost the same between the α- and γ-CyD systems, and erosion of 
the gel through dethreading of the PEG chains from the CyD cavi-
ties was associated. The plasma insulin level after a subcutaneous 
injection of the γ-CyD polypseudorotaxane hydrogel containing 
insulin to rats was signifi cantly prolonged, resulting in the sus-
tained hypoglycemic effect. Thus, polypseudorotaxanes could be 
promising sustained release carriers for  protein   drugs. 

 Higashi et al. also prepared polypseudorotaxanes of PEGylated 
insulin and PEGylated lysozyme with α- and γ-CyDs (Fig.  3 ) 
[ 59 – 62 ]. α- and γ-CyDs formed polypseudorotaxanes with both 
PEGylated  proteins   by including one  PEG   chain and two PEG 
chains, respectively. The release of PEGylated proteins from the 
polypseudorotaxanes was prolonged and could be controlled by 
concentration of CyDs in the medium or a degree of substitution 
of PEG. Importantly, the conformation and enzymatic activity of 
the PEGylated proteins were negligibly changed before and after 
the release from the polypseudorotaxanes. Moreover, γ-CyD 
 polypseudorotaxane   with PEGylated insulin markedly sustained 
the plasma insulin level and the hypoglycemic effect after a subcu-
taneous administration to rats. To the best of our knowledge, this 
is the fi rst report describing the successful sustained drug release 
system based on the polyrotaxane or polypseudorotaxane in vivo. 
These fi ndings suggest the potentials of polypseudorotaxanes as 
sustained release systems for PEGylated  protein   drugs.  

5      Cyclodextrin  -Based Drug Carriers for Nucleic Acids 

 Gene therapy is emerging as a potential strategy for the treatment 
of genetic diseases,  cancers  , cardiovascular diseases, and infectious 
diseases [ 2 ]. In addition, RNA interference (RNAi) induced by 
small interfering RNA (siRNA) is a highly effi cient regulatory pro-
cess that causes posttranscriptional gene silencing in most eukary-
otic cells, and it represents a promising new approach for producing 
gene-specifi c inhibition and knockouts, producing transgenic 
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animal models, and designing new therapeutics [ 63 ]. Likewise, 
vector- based short-hairpin RNAs (shRNAs) expression systems 
have been developed in order to prolong the RNAi effect [ 64 ]. 
Currently, these  nucleic acid   s   are expected as promising drugs. 
However, the lack of effective technique to deliver these nucleic 
acids into the diseased organs and cells hampers the development 
of the drugs including gene, siRNA, shRNA, etc. [ 65 ,  66 ]. 

 Recently, numerous CyD-appended  polymers   have been devel-
oped and utilized as gene and oligonucleotide carriers [ 67 ], e.g., 
β-CyD-appended polypropylenimine  dendrimer   [ 68 ], polyethyl-
enimine (PEI) conjugate with 2-hydroxypropyl-β-CyD (HP-β- 
CyD) or HP-γ-CyD [ 69 ], cationic polyrotaxanes [ 70 – 72 ], 
biocleavable polyrotaxane [ 73 ,  74 ], cationic amphiphilic β-CyD 
[ 75 ,  76 ], and PEI conjugate with HP-β-CyD and  folic acid   [ 77 ]. 
Davis and colleagues have developed  nanoparticles   consisting of 
cationic β-CyD- polymer   and adamantine- PEG   or adamantine-
PEG- transferrin for gene [ 78 ,  79 ], DNAzyme [ 80 ], and siRNA 
[ 81 ,  82 ] delivery. Importantly, this carrier provided evidence of 
inducing an RNAi mechanism of action in a human from the deliv-
ered siRNA [ 83 ]. 

 Arima and colleagues have developed polyamidoamine 
Starburst™  dendrimer   ( dendrimers  ) conjugates with CyDs 
(Fig.  4 ) and utilized them as gene and oligonucleotide carriers 
[ 84 – 86 ]. Firstly, Arima et al. prepared dendrimer (generation 2 
(G2)) conjugates with α-, β-, and γ-CyDs and named them α-, β-, 
and γ-CDEs (G2), respectively [ 87 ]. Of these CDEs, luciferase 
gene transfer activity of α-CDE (G2) was approximately 100 
times higher than that of dendrimer (G2), resulting from the 
cooperative infl uence of the endosomal disrupting effect of 
α-CyD and the proton sponge effect of dendrimer in the α-CDE 
(G2) molecule. Next, Kihara et al. investigated the optimum gen-
eration of dendrimer and degree of substitution (DS) of α-CyD 
in the α-CDE molecule [ 88 ]. As a result, α-CDE (G3, DS 2) 
showed the highest transfection effi ciency with low cytotoxicity. 
Importantly, α-CDE (G3, DS 2) showed higher in vivo gene 
transfer activity than dendrimer in the spleen, liver, and kidney 
with negligible changes in blood chemistry data such as lactate 
dehydrogenase (LDH),  aspartate aminotransferase (AST), alanine 
aminotransferase (ALT), blood urea nitrogen (BUN), and creatinine 
(CRE) [ 89 ].

   Tsutsumi et al. examined the utility of α-CDE (G3, DS 2) as a 
siRNA carrier [ 90 ,  91 ]. α-CDE (G3, DS 2) showed superior trans-
fection effi ciency to  dendrimer   or commercially available transfec-
tion reagents not only in the cotransfection system, i.e., the ternary 
complex of luciferase reporter plasmids (pGL3), siRNA, and a car-
rier (pGL3/siRNA/carrier), but also in the binary system. Tsutsumi 
et al. also demonstrated the potentials of α-CDE (G3, DS 2) as a 
novel carrier for shRNA as well as siRNA [ 92 ]. 
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 Recently, Anno et al. developed novel  dendrimer   (G2) conjugate 
with 6- O -α-(4- O -α-D-glucuronyl)-D-glucosyl-β-CyD (GUG-β- 
CyD) and named it GUG-β-CDE (G2) [ 93 ]. GUG-β-CDE (G2, 
DS 1.8) showed higher gene transfer activity than α-CDE (G2, DS 
1.2) and β-CDE (G2, DS 1.3) in vitro and in vivo, probably due to 
its effi cient endosomal escape and suitable plasmid DNA (pDNA) 
release from the polyplex [ 94 ,  95 ]. More recently, Anno et al. 
demonstrated the utility of GUG-β-CDE (G2, DS 1.8) as a siRNA 
carrier [ 96 ]. The polyplex of GUG-β-CDE (G2, DS 1.8) and a 
target siRNA against transthyretin (TTR) mRNA (siTTR) showed 
much higher RNAi effect than that with α-CDE (G2, DS 1.1) or 
β-CDE (G2, DS 1.3) with negligible cytotoxicity. Thus, GUG-β- 
CDE has a great potential for novel polymeric pDNA and siRNA 
carriers as well as α-CDE. 

 Currently, various targeting ligand-appended α-CDEs are 
developed by Arima and colleagues. To develop mannose receptor- 
mediated gene transfer carriers, Wada et al. prepared 
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mannose- modifi ed α-CDEs via an α-D-mannopyranosylphenyl 
group as a spacer (Man-α-CDEs (G2, G3), Fig.  4 ) [ 97 ,  98 ]. 
Man-α-CDEs showed high gene transfer activity, compared to 
α-CDEs in NR8383 cells, a mannose receptor-positive rat pulmo-
nary alveolar macrophage cell line. However, Man-α-CDEs also 
showed high gene transfer activity in MDCK, a mannose receptor-
negative canine kidney cell line; NIH3T3, a mannose receptor-
negative mouse embryo fi broblast cell line; and A549 cells, a 
mannose receptor-negative human lung adenocarcinoma epithelial 
cell line, suggesting the mannose receptor-independent gene trans-
fer activity of Man-α-CDEs. Through the detailed investigation, 
the mechanisms for the cell-nonspecifi c high gene transfer activity 
of Man-α-CDEs may be due to (1) protection of pDNA against 
methylation through DNA methyltransferases, (2) high serum 
resistance, and (3) high nuclear localization ability. 

 Most recently, Arima and colleagues newly prepared α-D- 
mannopyranosylpropylthiopropyonylated α-CDEs (G2) (Man-S-
α- CDEs (G2), Fig.  4 ) (unpublished data). Importantly, 
Man-S-α- CDE (G2) had mannose receptor-dependent high gene 
transfer activity in NR8383 cells and JAWSII cells, a mannose 
receptor- positive immature mice dendritic cell line, but did not in 
colon-26 cells, a mannose receptor-negative colon adenocarcinoma 
cell line. 

 To prepare Kupffer cell-selective decoy DNA carrier, Akao 
et al. prepared α-D-fucopyranosylpropylthiopropynylated α-CDE 
(G2) (Fuc-S-α-CDE (G2), Fig.  4 ) [ 99 ]. Fuc-S-α-CDE (G2)/
NF-κB decoy complex markedly suppressed nitric oxide and tumor 
necrosis factor-α (TNF-α) production from lipopolysaccharide 
(LPS)-simulated NR8383 cells, a fucose receptor-positive cell line, 
resulting from adequate physicochemical properties and fucose 
receptor-mediated cellular uptake. The intravenous administration 
of NF-κB decoy complex with Fuc-S-α-CDE (G2) extended the 
survival of LPS-induced fulminant hepatitis model mice. In addi-
tion, the complex highly accumulated in the liver, and this accu-
mulation was inhibited by the pretreatment with GdCl 3 , a specifi c 
inhibitor of Kupffer  cell uptake  . Furthermore, the serum AST, 
ALT, and TNF-α levels in LPS-induced fulminant hepatitis model 
mice were decreased by the intravenous administration of NF-κB 
decoy complex with Fuc-S-α-CDE (G2), compared with naked 
NF-κB decoy alone. Thus, Fuc-S-α-CDE (G2) is useful as a novel 
Kupffer cell-selective NF-κB decoy carrier for the treatment of 
LPS-induced fulminant hepatitis in mice. 

 To develop the hepatocyte-selective gene transfer carrier, Wada 
et al. prepared galactose-appended α-CDE having an α-D- 
galactopyranosylphenyl group as a spacer (Gal-α-CDE (G2), Fig.  4 ) 
[ 100 ]. Unfortunately, Gal-α-CDE (G2) did not show hepatocyte-
specifi c gene transfer activity, although it showed high gene 
transfer activity compared to α-CDE (G2) in HepG2 cells, an 
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asialoglycoprotein receptor (ASGPR)-positive human hepatocellular 
carcinoma cell line. Therefore, Arima and colleagues newly 
 prepared lactose-modifi ed α-CDEs (Lac-α-CDEs) possessing glu-
cose moiety as a spacer between galactose and  dendrimer   molecules 
(Fig.  4 ) [ 101 ,  102 ]. Lac-α-CDE (G2) showed hepatocyte-specifi c 
gene transfer activity in HepG2 cells. Importantly, in vivo gene 
transfer activity of Lac-α-CDE (G2) was much higher than that of 
α-CDE (G2) or jetPEI™-Hepatocyte in the liver. 

 Transthyretin (TTR)-related familial amyloidotic polyneuropa-
thy (FAP), which is induced by amyloidogenic TTR, is an autoso-
mal dominant form of fatal hereditary amyloidosis characterized by 
systemic accumulation of amyloid fi brils in peripheral nerves and 
other organs. To evaluate the utility of Lac-α-CDE (G3) as a siRNA 
carrier for treatment of FAP, Hayashi et al. investigated the RNAi 
effect of siTTR complexes with Lac-α-CDE (G3) in vitro and 
in vivo [ 103 ,  104 ]. siRNA complex with Lac-α-CDE (G3) showed 
the high RNAi effect, compared to that with jetPEI™-Hepatocyte 
in HepG2 cells. In addition, Lac-α-CDE (G3)/siRNA complex sig-
nifi cantly decreased  TTR  mRNA expression in the liver, suggesting 
the potential of Lac-α-CDE (G3) as a hepatocyte- selective siRNA 
carrier for treatment of FAP. Furthermore, to improve in vivo RNAi 
transfer activity of Lac-α-CDE (G3), Hayashi et al. also prepared 
two  PEG  -appended Lac-α-CDEs (G3), i.e., PEG-grafted Lac-α-
CDE (G3) (PEG-LαC (G3), Fig.  4 ) and PEGylated lactose-grafted 
α-CDE (Lac-PαC (G3), Fig.  4 ) (unpublished data). Both siRNA 
complexes with PEG-LαC (G3) and Lac- PαC (G3) showed the 
superior serum resistance to that with Lac-α-CDE (G3). Moreover, 
siTTR complex with PEG-LαC (G3) showed signifi cant RNAi 
effect in the liver at a lower dose (5 mg/kg of siRNA) rather than 
that with Lac-α-CDE (G3) (9 mg/kg of siRNA), suggesting the 
potential of PEG-LαC (G3) as a siRNA carrier for treatment of 
FAP. Additionally, PEG-LαC (G3) was also found to be useful as a 
gene transfer carrier [ 105 ]. 

 To develop a  cancer   cell-specifi c gene transfer carrier, Arima 
et al. prepared folate-appended α-CDE (G3) (Fol-α-CDEs (G3)) 
and folate- PEG  -appended α-CDE (G3) (Fol-PαC (G3), Fig.  4 ) 
[ 106 ]. Fol-PαC (G3) showed signifi cantly higher gene transfer 
activity than α-CDE (G3) in KB cells, FR-α-negative cells, but not 
in A549 cells, FR-α-negative cells. Meanwhile, the activity of Fol-α- 
CDE (G3) was lower than that of α-CDE (G3) in KB cells, probably 
due to low  interaction   between folate moieties in the Fol- α-CDE 
(G3) molecule and FR-α. Hence, Fol-PαC (G3) could be useful as 
a cancer cell-selective gene transfer carrier. 

 Arima et al. also examined the utility of Fol-PαC (G3) as a 
siRNA carrier [ 107 ]. siRNA complex with Fol-PαC (G3) showed 
the high RNAi effect with negligible cytotoxicity in KB cells. 
Moreover, the siRNA complex with Fol-PαC (G3) tended to show 
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the in vivo RNAi effects after the intravenous administration in 
tumor cell-bearing mice. However, the RNAi effect of the complex 
was not satisfactory. Most recently, to improve in vivo siRNA trans-
fer activity of Fol-PαC, Arima and colleagues newly prepared Fol- 
PαC (G4). Actually, siRNA complex with Fol-PαC (G4) showed 
noteworthy serum resistance, providing the signifi cant RNAi effect 
in vivo after the intravenous administration in tumor cell-bearing 
mice (unpublished data). Currently, the utility of Fol-PαC (G4) as 
siRNA transfer carrier for treatment of  cancer   is examined using 
anticancer siRNA. 

 To develop the novel sustained release system for gene, 
Motoyama et al. prepared polypseudorotaxanes of PEGylated  den-
drimer   (G2) or PEGylated α-CDE (G2) ( PEG  -α-CDE, (G2)) with 
CyDs (Fig.  4 ) [ 108 ,  109 ]. The pDNA complexes with PEGylated 
dendrimer (G2) and PEG-α-CDE (G2) formed insoluble precipi-
tates with α-CyD and γ-CyDs, but not with β-CyD. Importantly, 
the CyD polypseudorotaxanes prolonged a release of pDNA and 
provided sustained gene transfer activity after the intramuscular 
administration to mice at least for 14 days. Thus, CyD  polypseudo-
rotaxane   with PEG-α-CDE (G2) has potential as sustained release 
system for DNA.  

6     Conclusion 

 CyDs have mainly used as pharmaceutical excipients for  low 
molecular weight drug   s   to improve their solubility, stability, taste, 
bioavailability, etc. so far. As we introduced in this review, CyDs 
are recently used to achieve targeting for low molecular weight 
drugs through the functionalization with ligands. In addition, a 
large number of CyD-based supramolecules are developed for 
 proteins   and  nucleic acid   s  . Interestingly, these drugs are loaded 
in CyD- based drug carriers through different mechanism. For 
example, low molecular weight drugs such as DOX are directly 
included in the β-CyD moiety of  folic acid  -appended β-CyDs. 
Proteins are incorporated into the pores of  polypseudorotaxane   
hydrogels. In the case of gene and oligonucleotides, the nucleic 
acids are  encapsulated in the  nanoparticles   including CyD-based 
carriers through their electrostatic  interaction  . Of note, CyDs are 
also expected as novel and safe API candidates for intractable dis-
eases such as  cancer   [ 41 ,  42 ,  110 ,  111 ], Niemann-Pick disease 
type C [ 112 – 116 ], FAP [ 117 ], Alzheimer disease [ 118 ,  119 ], 
and LPS-induced fulminant hepatitis [ 120 ,  121 ], even though 
the detail was left out in this review. Finally, we expect that more 
CyDs and CyD-based supramolecules are used in the clinical fi eld 
on the horizon.     
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    Chapter 3   

 Development of Dendrimer-Based Nanomaterials 
for Diagnostic and Therapeutic Applications       

     Beibei     Wang    ,     Zheng-Rong     Lu    , and     Mingqian     Tan      

  Abstract 

   Dendrimer-based nanomaterials are a promising generation of nanoagents for diagnostic and therapeutic 
applications. The present chapter initially describes dendrimers history, architectures, synthesis strategies, 
and main types. Then the physicochemical characteristics of dendrimers are discussed in detail. Numerous 
designs and applications of dendrimer-based nanomaterials in biological systems are then reviewed. 
This chapter focuses on their applications on drug or gene delivery devices. Besides, biocompatibility of 
dendrimer- based nanomaterials is also highlighted, such as in vitro and in vivo toxicity, as well as immuno-
genicity and biopermeability.  

  Key words      Dendrimer-based materials    ,   Drug delivery  ,    Gene delivery    ,    Biocompatibility    

1      Introduction 

 Dendrimers are defi ned as synthetic  polymers   characterized by a 
highly branched architecture, three dimensional shape, monodis-
persity, and nanometric  size   range. In synthetic organic chemistry, 
dendritic structures are originated from a special type of molecules 
named “cascade” polymers, fi rstly reported by Vögtle et al. [ 1 ] at 
the end of the 1970s. During the period of 1970–1990, develop-
ment of  polymer   science together with synthetic organic chemistry 
gave rise to larger dendritic structures [ 1 – 5 ]. These hyper-branched 
molecules were named “ dendrimers  ,” which is derived from the 
Greek term dendron, meaning “tree” or “branch” [ 6 ]. In literature, 
they are also commonly named as “Cascade molecules,” “Arborols,” 
“Dendritic molecules”; or as “nanometric architectures” due to 
their nanoscopic size [ 7 – 9 ]. 

 In comparison with linear  polymers  ,  dendrimers   have highly 
branched architecture with precisely tailored surface groups. 
A  dendrimer   molecule is generally constituted of three domains: a 
core, branches and diverse surface groups. A core, the center of 
dendrimer, is generally an atom or a molecule presenting two or 
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more identical chemical function groups. Due to no cascade point, 
the core is sometimes called generation “zero” (G0). Branches, 
which radiate from the core, are formed by repeat units with at 
least one junction. The repetitions present a series of concentric 
layers which are denoted as “generations” (G). There are generally 
diverse terminal functional groups on the surface of dendrimer 
architecture. When there are carboxylate as surface groups, the 
intermediate molecules are called dendrimers of half generation, 
e.g., G1.5 or G2.5 [ 10 ,  11 ]. 

 The  size   of the globular  dendrimer   macromolecule grows with 
the added generation. Take polyamides and amines dendrimer 
(PAMAMs) for an example, the diameter of this core–shell mole-
cule increase linearly, approximately at rate of 1 nm per generation, 
while the surface groups amplify exponentially (Fig.  1 ) [ 12 ]. On a 
molecular level,  dendrimers   are nano- sized   macromolecules with 
the dendritic branching resulting globular structures, generally 
with a small “volume.” Small dendrimers have open structure indi-
cated by model simulation, while larger dendrimers (G > 3) have a 
compact structure. They usually show a spherical or cylinder shape 
which is depended on the extension of the core. When a functional 
unit is embedded within a large dendrimer, its accessibility and the 
diverse local environments may have signifi cant effect on the den-
drimer properties [ 13 ].

  Fig. 1    Periodic properties of PAMAM  dendrimers   generations G = 0–10 depicting the distances between 
surface charges (Z–Z), including the “de Gennes dense packing,” the generation-dependent  size   and shape of 
dendrimers, and their “nanoscale-container” and “nano-scaffolding” properties [ 12 ]       
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   Besides PAMAM  dendrimer  , polypropylene imines (PPI), and 
Fréchet-type poly(ester-acrylate/amine) (PEA) are also common 
 dendrimers   reported in literature [ 14 – 20 ]. A variety of new den-
dritic structures are also emerging such as dendrimers based on 
calixarene or carbohydrate [ 21 ,  22 ] core structures, polylysine 
nanoglobules [ 23 – 26 ] or core containing “third period” elements 
such as silicon or phosphorus [ 27 ]. 

 This chapter focuses on the design, synthesis,  characterization   
of dendritic nanomaterials and their pharmacological applications, 
such as the delivery function for  imaging   agents, drugs or genes in 
antibacterial, antiviral and antitumor treatment. The biocompati-
bility, immunogenicity, and biopermeability of the dendritic nano-
materials are also discussed. 

   The synthesis of  dendrimer   mainly includes two major strategies: 
[ 10 ] (1) the divergent method, in which a dendron grows radially 
from the core site, and branching units successively attached to 
another in a radial, branch-upon-branch scheme according to cer-
tain rules and principles; (2) the convergent method, in which the 
skeleton is constructed stepwise starting from the end groups 
towards inside to form a dendron, and the dendrimer is fi nally 
yielded by reaction of several dendrons with a multifunctional 
core [ 28 ]. 

 Divergent strategy is commonly used in  dendrimer   synthesis 
due to its major advantages, such as easily attached reagents, rapid 
progressing, exponential growth, and the feasibility of preparing 
large  dendrimers  . However, purifi cation of the dendrimer by diver-
gent strategy is complicated. The product is easily contaminated by 
various deletion compounds, which have very similar molecular 
weight, polarity, charge, hydrophilicity, etc. as the desired product. 
Moreover, it is a big challenge to synthesize a higher generation 
architecture due to the steric resistance. This may result in signifi cant 
defects on the surface. For example, it is very diffi cult to synthesize 
a G5 nanoglobules from our experience and the dendrimer must 
be very pure in every generation to avoid surface defection in 
higher generation macromolecules. 

 Different from the divergent strategy, the convergent method 
possesses merits such as good monodispersity, the convenience of 
conjugating various types of dendritic units to one core. Notably, 
the convergent method has the advantage of easier purifi cation 
because the accessory substances differ much from the aiming 
structure, in parameters such as the molecular weight, polarity, and 
charge. The researchers can easily separate the desired product by 
many available separation techniques. Still, the synthesis could be 
restricted by steric constraints during the process of synthesize the 
large dendritic units with the central core. 

 Both convergent and divergent approaches have pros and cons, 
and one should choose proper synthesis strategy according to the 

1.1  Synthesis 
of Dendrimer
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designed structure and generation of the fi nal product. Carbohydrates 
with repeated units and spacers are usually applied as building blocks 
for dendritic structures, which provide resulting  dendrimers   with 
versatile characters. The signifi cant improvements for this purpose 
are the introductions of “Lego” and “click” chemistries. The “lego” 
chemistry is based on versatile functionalized core and branched 
monomers, and has been applied for preparing phosphorous den-
drimers [ 29 ]. Among the various “click” reactions, the copper-cata-
lyzed azide-alkyne cycloaddition (Cu-AAC) is the most useful one. 
2.0 and 3.0 G triazole dendrimers were successfully synthesized 
using this reaction with mild and simple reaction conditions, pure 
product and excellent synthetic yield [ 29 ,  30 ]. Another successful 
try for quick and reliable construction of dendrimers is double 
exponential growth. It allows the preparation of monomers from a 
single small molecule for both divergent and convergent growth. 
The resultant two medium compounds are then reacted to give rise 
to an orthogonally protected trimer. This growth process can be 
repeated. The biggest advantage of this approach is applicability to 
either divergent or convergent strategy [ 10 ].  

   Dendritic nanomaterials with unique physicochemical properties 
such as mono-dispersed, three-dimensional and highly branched 
macromolecules with multivalency, large amount of end terminal 
peripheral groups and interior cavities, and host–guest interactions 
properties, are of great interest in pharmacological applications. 
They are widely used as nanocarriers for anticancer drug,  imaging   
agents, gene because of their ability to cross cell membranes and 
avoid the premature clearance from the body. 

 The most distinguishing feature of dendritic nanomaterials is 
the multivalency, which has been shown to lead to a strongly 
increased activity compared to the corresponding monomeric  inter-
action  . With multimeric system, the binding affi nity of dendritic 
nanomaterials is enhanced largely as compared with the monomeric 
system. This is usually referred to as the dendritic effect, which is 
able to increase specifi city of a given reaction. The versatile function-
alities of the dendritic nanomaterials could serve as an excellent plat-
form for the attachment of targeting moieties, solubility modifi ers, 
 imaging   nanotags, and stealth molecules which could decrease the 
interaction with macromolecules from the body defense system 
(Fig.  2 ). For example,  folic acid   and fl uorescein modifi ed  dendrimers   
are able to specifi cally bind with folate receptor on the surface of a 
variety of  cancer   cells. Moreover, the multivalency with three-dimen-
sional structure is generally useful for attaching targeting moieties, 
signaling groups, drugs, or biocompatibility groups, leading to a 
multifunctional system in an all-in- one platform. The hydrophobic 
and hydrophilic performance can be easily adjudged by attaching 
different dendritic unit for a given purpose.

   The  characterization   of the dendritic nanomaterials can be 
performed with general analytical techniques, such as 

1.2  Physicochemical 
Properties 
and Characterizations 
of Dendrimers
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matrix-assisted laser desorption/ionization time of fl ight (MALDI-
TOF) mass spectrometry, gel permeation chromatography (GPC), 
nuclear magnetic resonance (NMR) spectrometry, ultraviolet–vis-
ible spectroscopy or ultraviolet–visible (UV–Vis) spectrophotom-
etry, high performance liquid chromatography (HPLC), 
transmission electron microscope (TEM), circular dichroism, X-ray 
diffraction, electrophoresis, intrinsic viscosity, and Fourier trans-
form infrared spectroscopy (FTIR) [ 11 ].  

   Dendritic nanomaterials also includes nanocomposites, which are 
hybrid  nanoparticles   formed by guest atoms or small clusters after 
dispersion and immobilization in dendritic  polymer   matrices. 
Dendrimers have also been linked to different carriers for different 
pharmaceutical and biomedical purposes. The conjugates or com-
plexes of  dendrimers   with different novel carriers such as liposomes, 
carbon nanotubes (CNTs), and nanoparticles have resulted in more 
extra functions [ 10 ]. For example, Shi, Wang et al. had demon-
strated that  dendrimer  -entrapped  gold nanoparticle   s   (Au DENPs) 
can be surface-modifi ed with acetyl and hydroxyl groups, thus the 
toxicity of Au can be signifi cantly reduced [ 31 ]. Buczkowski, A. 
et al. [ 32 ] characterized the formation of complexes between 
PAMAM-NH 2  G4 dendrimer and  L -α-tryptophan and  L -α-tyrosine 

1.3  Dendrimer 
Nanocomposites

  Fig. 2    Schematic presentation of  dendrimers   as nano-scaffold for the attachment of cell-specifi c ligands, 
modifi ers, and fl uorescence tags       
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in water. Their data indicated a reversible character of the formed 
complexes. They have a great potential in biomedical applications 
because of their controlled composition, predetermined  size  , shape, 
and versatile surface functionalities [ 33 ].   

2    Pharmacological Applications 

 Owing to the exclusive monodispersity, nanometric  size   range, 
multivalency, large number of end terminal peripheral groups and 
interior cavities, and host–guest interactions properties,  dendrimers   
are applied as appropriate host for different guest molecules in 
broad application fi elds especially for pharmacological uses (Fig.  3 ).

       Dendritic nanomaterials have been used as nanocarriers for attach-
ing  computed tomography   ( CT  ) iodinated contrast media, which 
can provide relatively high iodine concentrations, high stability, 
near or complete monodispersity, low osmolality, high aqueous 
solubility, controlled viscosity, great biocompatibility, and complete 
elimination from the body. Unlike the small molecular weight CT 
agents that are rapidly excreted from the body, the macromolecular 

2.1  Dendrimer 
 Nanomaterials   
as Imaging Agents

2.1.1   CT   Imaging
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  Fig. 3    Overview of  dendrimers   applications [ 10 ]       
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 dendrimer   CT agents can signifi cantly prolong intravascular half life 
and improve the  pharmacokinetics   property [ 12 ]. Polyethylene gly-
col ( PEG  ) is usually used to further improve the biocompatibility 
and decrease the immunogenicity [ 34 ]. For example, dendrimer-
entrapped  gold nanoparticle   s   (Au DENPs) were prepared by using 
low-generation  dendrimers   modifi ed by PEG doped with gold 
 nanoparticles  , which possess desirable stability, cytocompatibility, 
and X-ray attenuation properties. As shown in Fig.  4 , the prepared 
Au DENPs enable effi cient CT  imaging   of the heart and tumor in 
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a mice model [ 35 ]. Moreover, modifi cation of this technology 
with targeting moieties will amplify its applications in molecular 
imaging [ 31 ].

      As one of the prominent noninvasive  imaging   techniques,  mag-
netic resonance imaging   ( MRI  ) has shown unique advantages like 
high spatial resolution, non-ionizing radiation source, and the abil-
ity to extract, simultaneously, physiological and anatomical infor-
mation of soft  tissue   in disease diagnosis. Up to now, several kinds 
of low molecular weight (MW) Gd(III) complexes have been clini-
cally approved by the Federal Drug Agency (FDA) and European 
Medicines Agency (EMEA) as MRI contrast agents, such as 
Gd(III)-diethylenetriaminepentaacetic acid (Gd-DTPA, 
Magnevist ® ), Gd(III)-1,4,7,10-tetra(carboxymethyl)-1,4,7,10- 
teraazacyclododecane (Gd-DOTA, Dotarem ® ), Gd-(DTPA-BMA) 
(Omniscan ® ), Gd-(HP-DO3A) (Prohance ® ), Gd-(EOB-DTPA) 
(Eovist ® ), and Gd-BOPTA (Multihance ® ), as well as Mn(II) dipyr-
idoxal diphosphate (Mn-DPDP). However, these agents still suffer 
from the drawbacks such as nonspecifi city, rapid renal excretion, 
low contrast effi ciency, and a high dosage. These are against their 
applications for MRI molecular imaging. 

 Macromolecular  MRI   contrast agents based on the dendritic 
nanomaterials have been developed to overcome the shortcomings 
of the low molecular weight contrast agents. The relaxivity of mac-
romolecular MRI contrast agents increases signifi cantly through 
conjugating the periphery of the  dendrimer   with Gd(III) chelates. 
Polyamidoamine (PAMAM), poly(propyleneimine) (PPI) and 
polylysine dendrimer are highly water soluble, with a unique sur-
face topology of primary amino groups. They have been used to 
design and synthesize nanosized MRI contrast agents [ 36 ]. We 
have developed a class of poly- L -lysine  dendrimers   with a silsesqui-
oxane cubic core and controllable molecular sizes named nano-
globules, which have  size  -dependant  pharmacokinetics   and have 
been used for the design of nanoglobular MRI contrast agents 
[ 23 – 26 ,  37 ]. For molecular MRI, the local concentration of recep-
tors is generally too low to reach detectable concentrations of 
monovalent target-specifi c contrast agent, while binding multiple 
MRI labels to the targeting unit may compensate for insuffi cient 
accumulation. In our previous work (Fig.  5 ), the targeting pep-
tides can be directly conjugated on the surface of nanoglobules for 
tumor-specifi c extracellular matrix recognition, resulting in signifi -
cant contrast enhancement in MR  cancer   molecular  imaging   [ 24 ]. 
The nanoglobular agents of lower generation (<4) can be readily 
excreted from the body with reduced  tissue   retention. Future chal-
lenges in the fi eld of macromolecular MRI contrast agents include 
the rational design and facile synthesis of multifunctional target- 
specifi c nanostructures by the combination of target moiety and 
multiple MRI tags onto a single scaffold. In addition, the synthesis 
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of bimodality agents with MRI and PET of optical imaging unit on 
a single scaffold is a challenge too for the use of advantages of dif-
ferent imaging techniques [ 38 ].

      The fi rst synthesis method of a  dendrimer   emitting blue fl uores-
cence was described by Staneva, Bosch et al. [ 39 ]. The PAMAM 
dendrimer from fi rst generation was modifi ed with eight 4- N , 
 N -dimethylaminoethyloxy-1, 8-naphthalimide in the dendrimer 
periphery. The sensor ability of this dendrimer to metal cations 
(Ag 2+ , Co 2+ , Pb 2+ , Zn 2+ , Ni 2+ , Cu 2+ , and Fe 3+ ) was examined and 
revealed that it can be used as a sensitive detector for the cations 
investigated. The fl uorescence intensity of the dendrimer has also 
been investigated as a pH function of the environment, showing 
potential for detecting protons.   

     By mimicking the features of anionic cell surfaces, dendritic nanoma-
terials can be designed as antiviral drugs by attaching sulfonate resi-
dues or sialic acid residues on their surface. Through the competing 
with the cellular surface for binding of virus, the anionic nanomateri-
als can reduce the risk of the possibility of cell-virus infection. For 
instance, Starpharma et al. has employed a polylysine  dendrimer   con-
jugated naphthalene disulfonate units as the active pharmaceutical 
ingredient in Viva Gel, a topical vaginal microbicide for HIV preven-
tion, to prevent the virus from infecting cells through attaching to 
receptors located on the viral coat of HIV-1 [ 40 ]. Viva Gel has 
entered phase II clinical trials in humans and the dendrimer drug can 
not only act as an inhibitor at early stage virus/cell adsorption, but 
also hinder viral replication process through interfering with the 
reverse transcriptase and/or integrase enzymes at later stages [ 41 ].  

2.1.3  Fluorescent Probes
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   If the dendritic nanomaterials modifi ed with cationic amines or 
tetraalkyl ammonium groups, they can be used as antibacterial 
drugs through adhering to the anionic bacterial membrane and 
causing further bacterial lysis [ 42 ]. PPI  dendrimers   functionalized 
with tertiary alkyl ammonium groups at the surface have been 
employed as very powerful antibacterial biocides against gram- 
positive and gram-negative bacterias [ 43 ,  44 ]. In the dendritic 
antibacterial drugs, the introduction of the counter ion is impor-
tant and the cationic tertiary alkyl ammonium has the more potent 
antibacterials over the hyperbranched  polymers  . Moreover, a novel 
water-soluble PAMAM  dendrimer  -quaternized carboxymethyl 
chitosan was prepared via EDC/NHS chemistry, displayed higher 
antibacterial activity against gram-negative bacteria Escherichia 
coli ( E. coli ) [ 45 ].  

   The research using dendritic nanomaterials as platform for the 
development of  antitumor drug   s   has drawn great attention because 
of the promising antitumor effect with increased drug loading, 
reduced hemolytic toxicity, and prolonged drug release. Some 
antitumor drugs including chemotherapeutic and  photodynamic 
therapy   ( PDT  ) drugs have been conjugated onto the dendritic 
nanomaterials. Ly et al. [ 46 ] prepared a pegylated PAMAM  den-
drimer   loaded with fl uorouracil for the treatment of breast tumor 
cells MCF-7. The antitumor drugs showed a slow release profi le of 
the drug and an antiproliferative activity against MCF-7 cells as 
compared to its pegylated counterpart. In vivo tumor xenograft 
study demonstrated that the 5-FU encapsulated pegylated den-
drimer exhibited a signifi cant decrement in volume of the tumor. 
Tao et al. [ 47 ] reported a novel PDT drug-carrier system with the 
third-generation PAMAM dendrimer grafted to the surface of 
porous hollow silica  nanoparticles   modifi ed with gluconic acid. 
This  nanostructure   with the  size   of 100–200 nm and pore struc-
tures was then loaded with aluminum phthalocyanine tetrasulfo-
nate to generate singlet oxygen under visible light excitation. 
Cellular PTD experiments revealed that the dendrimer-based antitu-
mor drugs exhibited a good biocompatibility with lower toxicity and 
a greater killing effi cacy against MCF-7 tumor cells as compared 
with free photosensitizer.  

   Since small molecular weight substances has low immunogenicity 
to generate immunogenic reaction, dendritic nanomaterials are 
also can be used as immunogenic carriers through the increasing 
the molecular weight of the substance to produce human  vaccine  . 
Dendritic nanomaterials are well defi ned, reproducible immuno-
gens with multivalency for the attachment of antigenic substances. 
For example, Daftarian et al. [ 48 ] reported a new platform using G5 
PAMAM  dendrimer   conjugated with class II-targeting peptides for 
effective and selective delivery of DNA to antigen- presenting cells. 
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The immune stimulatory potency is largely enhanced by the 
dendritic platform in a transfected murine. In vivo study of subcu-
taneous administration of DNA–peptide–dendrimer complexes 
transfected dendritic cells in the draining lymph nodes exhibited a 
promoted generation of high affi nity T cells, and elicited rejection 
of established tumors. Skwarczynski et al. [ 49 ] described a self-
assembled dendritic  nanostructure   consisting of a polyacrylate core 
and an antigen peptides of the minimal B-cell epitope (J14, 
KQAEDKVKASREAKKQVEKALEQLEDKVK). The nanostruc-
ture was about 20 nm diameter in water with less toxic core and 
exhibited a high affi nity for self-assembly into  nanoparticles  . The 
peptide alone had no native secondary helical conformation and 
produced little or no immunogenicity, while peptide conjugated 
nanostructures were able to induce high levels of systemic J14-
specifi c IgG antibody. Taken together, the dendritic nanomaterials 
may have great potential as a platform for the producing antibody 
after proper attaching epitope on their surface.   

   Unique properties of  dendrimers   such as tailored architecture and 
diverse multivalent surface groups make these dendritic nanomate-
rials highly potential to be applied as delivery vectors for therapeu-
tic genes. The relationship between  dendrimer   structure and the 
morphology and physicochemistry of the delivery  nucleic acid   
complexes plays an important role in the rational design of den-
drimer carriers. The fi rst successful attempt of employing dendritic 
nanomaterials for transfection purposes was reported by Haensler 
and Szoka in 1993 using PAMAM dendrimers as a platform [ 50 ]. 
The self-assembling process between dendrimers and genes is 
based on electrostatic interactions of the surface amine groups of 
dendrimer and  nucleic acids  . The binding ability increases along 
with increasing generation of the dendrimer [ 51 ]. A dendrimer- 
like  polymer   (e.g., Superfect ® ) has become a popular commercial 
product for gene vectors [ 52 ]. The application of dendrimer nano-
materials in gene delivery for  cancer   gene therapy has attracted 
much attention recently. For example, Santander-Ortega et al. 
[ 53 ] reported DAB-AM16 dendrimer DNA delivery system con-
tained a substantial proportion of free polymer to inhibit tumor 
growth. DAB-AM16 is a dendritic polymer with a globular struc-
ture, consisting of poly(propylene imine) branches that emerge 
from a diaminobutane core. They found that the electrolytes and 
 proteins   present in physiological media play a crucial role to reduce 
the toxicity associated with their cationic groups. Wang et al. 
recently reported the synthesis of fl uorinated dendrimers for use as 
gene vectors, which were able to achieve excellent  gene transfec-
tion   effi cacy in several tumor cell lines (higher than 90 % in 
HEK293 and HeLa cells) at extremely low N/P ratios. Compared 
with several commercial transfection reagents such as Lipofectamine 
2000 and SuperFect, the fl uorinated dendritic vectors showed 
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superior effi cacy and biocompatibility with enhanced cellular 
uptake of the dendrimer/DNA polyplexes and facilitating their 
endosomal escape. In a word, the concept of utilizing dendritic 
architectures for gene-delivery purposes is a promising approach to 
create well-defi ned, effi cient, and less toxic nonviral gene vectors. 
More research on the relationships between structure and activity 
will stimulate the design of more active gene vectors and hopefully 
be suitable for prospective clinical development.   

3    Principles for Application in Biological Systems 

 The major constraints to the biological applications of dendritic 
nanomaterials include hemolytic toxicity, immunogenicity, RES 
uptake, stability, hydrophobicity, and drug leakage [ 10 ]. In order 
to successfully apply in vivo, besides being nontoxic,  dendrimer  - 
based  nanomaterials have to be non-immunogenic as well if not 
applied as vaccines. They also are required to be able to cross bio-
barriers and reach to the targeting  tissues   or cells [ 6 ]. 

    Toxicity   of  dendrimer  -based nanomaterials is strongly infl uenced by 
the properties of their terminal groups. Dendrimers with negatively 
charged or neutral groups on the surface are generally nontoxic, 
while positively charged ones causing varying degrees of toxicity, 
especially species with polycationic groups are easy to cause cell lysis 
by destabilizing cell membranes. The exact mechanism of this phe-
nomenon has not yet been fully revealed [ 54 ]. 

 Comparative cytotoxicity studies on different cell-lines showed 
that PAMAM  dendrimers   are less toxic than the lysine based  den-
drimer   [ 50 ]. The PAMAM dendrimers has shown generation- 
dependent cytotoxicity. The higher generation dendrimers show 
increased cytotoxicity, which is in accordance with general studies 
that  polymers   with larger molecular  size   present more cytotoxicity 
[ 55 ,  56 ]. Besides, heme toxicity studies conclude that the same den-
drimer has hemolytic effect on rat blood cells which also increases 
with larger generation [ 57 ]. Myotoxicity studies on rodent muscles 
isolated from male Sprague Dawley rats revealed that the G4-PAMAM 
dendrimer was more myotoxic, comparing with cationic liposomes 
and  proteins   [ 58 ]. In summary, amino- terminated dendrimers are 
generally cytotoxic because of their globular shapes and less fl exible 
structures [ 57 ], but still show lower toxicity comparing to more 
fl exible linear macromolecules with amino groups. Another factor 
related to the cytotoxicity is the substitution degree on the amine 
functionality. The primary amines usually show more toxicity than 
the secondary or tertiary species [ 56 ,  59 ].  

   So far not many systematic study results on the in vivo toxicity of 
 dendrimer  -based nanomaterials are available. Initially the general 
observation was carried out after the G5-PAMAM  dendrimers   
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were injected into mice even at the high concentration of 10 mg/
kg, where they all show nontoxicity, no matter the dendrimer sur-
face are unmodifi ed or modifi ed [ 60 ,  61 ]. In further studies they 
injected the unmodifi ed amino-terminated PAMAM dendrimers 
together with ovalbumin into mice, where no any signifi cant toxic-
ity except slight adjuvant activity were found [ 62 ]. Similar results 
were found on new hydroxy- or methoxy-terminated dendrimers 
[ 63 ]. Due to their nontoxic performance in vivo, these new den-
dritic structures are expected to be very promising in the pharma-
ceutical applications [ 63 ].  

   Besides nontoxic, when applied in animal or human body except as 
vaccines,  dendrimer  -based nanomaterials are also required to be non-
immunogenic. An early systematic study on amino-terminated 
PAMAM  dendrimers   revealed no to very weak immunogenicity from 
generation 3 to 7 [ 60 ]. In later studies, however, these dendrimers 
showed some immunogenicity. Polyethylene glycol ( PEG  ) chains can 
be introduced to modify these dendrimers to reduce immunoge-
nicity [ 64 ], which can be explained by PEG chains increasing the 
hydrophilicity with low disturbing effect to the biological environ-
ment. On the opposite, to create highly immunogenic compounds 
such as vaccines, the surface of dendrimers can be grafted with 
antigens or T-cell helper epitopes to enhance this effect.  

   In order to successfully use  dendrimer   nanomaterials in different 
levels of biological systems, their biopermeability has also to be 
taken into serious consideration. Dendrimers complexed with DNA 
can greatly improve the biopermeability on a microscopic level. 
Compared to free dendrimer, the dendrimer–DNA adducts can 
enter the cell nucleus with less resistance while fewer cytotoxicity. 
To further increase the transfection ability, several approaches have 
been developed [ 65 ,  66 ]. The transfection effi ciency of the PAMAM 
dendrimer–DNA complex can be enhanced by addition of a certain 
amount of sulfonated β-cyclodextrins (β-CD’s), due to the altered 
DNA–dendrimer surface charge from ionic binding between the 
anionic sulfonate moieties of the β-CD and the cationic amino-ter-
minated dendrimer [ 67 ].  PEG   was also applied to modify the den-
drimer surface, which can increase the transfection effect of 
polylysine  dendrimers   [ 68 ]. However, many studies generally reveal 
that the globular shape of dendrimer architecture doesn’t show 
advantages in gene delivery, which is in accordance with an ear-
lier study result that the “fragmented” dendrimers had a much 
better transfection effi cacy compared to the globular “complete” 
molecule [ 69 ]. 

 Biopermeability on a macroscopic level of  dendrimer  -based 
nanomaterials also has to be taken into serious consideration. 
The amino-terminated PAMAM  dendrimers   were studied in vivo for 
their abilities to cross the microvascular endothelium. It was found 
that the extravasation time increases with increasing molecular 
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weight and generation [ 70 ]. Research on the transepithelial transport 
of G0-G4 PAMAM dendrimers in Madin-Darby canine kidney 
cells revealed the G4 dendrimer present the best permeability, and 
there was no linear relationship between the generation number 
and permeability [ 55 ,  70 ]. However, studies on the para- cellular 
transepithelial transport in a Caco-2 cell monolayer concluded the 
amino-terminated PAMAM dendrimers with smaller generation 
presented better permeability than the species with larger genera-
tion. Another in vitro study in an everted rat intestinal sac system 
revealed that the negatively charged PAMAM dendrimers could 
rapidly cross into the intestine of rats. Compared to other poly-
meric systems, these faster transferred dendrimers suggested they 
could be used as oral delivery device [ 71 ]. After modifi ed with 
lipid chains, polylysine dendrimers showed poorer uptake ability 
through the intestine of rats compared with the popular delivery 
devices such as polystyrene latex system [ 72 ].   

4    Conclusion 

 Dendrimers are extremely well tailored, highly branched globular 
 polymers   with “volumes.” As described, a variety of  dendrimer  - 
based  nanomaterials have already found wide use in biological sys-
tems such as  imaging   agents, drug candidates, and also have widely 
used as carriers for drugs, genes,  vaccine   antigens and so on. 
Dendrimers endow these devices better membrane permeability, 
and furthermore, targeting function by specifi c host–guest interac-
tions. New approaches for synthesizing and modifying  dendrimers   
are expected to enable specifi c tailoring of volume  size  , binding 
motifs, surface charge density, which will make it possible to well 
control the sophistication of current drugs and nanocarrier agents. 
Meanwhile, more and more dendrimer derivated nanocomposites 
are merging, creating totally new types of nanocarrier or specifi c 
devices for treating human diseases. All the results from in vitro and 
vivo studies show dendrimer-based nanomaterials well biocompati-
ble. Although the obstacles in the fi elds of delivery effi ciency, target-
ing ability and suitability to match with specifi c clinical situations still 
remain signifi cant, the dendrimer-based nanomaterials still present 
great potential to be applied in biological environments.     
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    Chapter 4   

 Paving the Way Toward Translational Application of Virus- 
Based Nanoparticles (VNPs): Preclinical Evaluation of Their 
Biological Fates       

     Anna     E.     Czapar     and     Nicole     F.     Steinmetz       

  Abstract 

   Plant based viral nanoparticles (VNPs) are an attractive platform for a variety of biomedical applications 
including tissue-specifi c imaging and drug delivery. As with any novel biomaterial, thorough in vivo evalu-
ation is required to assess safety profi les and pave the way for potential clinical application. In this chapter 
we discuss protocols for study of the immune response, pharmacokinetics, biodistribution, as well as blood 
and tissue compatibility of VNPs.  

  Key words     Plant virus  ,   Cowpea mosaic virus  ,   Potato virus X  ,   Tobacco mosaic virus  ,   Immune response  , 
  Pharmacokinetics  ,   Biodistribution  ,    Biocompatibility    ,   Imaging  ,   Drug delivery  

1      Virus-Based Nanoparticles in Preclinical Development and Testing 

 Nanoparticles have an increasingly expanding range of potential 
medical applications including  tissue  -specifi c drug delivery,  image   
contrast enhancement for diagnosis and prognosis, and immune 
modulation, including  vaccine   development. There are many 
classes of nanomaterials in preclinical development and clinical 
testing; one such class of nanomaterials is the proteinaceous, virus- 
based  nanoparticles   (VNPs) from bacteriophages, animal viruses, 
and  plant viruses     . V NPs   offer several advantages over synthetic 
nanoparticles: They can be produced in large quantities in a rela-
tively short period of time via fermentation, tissue culture, or 
molecular farming in plants; since virus production is genetically 
encoded each progeny particle formed is highly monodisperse; 
viral structures are known to atomic resolution and can be tailored 
to incorporate tissue-specifi c ligands, contrast agents, or therapeu-
tic agents through synthetic or chemical biology methods with 
spatial control (Fig.  1 ). The variety of capsid shapes and the com-
bination of genetic control and available surface chemistries allows 
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  Fig. 1     Left panel :  TMV   and its coat  protein  ; highlighting Glutamic acids on the interior surface and Tyrosine and 
Lysine residue on the exterior surface. TMV measures 300 × 18 nm with a 4 nm-wide interior channel.  Right 
panel : Typical bioconjugation schemes for chemical modifi cation of Glutamic acids, Tyrosine side chains, or 
Lysine residues on the TMV coat protein       
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for the synthesis of diverse particle libraries useful for a wide range 
of applications [ 1 – 3 ].

   Another advantage for in vivo medical applications is that the 
 protein  -based carriers are biodegradable and removed from cells 
and  tissues   through the cellular machinery. This is in stark contrast 
to some synthetic materials, which may persist in the body for 
extended periods [ 4 – 7 ]. An additional advantage of  plant virus   es   
and bacteriophages, as opposed to mammalian viruses, is that plant 
viruses do not infect or replicate in humans, and therefore are 
unlikely to produce downstream signal transduction events or 
pathogenic effects [ 2 ]. 

 A potential disadvantage of bacterial and plant produced  pro-
tein   carriers is that these materials are generally immunogenic. 
However, it is important to acknowledge that immunogenicity is a 
translational challenge to be addressed for many systems, including 
synthetic  nanoparticles  ; in fact, the production of carrier-specifi c 
antibodies has been reported for various inorganic and synthetic 
systems [ 8 – 13 ]. The key questions to be addressed are whether the 
 immune response   s   are part of the natural clearance mechanisms or 
whether this poses potential adverse effects. Generally it is accepted 
that the immunogenic properties of nanoparticles, protein-based 
carriers [ 14 ,  15 ] as well as  plant viruses      [ 16 ] can be attenuated by 
stealth  polymer   coating, for example using  polyethylene glycol   
( PEG  ) [ 15 ,  17 – 20 ]. The hydrophilic PEG shield decreases serum 
protein adsorption, which in turn decreases clearance by the mac-
rophagocytic system (MPS) and deposition in non-target cells and 
organs, such as components of the immune system. 

 While  nanoparticles  , including VNPs, may provide intriguing 
opportunities as next-generation medicines for diagnostic and 
therapeutic applications, understanding the biological response of 
any nanomaterials is imperative to developing nanotechnology that 
may have clinical utility. In recent years, our laboratory has focused 
on gaining a fundamental understanding on the in vivo fate of 
 plant virus  -based carriers for nanomedical applications [ 21 – 23 ]. 
This chapter describes methods for the propagation of plant- 
derived VNPs and evaluation of their immune interactions,  biodis-
tribution  , and  pharmacokinetics  ; methods for in vitro and in vivo 
testing are described. While we focus this chapter is on VNPs, 
many of the protocols described could be applied for preclinical 
testing of other types of nano-based contrast agents or 
therapeutics.  

2    Methods Presented in This Chapter 

 We recently published detailed experimental procedures for 
the propagation of  tobacco mosaic virus   ( TMV  , [ 24 ]),  cowpea 
mosaic virus   ( CPMV  , [ 25 ]), and  potato virus X   (PVX, [ 26 ]). 
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Protocols for chemical and genetic modifi cation of these virus-
based nanocarriers as well their  characterization   is also described in 
these chapters; therefore we would like to refer the reader to these 
publications with regard to VNP propagation, purifi cation, modi-
fi cation, and characterization. In the following sections we will 
describe protocols for determining VNP–immune interactions, 
their blood compatibility,  pharmacokinetics  , and  biodistribution  . 
Studies involve macrophage and dendritic cell coculture with VNPs 
to examine differential immune  cell uptake  ,  cytokine expression  , 
and infl ammasome response. Blood sampling from mice pre- and 
post-dosing with VNPs is described to determine antibody titers, 
while naïve blood samples are used to assess the levels of hemolysis, 
coagulation, and complement activation upon VNP administra-
tion. Finally, we will report several methods to evaluate pharmaco-
kinetics and biodistribution including optical methods, elemental 
analysis, or genetic profi ling (it should be noted that radiolabeling 
is a suitable alternative, but since our lab does not utilize radio-
chemistry, these methods will not be further discussed in this chap-
ter; the reader is referred to the following publications [ 9 ,  27 ]).  

3     Nanomaterial  - Target   and Non-target Cell Interactions 

 In concert with in vivo animal studies, in vitro assays should be 
considered: target and non-target cell interactions can be studied 
using  tissue   culture methods in conjunction with confocal micros-
copy or fl ow cytometry [ 28 ,  29 ]. For example,  cancer   target  cell 
uptake   of RGD-modifi ed VNPs targeted to tumor-associated inte-
grin receptors can be evaluated by comparison with non-targeted 
VNPs or in competition binding assays using a molar excess of the 
free targeting ligands [ 28 ]. Further, interactions with cells of the 
immune system should be considered, including mouse or human 
macrophage cell lines and bone marrow-derived dendritic cells 
(BMDC) [ 30 ]. Phagocytic uptake versus target cell uptake should 
be studied side-by-side comparing different surface chemistries, 
i.e., targeting ligands (e.g., RGD) and  polymer   shields (e.g.,  PEG  ). 
An increased target cell uptake and decreased immune cell uptake 
of VNPs could indicate decreased MPS clearance in vivo ,  resulting 
in increased delivery to target  tissues  . Nevertheless, while in vitro 
testing is expected to provide insights into the in vivo fates, only 
in vivo studies can provide detailed information on  biodistribution   
and clearance (see below). 

 In addition to measuring VNP–cell interactions, cytokine sig-
naling should be evaluated, as it will provide more detailed insights 
into potential adverse effects such as onset of acute or chronic 
 infl ammation  . A good initial evaluation is to examine production 
of TNF-α, IL-6, and IL-1β. TNF-α and IL-6 are mediators of the 
acute and chronic phases of the infl ammatory response; both are 
good indicators of potential immune reactions and adverse 
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responses to nanoparticle administration [ 6 ]. IL-1β is an impor-
tant mediator of infl ammation, neutrophil and macrophage recruit-
ment, and the febrile response. Production of IL-1β is associated 
with the infl ammasome, a caspase-activating complex found in 
macrophages and monocytes that is active during infection, cell 
damage, and stress [ 31 ]. Increased production of IL-1β has been 
observed with administration of several formulations of synthetic 
 nanoparticles   [ 6 ,  32 – 34 ]. Although IL-1β production upon VNP–
cell  interaction   has not been reported yet, it might be critical to 
establish whether or not IL-1β signaling occurs when cargo-loaded 
VNPs are in use. 

     To evaluate  cell uptake   in immune cells, mouse or human macro-
phage cell lines as well as bone-marrow derived dendritic cells 
should be used. Here, we describe a protocol that is similar to that 
described in Ref. [ 35 ]; a sample result is shown in Fig.  2 .

     1.    Grow RAW264.7 (ATTC) to confl uency, wash three times with 
PBS, and collect using enzyme-free Hank’s based Cell 
Dissociation Buffer. It should be noted that RAW 264.7 cells are 
highly susceptible to genetic drift, therefore they should be used 
from an early passage number. Add cells to 96-well v-bottom 
plates (1 × 10 6  cells/200 μL/well) and incubate with 10,000 or 
100,000  TMV   particles/cell, in triplicate for either 20 min or 2 
h at 37 °C and 5 % CO 2 . The VNPs should be added in 0.1 M 
potassium phosphate buffer pH 7.0 (1 mg/mL) with or with 
cargo (e.g., drug) and/or surface modifi cation (e.g.,  PEG  ).   

   2.    In parallel, bone marrow-derived dendritic cells (BMDCs) 
should be studied. BMDCs can be isolated using techniques 
previously described (ref. [ 36 ]), cells should be used 7–10 days 
post-isolation. For  cell uptake   studies, collect BMDC from 
plates using Lidocaine–EDTA (40 mg/mL Lidocaine, 10 mM 
EDTA in PBS, pH 7.4), add to 96-well v-bottom plates (1 × 10 6  
cells/200 μL/well) and incubate for 2 h with 10,000 parti-
cles/cell and 5 % CO 2 .   

   3.    Following incubation with (virus-based)  nanoparticles  , cells 
should be washed twice in FACS buffer and fi xed in 2 % (v/v) 
paraformaldehyde in FACS buffer for 10 min at room tem-
perature (FACS buffer: 1 mM EDTA, 25 mM HEPES (Fisher 
Scientifi c), 1 % (v/v) FBS (Atlanta Biologicals) in PBS (Fisher 
Scientifi c), pH 7.0). Then wash cells twice after fi xation, resus-
pend in 400 μL FACS buffer, and store at 4 °C until analysis.   

   4.    Analyze cells using a BD LSRII Flow Cytometer and record 
10,000 gated events. Analyze data using FlowJo 8.6.3 soft-
ware. A sample result is shown in Fig.  2 . Here PEGylated and 
native  potato virus X   (PVX)-based nanoparticle formulations 
were compared. Cell uptake data indicate that  PEG   shielding 
is effective to reduce PVX nanoparticle–immune cell interac-
tions. It should be noted that, while fl ow cytometry provides 

3.1  Protocols 
for (Virus-Based) 
 Nanoparticle   In Vitro 
Cell Uptake 
and Signaling

3.1.1  Flow Cytometry 
to Evaluate Immune 
Cell Uptake
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quantitative data on nanoparticle–cell interactions, fl ow cytom-
etry does not indicate whether cell binding or  cell uptake   
occurred; to investigate this further confocal microscopy is 
recommended.    

     These protocols are similar to those described in Ref. [ 35 ]. While 
there is a library of cytokines that may be produced upon ( plant 
virus  ) nanoparticle–cell interactions, a good starting point is to 
assay for the infl ammatory cytokines TNFα, IL-6, and IL-1β. 

       1.    Seed BMDC onto treated plates at a concentration of 1 × 10 6  
cells/mL and allow growth in complete high glucose DMEM 
for 7 days. Before the start of the assay, centrifuge plates at 
400 ×  g  for 5 min. Aspirate culture medium and add fresh com-

3.1.2  Cytokine Activation 
Assessment Using BMDC

 TNFα and IL-6 Production

  Fig. 2    A-PVX- PEG  –cell interactions measured by fl ow cytometry. A-PVX-PEG formulations were incubated with 
RAW264.7 and BMDC at a concentration of 10,000 particles/cell for 2 h. ( a ) Histograms of A647 signal versus 
count for A-PVX-PEG particles in RAW264.7 ( top ) and BMDC ( bottom ).  Gray  = cells only,  light blue  = A-PVX, 
 orange  = A-PVX-P5L,  red  = A-PVX-P5B,  purple  = A-PVX-P20. Any counts within the indicated gate represent 
positive cells. At least 10,000 events were considered; all studies were done in triplicate and data were ana-
lyzed using FlowJo software. ( b ) Statistical analysis and quantitative data showing percent  cell uptake   of 
A-PVX-PEG particles in RAW264.7 or BMDC. * p  < 0.05. Data are reproduced from Ref. [ 35 ]       
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plete high glucose DMEM. Add VNPs in 0.1 M potassium 
phosphate buffer pH 7.0 (1 mg/mL) with or with cargo (e.g., 
drug) and/or surface modifi cation (e.g.,  PEG  ), to the cells at 
a concentration of 100,000 particles/cell for 6 or 24 h.   

   2.    Collect media by centrifugation and analyze for TNFα and 
IL-6 using ELISA kits. IL-6 activation should be analyzed fol-
lowing 6-h treatment with cytochalasin D. Add cytochalasin D 
(10 μg/mL fi nal concentration) 10 min prior to addition of 
 nanoparticles  . Lipopolysaccharide (LPS) (30 ng/mL fi nal con-
centration), Pam3Cys (200 ng/mL fi nal concentration), and 
PolyI:C (25 μg/mL fi nal concentration) can be used as posi-
tive controls with untreated media as a negative control. All 
methods should be performed as described by the manufac-
turer’s instructions. Determine concentration of cytokine for 
each sample using a standard curve based on TNFα and IL-6 
of known concentration supplied with each kit.      

       1.    Grow BMDC for 8 days following the protocol described in 
TNFα and IL-6 production protocol above. Divide BMDC 
into two groups and treat one group with LPS for 4 h prior to 
addition of VNP formulations to increase the total concentra-
tion of IL-1β present in the cell culture. Treat both groups with 
VNP stimuli at a concentration of 100,000 particles/cell for 6 
h. Use alum (480 μg/mL fi nal concentration), LPS (1 μg/mL 
fi nal concentration), Nigericin (10 μM fi nal concentration), 
and untreated media as controls for both groups. It should be 
noted that pretreatment with LPS causes IL-1β baseline con-
centration to increase allowing for a more measureable differ-
ence in between nanoparticle formulations which may have 
only a small difference in infl ammasome activation.   

   2.    Collect media as described above and analyze for IL-1β using 
mouse IL-1β/ILF2 DuoSet ELISA kit (R&D Systems). All 
methods should be performed as described by the manufac-
turer’s instructions. Determine concentration of IL-1β for 
each sample using a standard curve of IL-1β of known concen-
tration supplied with the kit.         

4    Assays to Evaluate  Nanoparticle  –Blood Compatibility Through Study 
of  Coagulation   and Hemolysis 

 Evaluation of blood compatibility is important because for  imag-
ing   and drug delivery administration of the nano-formulation is 
often via intravital injection. Two assays should be considered: 
 Coagulation  , measured with rotational thromboelastometry and 
hemolysis, measured using absorbance [ 37 ]. Coagulation tests 
should take into consideration both the speed of clot formation 

 IL-1β Production
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and the total clot thickness. An increase or decrease in the speed of 
clot formation would indicate that VNPs are activating or inacti-
vating platelets or factors in the clotting cascade. An increase or 
decrease in clot thickness, however, would indicate an increased or 
decreased nanoparticle–fi brin(ogen) and nanoparticle–platelet 
 interaction  . Changes in either parameter could make patients sus-
ceptible to cardiovascular events or bleeding disorders [ 21 ]. 

 While the mechanism of nanoparticle-induced hemolysis is 
unclear and has been attributed both to immune and non-immune 
mediated causes, determining the effects of any nanoparticle sys-
tem on hemolysis is important for evaluating safety. We reported 
that hemolysis has not been observed using  TMV  -based  nanopar-
ticles   [ 21 ]. It should, however, be noted that the VNPs under 
investigation in this study did not contain any surface lysine side 
chains; and other groups reported that multivalent amine groups 
can induce red blood cell (RBC) lysis in a dose-dependent manner 
[ 37 ]. Therefore it would be critical to evaluate other VNP systems, 
for example,  cowpea mosaic virus   ( CPMV  ) or  potato virus X   
(PVX), both of which display multivalent surface  lysines , 300 in 
the case of 30 nm- sized   icosahedral CPMV [ 38 ], or 1270 in the 
case of 515 × 13 nm-sized PVX [ 39 ]. Hemolysis can be monitored 
by measuring the concentration of free hemoglobin in a blood 
sample as hemoglobin is released when cells are lysed. Free hemo-
globin can be detected at a wavelength of 540 nm [ 35 ]. 

     This protocol is similar to those described in Refs. [ 21 ,  35 ,  40 ], an 
example data set is shown in Fig.  3 . Here  TMV   nanoparticles   were 
studies; the formulations did not induce blood lysis or clotting.

     1.    Within 1 h of collection, centrifuge pooled whole blood from 
healthy Balb/c mice (Charles River) at 500 ×  g  for 10 min. 
Remove the supernatant and replace with calcium/magnesium- 
free DPBS (HyClone) to reach previous volume. Repeat cen-
trifugation two more times at 1000 ×  g  for 10 min. Count 
RBCs and dilute to 1 × 10 9  cells/mL (~1:10 dilution) in DPBS.   

   2.    Mix 50 μL of RBCs with 50 μL VNP samples (5 mg/mL) and 
incubate in 37 °C water bath for 1 h. VNPs should be added 
in of 7000–8000 particles/RBC; this represents roughly 1000 
times the concentration in murine blood following injection. 
DPBS should be used as a negative control as it should cause 
little or no hemolysis and 1 % (v/v) Triton X-100 should be 
used as a positive control.   

   3.    Centrifuge the solution for 10 min at 1000 ×  g  to remove intact 
RBCs. Measure the absorbance of the resulting supernatant at 
540 nm for hemoglobin content. Calculate the percent hemo-
lysis by dividing the absorbance at 540 nm of each sample by 
the absorbance measured for 1 % Triton X-100.    

4.1  Protocols 
for Evaluation of Blood 
Compatibility

4.1.1  Hemolysis Assay
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     This protocol is similar to that described in Ref. [ 21 ], an example 
data set is shown in Fig.  3 .

    1.    Add sodium citrate to pooled whole blood collected from 
healthy Balb/c mice to a concentration of 3.8 % (v/v). Using 
a Gamma ROTEM measure coagulability with the company’s 
non-activated (NATEM) test in the presence of either saline or 
VNP formulations (20 μL, 5 mg/mL). Samples from each 
mouse should be normalized to a saline control.   

   2.    Consider outcomes including the clotting time ( CT  ), clot for-
mation time (CFT), and the maximum clot fi rmness (MCF). 
Perform statistical analysis using a one-way ANOVA of the not 
normalized data with a Dunnett’s comparison test between the 
treatment groups and the saline control.    

4.1.2   Coagulation   Assay

  Fig. 3    Blood biocompatibility assays. ( a ) Red blood cell (RBC) hemolysis assay. ( b ) Zoomed in RBC hemolysis 
assay showing Cy5- TMV  ,  PEG  -Cy5-TMV, and Cy5-SNP do not lyse RBCs. ( c ) Effect of Cy5-TMV, PEG-Cy5-TMV, 
and Cy5-SNP on clotting (normalized to saline control), measured in rotational  thromboelastometry  (ROTEM). 
There were no signifi cant changes in the combined clotting time ( CT   + CFT) and maximum clot fi rmness (MCF) 
compared to the saline control ( dotted line ). Error bars represent S.D. This fi gure is reproduced from Ref. [ 21 ]       
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5        While In Vitro Assays Can Provide Clues about the Biological Fates 
of  Nanomaterials  ; Only In Vivo Testing Allows to Monitor Pharmacokinetics, 
Biodistribution and Clearance 

 Several assays have been described to study  pharmacokinetics   as 
well as  biodistribution   and clearance. 

   Fluorescent labeling of VNPs can be carried out either through 
chemical conjugation of organic dyes [ 41 ] or through genetic 
fusion with fl uorescent reporter  proteins   [ 42 ]. After administra-
tion of the fl uorescent-labeled VNPs, for example, via tail vein 
injection, blood and  tissue   samples could be collected over a time 
course and analyzed for VNP content based on absorbance or fl uo-
rescence measurement. The VNP concentration is then calculated 
based on the dye-specifi c extinction coeffi cient and a standard 
curve of serum or homogenized tissue spiked with known VNP 
concentrations [ 40 ,  43 ]. 

 Likely more practical for  biodistribution   studies, are methods 
such as fl uorescence molecular tomography (FMT) [ 35 ] or Maestro 
Imaging [ 44 ], because these  imaging   techniques can be applied to 
detection of VNPs in live animals without the need to sacrifi ce 
animals at various time points. In FMT imaging and Maestro imag-
ing, fl uorescent probes with a high extinction coeffi cient with a 
large quantum yield should be considered such as IRDye ®  800 CW 
or VivoTag-S 750 (Perkin Elmers). In FMT, the fl uorescence sig-
nal is detected using multiple charge couple device (CCD) cameras 
located around the animal; the detected signal is reconstructed 
into a 3D model of the sample under investigation allowing analy-
sis of whole animals or select regions of interest [ 45 ]. Maestro is 
similar in some respects to FMT but is used more commonly 
ex vivo as it is detects fl uorescence only in a 2D plane and thus is 
less descriptive of 3D structures and distribution [ 46 ]. 

     This protocol is similar to that described in Ref. [ 35 ]; sample data 
are shown in Fig.  4  [ 23 ].

     1.    For any study involving fl uorescent read outs, animals should 
be maintained on an alfalfa-free diet for 2 weeks prior to 
administration to reduce  tissue   autofl uorescence.   

   2.    Administer fl uorescently labeled VNPs via the tail vein injec-
tion. Collect 200 μL blood into heparin-collected tubes using 
retro-orbital bleeding. Time course studies should be con-
ducted at time points up to 36 h.   

   3.    Isolate serum by centrifuging at 14,500 ×  g  for 10 min. Read 
fl uorescence using microplate reader and correlate the fl uores-
cence reading to a standard curve normalized for each particle, 
use this standard curve to determine the amount of particle at 

5.1  Fluorescently 
Labeled VNPs are 
Used in Combination 
with Optical Detection 
Methods

5.1.1  Protocols 
for Evaluation of In Vivo 
Pharmacokinetics 
and Biodistribution Profi les 
Using Fluorescently 
Labeled VNPs

 Pharmacokinetics 
of Fluorescently 
Labeled VNPs
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each time point. Determine percent of injected dose using the 
fl uorescence reading of the amount of  nanoparticles   per 50 μL 
of serum from each time point.    

     This protocol is similar to that described in Ref. [ 21 ] or [ 40 ].

    1.    Inject Balb/c mice with fl uorescently labeled VNPs at a dose 
of 10 mg/kg body weight in 100 μL sterile, endotoxin-free 
PBS. As a control, inject a mouse with 100 μL sterile, 
endotoxin- free PBS without  nanoparticles  . This control will be 
referred to as sham-inoculated.   

   2.    Euthanize animals and remove the following  tissues   and snap 
freeze in liquid nitrogen, weigh, and store at −20 °C: spleen, 
kidney, liver, lung, stomach, duodenum, jejunum, ileum, 
lymph nodes, and brains. Homogenize isolated tissues in PBS 
(100 mg organ/mL PBS) and centrifuge at 7500 ×  g  for 10 min 
at 4 °C to precipitate cell debris.   

   3.    Use a fl uorescence plate reader to measure the fl uorescence 
intensity ( λ  Ex  600 nm and  λ  Em  665 nm if using Cy5 dye).   

   4.    Add a known amount of labeled VNPs to  tissue   supernatants 
of the sham-inoculated control to determine the tissue-specifi c 
dye excitation and emission for each tissue. Take fi ve separate 
scans of each tissue supernatant sample, subtract the tissue spe-
cifi c emission of the sham-inoculated control sample as back-
ground, and average the adjusted emissions. Use measured 
emission to calculate total concentration of VNPs.    

     This protocol is similar to that described in Ref. [ 35 ].

    1.    As with other fl uorescent studies, mice should be maintained 
on alfalfa-free diet (Teklad) to reduce  tissue   autofl uorescence. 
Inject 100 μg fl uorescently labeled VNPs in 100 μL sterile PBS 
via the tail vein.   

 Fluorescence to Determine 
VNP Biodistribution Ex Vivo 
Using a Plate Reader

 Biodistribution 
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   2.    Anesthetize mice with inhaled O 2 /isofl urane (1–3 % isofl u-
rane) prior to  imaging  ; animals should be kept under anesthe-
sia during the procedure. Using a FMT in vivo imaging system 
(FMT 2500 quantitative tomography in vivo imaging system 
(Perkin- Elmer)) take measurements prior to injection (0 min), 
and 30 min, 1 h, 2 h, 4 h, 6 h, 8 h, 24 h, 32 h, and 52 h post- 
administration. For each  image  , regions choose a region of 
interest (ROI) for the whole body, liver, spleen, and bladder.   

   3.    Calculate the fl uorescence intensity using the normalized total 
fl uorescence within each ROI. The concentration of VNPs per 
ROI can be estimated based on a standard curve of VNPs at 
known concentration in phantom  tissue   (buffer or agarose 
plugs) and taking into account the number of dyes per VNP.    

     This protocol is similar to that described in Ref. [ 22 ] or [ 23 ]; 
Fig.  5  shows a typical result.

     1.    As with other fl uorescent studies, mice should be maintained 
on alfalfa-free diet (Teklad) to reduce  tissue   autofl uorescence. 
Inject fl uorescently labeled VNPs (10 mg/kg body-weight) via 
the tail vein. Animals should be euthanized at 24 and 72 h and 
 tissues   collected. For a study of  biodistribution  , healthy ani-
mals, such as Balb/c mice, 8–14 weeks old (Charles River) 
could be used. Alternatively, tumor homing can be investi-
gated using orthotopic 4T1 mammary tumor xenografts in 
8-week- old female Balb/c mice, as described in Ref. [ 23 ].   

   2.    Image the livers, spleen, and tumors using the Maestro  imag-
ing   system (Maestro ™  Imaging System (Perkin Elmer)) with 
yellow excitation and emission fi lters (if using A647 dye) with 
a 800 ms exposure time. Analyze fl uorescence intensity using 
Maestro software tool and normalize for number of dyes per 
VNP. It should be noted that  tissues   should ideally be imaged 
immediately following harvest when still fresh, but can be fro-
zen and thawed prior to imaging.    
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       Techniques that allow to determine the concentration of metal- 
loaded, e.g., Gd(DOTA)-conjugated VNPs [ 47 ,  48 ] or other 
metal-containing  nanoparticles  , such as  gold nanoparticle   s   [ 49 ] 
with part-per-billion accuracy while not being limited to potential 
bleaching or quenching as observed with some organic fl uoro-
phores. ICP-MS/OES utilizes high-energy argon gas plasma to 
energize elemental components into ions, which are then sepa-
rated and detected by MS or OES. Much like fl uorescence detec-
tion using a plate reader, ICP-MS/OES is limited to quantitative 
 tissue   and blood analysis ex vivo [ 21 ,  50 ]. 

   This protocol is similar to that described in Ref. [ 47 ]; and these 
methods can be used to determine  biodistribution   as well as 
 pharmacokinetics  .

    1.    Inject 100 μg of Gd or Tb labeled VNPs in 100 μL PBS into 
Balb/c mice via the tail vein. VNPs can be labeled with metal 
ions either through complexation of the metal ions with the 
 nucleic acid   s  , e.g.,  CPMV   particles can be labeled with Gd 3+  or 
Tb 3+  ions either by binding to nucleoprotein sites on the inte-
rior of the particle; or by covalent attachment of a Gd(DOTA) 
derivative to the external surface of the capsid by the CuAAC 
reaction, as described in Ref. [ 47 ].   

   2.    Euthanize mice and collect organs at least 30 min following 
injection. Freeze-dry organs in liquid nitrogen and digest with 
in nitric acid at a concentration of 20 % (v/v) for 18–24 h. 
Insoluble materials that cannot be digested should be fi ltered 
out of the solution.   

   3.    Using a Varian VISTA AX CCD simultaneous spectrometer, 
construct calibration plots for Gd or Tb in the concentration 
range of 0–1000 ppb. Inject all samples with 10 ppm yttrium 
chloride internal standard to normalize differences in nebuliza-
tion between samples. Measure the concentration of Gd and 
Tb in each sample and use this value to calculate the concen-
tration of VNPs in each  tissue   sample by using the amount of 
Gd and Tb per VNP.    

      Since many  plant viruses      are single-stranded RNA viruses, reverse 
transcription polymerase chain reaction (RT-PCR) in combination 
with sequencing and/or quantitative PCR methods can be used to 
measure the concentration of intact viral  nanoparticles   in blood 
samples and digested  tissues   [ 40 ]. This method is useful for mea-
suring the concentration of intact viruses but cannot measure 
virus-like nanoparticles that do not contain viral RNA. Additionally, 
this method may not give useful information about the cargo of 
viral nanoparticles delivered. 

5.2  Metal Ion- 
Labeled VNPs Are 
Used in Combination 
with Inductively 
Coupled Plasma Mass 
Spectrometry 
(ICP-MS) or Optical 
Emission 
Spectroscopy 
(ICP-OES)

5.2.1  Protocols 
for Determination 
of the Biodistribution 
of Metal Ion-Labeled VNPs 
via Inductively Coupled 
Plasma-Optical Emission 
Spectrometry

5.3  Detection 
and Quantifi cation 
of VNPs Can Also 
Be Carried out Making 
Use of the 
Encapsidated RNA 
Components 
of the Viruses Itself
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   This protocol is similar to that described in Ref. [ 51 ].

    1.    Inject Balb/c   mice with  TMV   nanoparticles   (300 μg in 100 μL 
sterile PBS) via the tail vein. As a control 100 μL sterile PBS 
without TMV particles should be injected. Euthanize animals, 
remove the following  tissues   and snap freeze in liquid nitro-
gen, weigh, and store at −20 °C: spleen, kidney, liver, lung, 
stomach, duodenum, jejunum, ileum, lymph nodes, and 
brains.   

   2.    Add 1 mL trizol reagent per 50–100 mg frozen  tissues  , 
homogenize with a handheld homogenizer, and incubate at 
room temperature for 8 min. Centrifuge samples for 10 min 
at 10,000 ×  g  and transfer supernatant to a fresh tube. Add 
0.2 M chloroform per 1 mL trizol reagent and incubate at 
room temperature for 8 min. Centrifuge samples for 5 min at 
14,000 ×  g  at 4 °C for 8 min and transfer the aqueous phase to 
a fresh tube.   

   3.    To precipitate the RNA, add 0.5 mL isopropanol per 1 mL 
TRI and incubate for 5 min at room temperature. Centrifuge 
the samples at for 10 additional minutes at 14,000 rpm at 
4 °C; a pellet of RNA should be visible. Wash the pellet by add-
ing 1 mL 70 % (v/v) ethanol per 1 mL TRI. Centrifuge the 
sample for 5 min at 14,000 rpm at 4 °C and allow the pellet to 
air-dry. Resuspend the RNA pellet in 40 μL RNAse-free water 
and incubate at 50–60 °C for 10 min. Determine the concen-
tration and A 260 /A 280  ratio using photometrical measurement.   

   4.    Synthesize cDNA using MMLV-RT and downstream  TMV   
RNA CPr (see below for the oligonucleotide sequences). Mix 
the CPr primer (60 pmol) with 1 μg of each  tissue   RNA and 
heat to 70 °C for 5 min. Following the incubation, add: 20 
units of RNAsin; 4 mM each of dATP, dTTP, dCTP, and 
dGTP; 60 pmol each of the upstream (CPf) and downstream 
primer (CPr); 0.5 units of Taq polymerase; 1.5 mM Taq poly-
merase buffer containing Mg; and purifi ed water. Perform 30 
cycles consisting of 1 min denaturation at 95 °C, 1 min anneal-
ing at 55 °C, and 1 min extension at 72 °C. This should result 
in a 270 bp PCR product. 

 This method required the use of VNP-specifi c oligonucle-
otides, for example for  TMV   the following primer pairs (from 
Integrated DNA Technologies) could be used: 

  TMV   CP2-r: 5′-ACCGTTGCGTCGTCTACTCT-3′ 
  TMV   CP2-f: 5′-CAAGCTCGAACTGTCGTTCA-3′   

   5.    Analyze PCR products on a 0.8 % agarose gel alongside a 1-kb 
ladder and visualize with ethidium bromide. Spot densitome-
try can also be used to quantitatively compare to control. Note 
that RT-PCR is a highly sensitive method; it was shown to be 
capable of detecting as few as ten copies as  CPMV  .    

5.3.1  Protocol 
for RT-PCR for Detection 
of  TMV  
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      Positron emission tomography (PET) uses radionuclides, isotopes 
with a short half-life (minutes to hours) which emit positrons, par-
ticles with a charge opposite that of an electron; collisions between 
positrons and electrons in the  tissues   causes photon emission that 
can be detected and used to construct an  image  . Recently, fl uorine-
 18 has been used to label the interior of the bacteriophage MS2 
(mtMS2), providing information about the  biodistribution   of 
mtMS2 in vivo [ 27 ] .  In addition to PET  imaging   using live sub-
jects; tissues could also be detected and analyzed ex vivo using a 
gamma well detector; this could be helpful when accumulation of 
the  nanoparticles   in tissues is low and below the in vivo detection 
threshold. Other radiolabeling options include iodine-125, a radio-
active compound easily detected in excised tissues [ 9 ]. While there 
are signifi cant differences between these labels, they share several 
advantages over fl uorescence labeling, including no risk of photo-
quenching or photobleaching. A disadvantage of use of radiolabels 
is the potential diffi culty associated with handling and disposal. For 
protocols the reader is referred to the references discussed herein.   

6    Antibody Titers, Antibody Recognition, and  Complement   Activation 

 Determining antibody titers is an important milestone to gain 
insights into the immunogenic properties of (viral) drug delivery 
vehicles and contrast agents. Antibody titers and antibody recogni-
tion may provide critical implications on whether repeated admin-
istrations of the proposed formulation are possible. A nanoparticle 
that induces high antibody titers may be cleared rapidly upon 
repeat administration, therefore resulting in an altered longitudinal 
 pharmacokinetic   profi le and reduced  tissue   targeting properties. 
Enzyme-linked immunosorbent assay (ELISA) is the standard 
method to determine the titers and subtypes of carrier and cargo- 
specifi c antibodies produced upon single or repeat VNP adminis-
tration. Similarly, sandwich ELISAs are useful to determine whether 
antibodies produced recognize and neutralize the VNPs; for exam-
ple, while antibodies against PEGylated stealth VNPs may still be 
raised (at lower titers compared to non-PEGylated VNPs [ 16 ]), 
the antibodies may not recognize the PEGylated VNP version 
[ 35 ], and therefore may not interfere with the  pharmacokinetics   
and pharmacodynamics. 

 In the context of immune modulation, activation of the com-
plement system is another potential indicator of immune activa-
tion.  Complement   activation refers to a cascade of biochemical 
reactions leading to activation of  proteins   that bolster cell and 
humoral immunity. An increase in complement activation can 
increase MPS clearance and non-target deposition, therefore 
resulting in reduced VNP circulation time and therefore reducing 
potential interactions with the target cells and  tissues  . Additionally, 

5.4  PET Imaging 
and Other Radiolabels
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activation of complement is responsible for hypersensitivity and ana-
phylaxis, potentially life-threatening conditions. Protein C3 is a major 
component of the complement system that circulates in an inactive 
form and is activated by conversion to a small fragment (C3a) and a 
large fragment (C3b). By determining the relative concentrations of 
the inactive C3 to the active C3b, nanoparticle- induced activation of 
complement can be assessed [ 37 ,  52 ]. For screening purposes, these 
assays could be conducted using blood samples ex vivo .  

     This protocol is similar to that described in Ref. [ 35 ], a representa-
tive data set is shown in Fig.  6 . Generally foreign  proteins  , such as 
plant or bacterially produced proteins can elicit an  immune response   
and lead to production of antibodies. Therefore it is important to 
determine the antibody titers (this section). For repeat administra-
tion, it is also critical to evaluate whether the  produced antibodies 
may neutralize the formulation (see Sect.  6.1.2 ). Shielding tech-
niques, such as coating of the  protein  -based formulations with  poly-
mers   (e.g.,  PEG  ) can be used to overcome antibody recognition and 
also reduce clearance by mononuclear phagocytic cells (see Fig.  2 ).

6.1  Protocols 
for Determining 
Immune Responses

6.1.1  Determining 
Antibody Titer Using 
Enzyme Linked 
Immunosorbent Assay 
(ELISA)
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     1.    Inject healthy male Balb/c mice via tail vein with VNP formu-
lations containing 100 μg in 100 μL sterile PBS; the schedule 
and administration route should mimic the schedule used in 
the desired applications; e.g., weekly injections for chemother-
apy delivery or less frequent when  imaging   applications are 
proposed. A group injected with the  protein   ovalbumin should 
be used as a control.   

   2.    Collect blood via retro-orbital bleeding using heparin-coated 
tubes on days 0 (pre-bleed), 5, 10, 18, 24, 66, 74, 85, and 97. 
Isolate serum by centrifuging samples at 10,000 ×  g  for 10 min 
and analyzed using enzyme-linked immunosorbent assay 
(ELISA). Note, on days on which both injections and blood 
draws were performed, that blood draws should be performed 
fi rst.   

   3.    Coat 96-well plate with 10 μg/well of either VNP or ovalbu-
min in coating buffer and incubate overnight at 4 °C. Following 
coating, block wells using 200 μL/well blocking buffer at 
37 °C for 1 h. After blocking, add 100 μL of sera at various 
dilutions in blocking buffer and incubate at 37 °C for 2 h. 
After serum incubation, add 100 μL of alkaline phosphatase-
labeled goat anti-mouse IgG and incubate for 1 h at 37 °C. 
Stop reaction using 100 μL of 2 M NaOH. Read absorbance 
at 405 nm using a microplate reader.    

      This protocol is similar to that described in Ref. [ 35 ].

    1.    Perform VNP administration and blood sample collections as 
in previous protocol.   

   2.    Coat 96-well immuno plates overnight at 4 °C with a rabbit 
anti-VNP antibodies in coating buffer.   

   3.    After coating, block wells with blocking buffer for 1 h at 37 °C.   
   4.    Following blocking, add 5 μg of various VNP formulations in 

150 μL incubation buffer and incubate for 1 h at 37 °C.   
   5.    After incubation with VNP particles, 150 μL of sera were 

added at a dilution of 1:25,000 in incubation buffer and incu-
bated for 1 h at 37 °C.   

   6.    Develop wells by adding 100 μL of 1-step PNPP substrate for 
10 min at 4 °C.   

   7.    Stop the reaction by adding 100 μL of 2 M NaOH.   
   8.    Read absorbance at 405 nm using a microplate reader (Tecan).    

     This protocol is similar to that described in Ref. [ 52 ].

    1.    Obtain blood from healthy Balb/c mice or donor and centri-
fuge at 500 ×  g  for 10 min. Save the serum contained within 
the supernatant.   

6.1.2  Sandwich ELISA 
to Determine Whether 
Antibodies Produced Are 
Neutralizing

6.1.3   Complement   
Activation in Mouse or 
Human Blood Samples
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   2.    Prepare veronal-buffered saline (VBS) containing 0.15 mM 
Ca 2+  and 0.5 mM Mg 2+  ions (VBS 2+ ) and VBS containing 40 
nM EDTA (VBS–EDTA).   

   3.    Incubate VNPs or other nanoparticle suspensions (200 μL) 
under gentle agitation at 37 °C with 100 μL collected serum 
and 100 μL of VBS 2+ . Use VBS–EDTA as a negative control of 
complement activation. Serum should also be incubated with 
only VBS 2+  to determine the base complement activation under 
these experimental conditions. Use sephadex ®  G 25 superfi ne 
incubated in serum diluted in VBS 2+  as a positive control of 
complement activation.   

   4.    Following incubation, use electrophoresis on a 1 % agarose gel 
to electrofocus 5 μL of each sample. Agarose gel plates should 
contain a polyclonal antibody to human C3. Stain fi lms with 
Coomassie blue to identify C3 and C3b.   

   5.    Measure the height of the peaks shown on the immunoelectro-
phoretic plate. Activation of complement can be expressed as a 
ratio of the peak height of C3b detected and the height of C3.    

7        Summary and Future Prospects 

 As for any new nanotechnology, risks, benefi ts, and biologic inter-
actions must be carefully evaluated. In order to best understand 
the risks and benefi ts of nanotechnology, it is necessary to study 
many aspects of immune and other physiologic responses. Advanced 
understanding of the mechanisms of the body’s response will allow 
for better prediction of how nanoparticle composition and charac-
teristics will induce responses. A complete understanding of the 
in vivo fates of nanotechnologies will enable tailoring their proper-
ties to advance the technology development. In the future, 
improved  imaging   modalities may allow for better quantitative 
evaluation of nanoparticle traffi cking. At the same time, innovative 
shielding, camoufl age, and targeting strategies will enable to navi-
gate the physiological barriers to home to the desired  tissue  , cell, 
or molecular target.     
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    Chapter 5   

 Gold Nanoparticles for Biomedical Applications: 
Synthesis and In Vitro Evaluation       
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  Abstract 

   Gold nanoparticles can be synthesized in a wide range of sizes and shapes. They can be coated with 
 molecules, polymers, or phospholipids that yield solubility and stability in biological fl uids. Gold is inert 
and is generally regarded as biocompatible. Depending on their shape and structure, gold nanoparticles 
can have a number of remarkable properties, such as strong and tunable attenuation of light, fl uores-
cence, conversion of light to heat, and attenuation of X-rays. Due to these properties, gold nanoparticles 
have a wide range of biomedical applications. They have been used as contrast agents for fl uorescence, 
optical, photoacoustic, and X-ray imaging. They can function as drug or gene delivery vectors. They can 
also play roles in photothermal or radiosensitization treatment regimens. We herein present methods to 
synthesize, coat, and purify spherical gold nanoparticles that are 15–100 nm in diameter. We describe 
protocols to characterize these gold nanoparticles with dynamic light scattering, transmission electron 
microscopy, inductively coupled plasma-optical emission spectroscopy (ICP-OES) and for computed 
tomography contrast generation. Last, we detail methods to assess nanoparticle uptake by cells, effect on 
cell viability, and effect on cell function.  

  Key words     Gold  nanoparticles    ,    Nanomedicine    ,   Characterization  ,   Electron microscopy  computed 
tomography    ,   Cell uptake  ,   Cell viability  ,   Cytokine expression  

1      Introduction 

 There has been tremendous interest in the use of  nanoparticles   in 
medicine for over two decades [ 1 ]. Nanoparticles can have a num-
ber of advantages over small molecule agents such as long circula-
tion half-lives, enhanced accumulation in diseased  tissue  , effi cient 
targeting, high payloads and can easily be made multifunctional 
(i.e., can deliver multiple drugs, contrast agents, or combinations 
of the two) [ 2 ]. Furthermore, nanoparticles can sometimes have 
properties that are unavailable in small molecules, such as the 
superparamagnetism of  iron oxide  s, which generates strong con-
trast for  magnetic resonance imaging   [ 3 ,  4 ]. Nanoparticles have 
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therefore been used for drug delivery,  gene transfection  , vaccina-
tion, as contrast agents and in numerous other applications [ 5 ,  6 ]. 
Many nanoparticles are now in clinical use, with Doxil, a doxoru-
bicin loaded liposome anticancer drug, and Feridex, a dextran- 
coated iron oxide nanoparticle  MRI   contrast agent, among the 
fi rst to be approved [ 7 ]. 

 Gold  nanoparticles   (AuNP) have been used by humanity for 
more than 2000 years. For example, the Lycurgus cup, a decora-
tive goblet, is colored using  gold nanoparticle   s   and was made in 
the fi fth to fourth century BC [ 8 ]. Medical applications have been 
proposed for gold nanoparticles for centuries [ 9 ], but it is not until 
the last decade or so that informed, scientifi c work has been done 
to study their biomedical effects [ 10 ,  11 ]. Gold nanoparticles have 
a number of unusual properties that are valuable in biomedical 
applications [ 12 ]. They absorb light very strongly and their absorp-
tion maxima can be tuned from the visible to the near infrared (a 
region where  tissue   absorbs weakly and is therefore useful for bio-
medical applications) [ 13 ]. Certain gold nanoparticle types, such 
as nanorods, are fl uorescent in this region, yielding applications in 
optical  imaging   [ 14 ]. Gold nanoparticles are also effi cient at con-
verting absorbed light into heat and transmitting that heat to the 
surroundings. These features have led to applications in photo-
thermal therapy and photoacoustic imaging [ 15 – 17 ]. Gold 
nanoparticles enhance the Raman spectra of molecules close to 
their surface by orders of magnitude, which has led to a technique 
known as surface enhanced Raman spectroscopy (SERS) imaging 
[ 18 ,  19 ]. Furthermore, they have been used as vectors to deliver 
drugs or  nucleic acid   [ 20 – 23 ]. Last, gold attenuates high energy 
photons such as X-rays strongly, so gold nanoparticles have found 
use as contrast agents in X-ray based imaging techniques such as 
 computed tomography   ( CT  ) [ 7 ,  24 ], as well as adjuvants for radio-
therapy [ 25 ,  26 ]. Gold nanoshells are undergoing clinical trials in 
both head and neck  cancer   [ 27 ] and coronary artery disease [ 28 , 
 29 ] for tissue ablation. A phase I clinical trial has been completed 
by Aurimmune using TNFα bound to gold nanoparticles in 
patients with advanced solid organ tumors and reported no adverse 
effects [ 30 ]. These trials indicate the safety of gold nanoparticles in 
humans and a path to eventual clinical use. 

 To facilitate these and other applications, synthetic routes to a 
range of morphologies and sizes have been developed. Gold 
 nanoparticles   have been synthesized as spheres, rods, cages, shells, 
stars, cubes, plates, and other shapes [ 31 – 36 ]. Gold nanospheres 
and nanorods, for example, can be controllably synthesized to be 
from tens to hundreds of nanometers in  size   [ 37 – 39 ]. Once gold 
cores have been synthesized, additional steps typically have to be 
taken to coat them with molecules,  polymers   or lipids that yield 
aqueous solubility and biocompatibility [ 40 ,  41 ]. As alluded to 
above, the shape and size of  gold nanoparticle   s   highly infl uences 
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their properties. For example, the aspect ratio of gold nanorods 
affects the wavelength of their peak absorption and emission max-
ima and therefore affects their properties for photothermal therapy 
or fl uorescence  imaging  . Hence, methods to carefully characterize 
the products of gold nanoparticle syntheses are very important, in 
order to establish structure–function relationships and to under-
stand how changes in synthetic conditions can alter structure. In 
addition, it is important to study how these nanoparticles interact 
with cells. In the case of nanoparticles designed as contrast agents, 
the goal would be to have minimal impact on cells. In the case of 
therapeutics, the goal would be to avoid adverse affects on normal 
cells, but to destroy pathological cells. In addition, thorough evi-
dence of biocompatibility and effi cacy for the nanoparticle’s pur-
pose is needed before proceeding to in vivo experiments. For all 
these reasons, understanding the interactions of gold nanoparticles 
with cells in culture is crucial. 

 In this chapter, we provide example syntheses of  gold nanopar-
ticle   s   and describe their  characterization  , evaluation for an example 
biomedical application ( CT  ) and several assessments of their bio-
compatibility in vitro. Specifi cally, we describe a synthesis of 15 nm 
gold  nanoparticles  , coating with  polyethylene glycol   molecules to 
render them biocompatible and their purifi cation so that they are 
ready for use in biomedical applications. We also describe routes to 
gold nanoparticles of core sizes between 15 and 100 nm. We 
describe the characterization of these nanoparticles with transmis-
sion  electron microscopy   (T EM  ), dynamic light scattering (DLS), 
zeta potential measurements, and inductively coupled plasma opti-
cal emission spectrometry (ICP-OES). We also describe how to 
determine the CT contrast generation properties of the nanopar-
ticles. Methods to determine the amount of gold nanoparticles 
taken up in cells in vitro are outlined. Several methods to assess the 
effect of gold nanoparticles on  cell viability  , cell cytoskeleton, and 
cytokine production are detailed. Figure  1  outlines the develop-
mental process of going from gold nanoparticle synthesis and char-
acterization to biomedical evaluation.

2       Materials 

   Gold(III) chloride trihydrate, sodium citrate dihydrate and hydro-
quinone (all Sigma-Aldrich) are typically used for the synthesis of 
15–100 nm gold cores. Polyethylene glycol ( PEG  ) thiol ligands 
(Creative PEGWorks) with a molecular weight of 2 kDa and vari-
ous distal chemical groups are used to cap the  gold nanoparticle   s  .  

   Dulbecco’s modifi ed eagle’s medium (DMEM) supplemented 
with 10 % fetal bovine serum and 1 % penicillin/streptomycin 
(10,000 units/mL, 10,000 μg/mL) is typically used to culture 

2.1  Synthesis 
and Purifi cation 
of Gold Nanoparticles

2.2  Determining 
 Nanoparticle   Uptake
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  Fig. 1    Flowchart for  gold nanoparticle   synthesis and  characterization         
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cells on plastic. Dulbecco’s phosphate buffered saline (DPBS) is 
used for washing. Aqua regia is made in a 3:1 ratio of hydrochloric 
acid and nitric acid ( Note 1 ). 4 % paraformaldehyde (PFA) diluted 
in DPBS is used as a fi xative.  

   An MTS assay kit from Promega Corp is used. This assay kit con-
tains solutions of MTS and an electron coupling reagent (phen-
azine methosulfate; PMS). These solutions are combined upon 
receipt, aliquoted and frozen.  

   The LIVE/DEAD ®  Viability/Cytotoxicity Kit for mammalian 
cells (Life Technologies) is used for cell toxicity evaluation. A stock 
solution of 3.2 mM Hoechst 33342 is used to stain nuclei (Life 
Technologies). Staining cocktail is made fresh before each experi-
ment from 2 μL of stock Hoechst solution, 4 μL of stock ethidium 
homodimer-1 solution and 1 μL of stock Calcein AM in 2 mL of 
DPBS. Staining cocktail contains a fi nal concentration of 2 μM 
Calcein AM, 4 μM ethidium homodimer-1, and 3.2 μM Hoechst 
33342.  

   Lipopolysaccharides from  E. coli  (LPS, Sigma-Aldrich, L6529) are 
used to stimulate cytokine release. ELISA kits (Life Technologies) 
are used for cytokine quantifi cation.   

3    Methods 

        There are many methods used to synthesize  gold nanoparticle   s   in 
a range of shapes and sizes [ 12 ]. One of the most commonly used 
methods is that of Turkevich, where a boiling solution of gold(III) 
chloride trihydrate is reduced with sodium citrate in water [ 31 ]. 
The citrate ions also act as capping agents, coating the surface of 
the resulting  nanoparticles   (for biological applications, the citrate 
ions have to be substituted with ligands that provide stability in 
saline solutions, see later for example methods). A typical synthesis 
based on the Turkevich method produces 15 nm gold cores, 
although larger sizes can be accessed with this method by reducing 
the amount of sodium citrate added [ 38 ]. Smaller gold nanopar-
ticles (1–5 nm) can be synthesized by use of sodium borohydride 
in addition to sodium citrate [ 42 ]. 

 Another classic method for the synthesis of  gold nanoparticle   s   
is the Brust method [ 43 ]. In this approach, gold chloride is trans-
ferred from water to toluene or another hydrophobic solvent using 
a phase transfer reagent. A capping ligand such as dodecanethiol is 
added, before sodium borohydride is added to form the  nanopar-
ticles  . The resulting gold nanoparticles are 1–5 nm in  size  , depending 
on the amount of ligand used—the less ligand, the larger the cores 

2.3  MTS Assay 
to Determine Cell 
Viability

2.4  LIVE/DEAD Assay 
to Determine Cell 
Viability

2.5  Evaluating 
 Nanoparticle   Effect 
on Cytokine 
Expression

3.1  Synthesis 
and Purifi cation 
of Gold Nanoparticles

3.1.1  Synthesis of 15 nm 
Spherical Gold Cores
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produced [ 44 ]. As these AuNP are capped with dodecanethiol or 
ligands like it, they are therefore hydrophobic. For use in biologi-
cal applications they need to be rendered soluble in saline solu-
tions. Approaches to this include ligand substitution, coating 
with amphiphiles or embedding in a matrix such as  PLGA   or an 
oil [ 40 ,  45 – 47 ]. Gold nanoparticles can be synthesized via this 
method on the gram scale and are robustly stable. However 
transfer to aqueous media can be cumbersome and only small 
 sized   cores can be made. 

 As mentioned above, many other  gold nanoparticle   s   morphol-
ogies can be made, such as rods, cages, shells, stars and so forth 
[ 31 – 36 ]. Rods can be made from gold seeds that are extended by 
use of a growth solution and cetyl trimethylammonium bromide 
(CTAB) [ 37 ]. CTAB preferentially binds to the (100) facets of the 
gold seed, resulting in deposition predominantly on one axis. 
Cages and shells are often made by deposition of gold onto a tem-
plate [ 13 ]. For example, shells can be made by deposition of gold 
onto silica spheres [ 34 ]. Gold seeds are incubated with the silica 
and attach to the silica surface. These seeds act as nucleation points 
for a gold growth solution, resulting in shell formation [ 48 ]. In 
some cases the template is removed by chemical processes that 
leave the gold undisturbed (in which case it is known as a sacrifi cial 
template). The Xia group have used silver cubes as such templates, 
which results in gold nanocages, via the use of iron(III) nitrate or 
ammonia etchants [ 49 ]. Gold nanostars have been synthesized 
under a number of conditions. For example, Kumar et al. reported 
the synthesis of gold nanostars via the addition of gold chloride 
and poly(vinylpyrrolidone) (PVP) to 15 nm, PVP-coated gold 
seeds [ 50 ]. The reader is encouraged to consult the references for 
more detail on the synthesis of gold  nanoparticles   of unusual 
morphology. 

 A synthesis of 15 nm gold cores based on the Turkevich 
method is described here. 98 mg of gold(III) chloride trihydrate is 
dissolved in 250 mL of deionized (DI) water and brought to a 
boil. 285 mg of sodium citrate dehydrate dissolved in 25 mL DI 
water is added. Upon the addition of sodium citrate, the yellow 
solution should turn colorless, then black, followed by deep red. 
The solution should be allowed to refl ux for 15 min and then 
allowed to cool to room temperature. If the glassware/stirrer is 
not well-cleaned, the solution may turn black, but not change 
color to red. In this case, the  gold nanoparticle   s   will aggregate at 
the bottom of the fl ask and cannot be redispersed. Rinsing the 
glassware with aqua regia prior to the reaction will thoroughly 
clean the glassware and prevent aggregation.  

     Gold  nanoparticles   must be stable in biological media to be useful 
in biomedical applications [ 40 ]. Stability is needed in vivo in 
 particular, so that the nanoparticles can circulate and reach their 

3.1.2  Capping 
and Purifi cation
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target  tissues  . Citrate-coated  gold nanoparticle   s  , for example, will 
immediately aggregate and precipitate when added to biological 
media. Polyethylene glycol ( PEG  ) coatings provide AuNP with 
stealth properties, i.e., they are stable, circulate well in blood, and 
evade the immune system [ 41 ]. These coatings also provide excel-
lent solubility in biological media and have good biocompatibility. 
As an example, we present below the capping of 15 nm gold cores 
with PEG-thiol ligands. The thiol groups attach to the gold sur-
face, and PEG provides a highly stable coating for the gold 
nanoparticles [ 41 ]. Coated gold nanoparticles are purifi ed before 
use in biological experiments to ensure that results such as effects 
on  cell viability   are due to the gold nanoparticles, as opposed to 
free ligands in solution. For example, there was concern that gold 
nanorods produced signifi cant toxicity, but it was found that the 
toxicity in fact arose from residual CTAB from their synthesis [ 51 ]. 
Similar approaches could be taken with many thiol ligands, 
although the stability that they confer in biological media needs to 
be individually tested. This can be done by dispersing the coated 
gold nanoparticles in a medium such as DPBS or cell culture media 
and recording the absorbance of the gold nanoparticles in the 
medium over time. Unstable gold nanoparticles will typically form 
a black precipitate in a short period of time. 

 In the method presented below, purifi cation is achieved by 
exploiting the high density of the  gold nanoparticle   s   compared to 
the molecules and ions used in the synthesis. Therefore the gold 
 nanoparticles   will sink to the bottom of the tube under centrifuga-
tion. The supernatant is removed and the nanoparticles redispersed 
in fresh solution. This is repeated several times in order to produce 
a highly purifi ed agent. There are various alternative approaches to 
achieve this same goal. One variation of the above approach is to 
centrifuge the agent on a density gradient made from potassium 
bromide or sucrose. Such as approach is particularly valuable when 
there is only a small difference in density between the product and 
by-products, such as the loading of low density lipoprotein with 
3 nm gold nanoparticles [ 47 ]. In addition, the larger  size   of gold 
nanoparticles can be exploited through the use of molecular weight 
cut-off (MWCO) centrifugal concentrator tubes (e.g., 10,000 
MWCO), where the impurities fl ow through the fi lter into the 
waste compartment and the nanoparticles are retained in the upper 
chamber [ 52 ]. In a related approach, MWCO diafi ltration columns 
connected to a pump and reservoirs of fresh buffer can be used 
[ 53 ]. Precipitation with a solvent in which the gold nanoparticles 
are insoluble and then washing with solvents in which the impuri-
ties are soluble is used in the Brust method [ 43 ]. 

 A method for capping with a methoxy- PEG   thiol and purifi ca-
tion with a fl oor centrifuge of 15 nm, spherical AuNP synthesized 
in Sect.  3.1.1  is described below. The radial centrifugal force (rcf) 
and times given here are optimized for this core  size   and coating. 
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The rcf and time needed to isolate the gold cores will vary depend-
ing on the formulation and will need to be determined empirically. 
In addition, in our experience, the time and rcf needed to pull 
down AuNP will vary between centrifuge models.

    1.    Dissolve 25 mg of the  PEG  -thiol ligand in 1 mL of deionized 
water.   

   2.    Add 1 mL of the 25 mg/mL  PEG  -thiol solution to each 250 
mL  gold nanoparticle   batch ( see  Sec. 3.1.1) for a fi nal concen-
tration of 0.048 mM.   

   3.    Leave the solution to incubate at room temperature for 24 h.   
   4.    Split the resulting solution evenly into eight 50 mL high-speed 

centrifuge tubes (~32 mL in each tube) and spin the solution 
down in a centrifuge at 14,500 rcf for 120 min.   

   5.    Discard the supernatant. Collect the pellets into 1 mL 
Eppendorf tubes and centrifuge at 17,000 rcf for 45 min.   

   6.    Discard the supernatant. Collect the pellets into a single tube 
and resuspend them in 1 mL of deionized water.   

   7.    Pass the resulting solution through a 450 nm millipore fi lter to 
sterilize and remove any aggregates.    

     Gold cores larger than 15 nm can be synthesized via the Turkevich 
method, by simply decreasing the amount of citrate added to the 
 gold nanoparticle   s  , as reported by Frens [ 38 ]. However, in our 
experience, these  nanoparticles   are faceted, heterogeneous in shape 
and vary in  size  . Nanoparticles that are more homogenous in size 
and shape (Fig.  2 ) can be formed via a seeded growth approach 
[ 39 ], as described below. As was mentioned in Sect.  3.1.1 , synthesis 
of seeds and subsequent growth on the seeds is a commonly used 
method to access AuNP shapes and sizes that are diffi cult to obtain 
from a direct synthesis method. In this case, relatively small gold 
cores (i.e., 15 nm) can be made in a homogenous fashion, therefore 
use of a growth solution allows access to homogenous larger core 
sizes. The growth solution uses gold chloride with weak reducing 
agents, i.e., hydroquinone and sodium citrate. At room tempera-
ture, these agents are not strong enough to cause the nucleation of 
new gold cores, but can cause gold ions to deposit onto existing 
gold cores, therefore the product is simply larger gold cores than 
the seeds used. Large AuNP can be stored in ambient environment 
without degradation. Particles may sink to the bottom of the fl ask 
but can be homogenously redistributed by vortexing.

    1.    Synthesize a 15 nm gold core stock solution as per the method 
of Turkevich described above ( see  Sect.  3.1.1 ). Centrifuge as per 
Sect.  3.1.2  and resuspend in deionized (DI) water at a concen-
tration of 250 μg/mL. Do not add additional capping ligands.   

   2.    Dissolve 30 mg of gold(III) chloride trihydrate in 3 mL of 
deionized water to create a 1 % solution.   

3.1.3  Seeded Growth 
Synthesis of Large Gold 
Cores
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   3.    Dissolve 113 mg of hydroquinone in 3 mL of deionized water 
to create a 0.34 M solution ( Note 2 ).   

   4.    Add 290 mL of DI water to a 500 mL Erlenmeyer fl ask with a 
stir bar and set on a stir plate at 300 rpm.   

   5.    Add 3 mL of the gold(III) chloride solution to the fl ask.   
   6.    Depending on the  size   of the gold core desired, add one of the 

following volumes of 15 nm gold cores synthesized as above to 
the fl ask:

 Volume of 15 nm gold cores (μL)  Resulting particle  size   (nm) 

 12,000  30 

 3000  45 

 2250  60 

 810  80 

 450  100 

  Fig. 2    Transmission  electron microscopy   of  gold nanoparticle   s  . ( a ) 15 nm gold 
“seed” nanocrystals. ( b – d ) Larger gold nanocrystals (30, 80, and 100 nm) grown 
from the seeds. Scale the same in  a – d        
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       7.    Immediately add 660 μL of the sodium citrate solution to the 
fl ask.   

   8.    Add 3 mL of the hydroquinone solution to the fl ask and stir 
the solution vigorously. A rapid color change should be 
observed during this process.   

   9.    Allow the solution to stir for 1 h to ensure the reaction has 
fi nished.   

   10.    These larger gold cores can be capped and purifi ed as in Sect. 
 3.1.2 .    

       Before undertaking biological experiments,  gold nanoparticle   s   
should be characterized in terms of particle  size   (core and hydro-
dynamic diameter) and quantitative measurement of gold content. 
The aim of this is to determine whether the AuNP meet the design 
criteria, to allow the impact of size and morphology to be probed 
and to allow the effect of AuNP dose to be studied. This is very 
important as these factors can have tremendous impacts on thera-
peutic and contrast agent effi ciency, as well as affecting uptake in 
cells or tumors. Changes in gold nanoparticle shape result in dras-
tic changes in their optical properties. For example, 5 nm gold 
spheres normally have adsorption maxima at about 520 nm. The 
absorbance of gold nanorods depends on their aspect ratio, but it 
is easily tunable into the near-infrared, i.e., 650–900 nm, the wave-
lengths where  tissue   absorbs least [ 37 ]. Light-based therapeutic 
and  imaging   techniques such as photothermal ablation or photo-
acoustics typically use lasers whose wavelengths are in the near 
infrared for this reason. In addition, gold nanostars produce strong 
enhancement of Raman spectra at the tips of their points, thereby 
producing strong contrast in SERS based imaging [ 50 ]. Therefore, 
careful determination of structure and shape is crucial to produc-
ing  nanoparticles   of the desired properties. 

 AuNP can be characterized using dynamic light scattering 
(DLS) to measure their hydrodynamic diameter and transmission 
electron microscopy (TEM) to determine their core diameter [ 41 ]. 
 Nanoparticle   surface charge can be determined using zeta poten-
tial measurements. Inductively coupled plasma optical emission 
spectrometry (ICP-OES) is one of the best techniques to deter-
mine gold concentration [ 26 ]. Other methods are sometimes used 
to characterize AuNP, such as scanning  electron microscopy   (pro-
vides information on surface morphology and  size  ), high- resolution 
TEM (provides information on the crystallinity of the material), 
X-ray powder diffraction (used to determine crystal structures), 
selected area electron diffraction (SAED—also used to determine 
crystal structures), energy-dispersive X-ray spectroscopy (EDS—
used to determine elemental composition in an electron micros-
copy fi eld of view) and so forth, although the crystal structure of 
elemental gold does not frequently vary based on the synthesis 

3.2  Characterization 
of Gold Nanoparticles
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method. However DLS, zeta potential, TEM and ICP-OES are 
the most commonly used  characterization   methods. 

   Hydrodynamic diameter measurement using DLS is one of the 
most frequently used methods to determine nanoparticle  size  . The 
results derived from DLS can be challenging to interpret as  gold 
nanoparticle   s   used in nanomedicine are composed of at least two 
phases, i.e., the gold core and the coating, which have different 
refractive indices. DLS principally observes the scatter of light from 
particles that results from the gold core, coating, and adsorbed 
water molecules around the particle. Therefore, DLS size measure-
ments are typically larger than TEM core measurements. 
Furthermore, the complex shapes of gold  nanoparticles   can con-
found accurate data determination—the determination of an aver-
age diameter for a rod or a plate conveys limited information, often 
presenting a bimodal distribution of particle size [ 54 ]. Nevertheless, 
DLS can give a reasonable estimate of total size, especially for 
spheres. It is also interesting to determine the size of the nanopar-
ticles in cell culture media, to simulate the size found in biological 
settings. In addition DLS measurements taken over time, both 
from stored samples and samples in cell culture media, can inform 
on sample stability. However, measuring particles in serum may 
induce artifacts due to  protein   aggregates that occur in some serum 
samples. Additionally, as small amounts of particulates such as dust 
in the solution can yield erroneous results, it is important to fi lter 
samples prior to measurements. The protocol for the measurement 
of hydrodynamic diameters of AuNP using Zetasizer Nano ZS-90 
(Malvern Instrument, Malvern, UK) is described below. Take 20 
μL of AuNP from a stock (ca. 5 mg/mL) and dilute with 2 mL of 
a solvent such as DI water or PBS. This solution should be fi ltered 
into a clear-sided cuvette and a Zetasizer (Nano ZS-90, Malvern 
Instrument, Malvern, UK) or similar instrument to determine the 
hydrodynamic diameter. The solvent chosen for DLS measure-
ments is important, as the measurement will vary depending on the 
solvent used. Normally a saline solution such as PBS is used. 
Filtering the sample prior to measurement is important, as small 
amounts of particulates such as dust in the solution can yield erro-
neous results.  

    Zeta potential measurements determine the surface charge of 
 nanoparticles  . Zeta potential can frequently be measured using the 
same devices used to measure DLS, using modifi ed cells, but sam-
ples are prepared in the same way. Zeta potential measurements 
help to predict the properties of nanoparticles in biological media. 
Highly positively charged nanoparticles will likely aggregate in 
serum, have short circulation half-lives and be rapidly phagocy-
tosed by cells of the reticuloendothelial system, such as macro-
phages [ 55 ]. Nanoparticles whose surface charge is close to neutral 

3.2.1  Dynamic Light 
Scattering

3.2.2  Zeta Potential
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or negatively charged are more likely to be stable in serum and 
avoid phagocytosis [ 55 ].  

    TEM can be used to determine nanoparticle  size   and shape. The 
most frequently used method of sample preparation is to simply 
drop the sample onto the grid and allow it to dry. The sample is then 
imaged using conventional TEM. This method is frequently suffi -
cient to analyze the sample. However, for complex structures, more 
advanced approaches may be additionally informative. For example, 
air-dried samples can be imaged with TEM tomography, where the 
grid is rotated and the sample imaged from many angles. These 
images are then computationally processed to create three dimen-
sional images of  nanoparticles  . This can be very useful to determine 
the structure of complex assemblies, such as when gold nanocrystals 
are embedded in  polymer   matrices [ 56 ]. In addition, cryo- electron 
microscopy   is an approach where a small volume of the sample is 
fl ash-frozen, sectioned and imaged at low temperatures. This has the 
advantage that the sample is viewed in a native state, although the 
procedure is more complicated and the nature of the sample can 
limit the magnifi cation used, as the beam can damage the sample. 
Depending on the model and confi guration of the electron micro-
scope, some of the additional  characterization   methods mentioned 
in Sect.  3.2  may be available, such as EDS or SAED. 

 Transmission  electron microscopy   of AuNP using a JEOL 
1010 microscope is described below. Example images are displayed 
in Fig.  2 . Dilute 5 μL of AuNP from stock (~5 mg/mL) with 500 
μL of fi ltered DI water (fi nal concentration ~50 μg/mL). 10 μL of 
this AuNP suspension is dropped onto a carbon-coated copper 
grid (FCF-200-Cu, Electron Microscopy Sciences, PA, USA) and 
allowed to dry. The prepared grid is gently placed on the TEM 
sample holder and inserted into the electron microscope. Images 
are acquired of the AuNP. Image J software (NIH, USA) can be 
used to analyze their core diameters.

     
 Knowledge of gold concentration, as determined by ICP-OES, 
allows precise dosing of AuNP for in vivo and in vitro experiments. 
ICP-OES is typically sensitive enough for characterizing samples. If 
the  gold nanoparticle   s   are diluted, e.g., after incubation with cells or 
injection into animals, the sensitivity of ICP-OES may not be good 
enough to determine concentrations. In these cases, more sensitive 
methods such as ICP-mass spectrometry (ICP-MS) may be needed. 
The measurement of the gold concentration in a AuNP formulation 
using ICP-OES (Spectro Genesis ICP) is described below.

    1.    Take 5, 10 and 25 μL of AuNP from stock and add to three 
separate 15 mL falcon tubes.   

   2.    Add 1 mL of aqua regia (3:1 ratio of concentrated hydrochlo-
ric to nitric acid) to each tube to dissolve the AuNP (   Note 1 ).   

3.2.3  Transmission 
Electron Microscopy

3.2.4  ICP-OES
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   3.    Make the fi nal volume of each sample to 5 mL by adding DI 
water.   

   4.    Dilute a gold analytical standard in the range from 0 to 50 ppm 
(e.g., 0, 0.5, 1, 5, 10, 25, and 50 ppm) with DI water. Gold 
analytical standards can be purchased from Fisher Scientifi c 
(Pittsburgh, USA).   

   5.    Analyze the standards on the ICP-OES instrument, then pro-
ceed to the samples.   

   6.    The results obtained from the ICP-OES are then multiplied by 
their respective dilution factors for each sample.   

   7.    Average the three samples to obtain the fi nal concentration of 
gold in the AuNP formulation.    

      CT   contrast generation (attenuation rate) is a key characteristic of 
CT contrast agent performance [ 57 ]. It can help predict the con-
centrations needed to detect signal in the blood or  tissues   in vivo. 
A phantom containing the samples is formed, this is scanned and 
the images are analyzed (“phantom” is a medical  imaging   term for 
an object designed to be scanned to allow contrast to be analyzed). 
With an eye towards translation to patients, clinical CT scanners 
should be used, as in the method described below. If preclinical 
experiments are planned, the attenuation rate can be determined 
with preclinical scanners also, using a smaller phantom. Tissues 
attenuate low energy X-rays more than high energy X-rays, an 
effect known as beam hardening. Therefore it is important to eval-
uate CT contrast with the samples submerged in a water, to simu-
late beam hardening. The phantom described above simulates the 
contrast in an abdomen, where there is little bone. Slabs of calcium 
phosphate can be added to the phantom to simulate conditions in 
the chest or other regions of the body where there is a lot of bone. 
For preclinical scanners, phantoms of varying sizes can be used to 
simulate beam hardening in mice, rats or other animals. The X-ray 
energies and  image   acquisition approach are different in clinical 
and preclinical scanners [ 58 ], necessitating separate CT contrast 
determination. When reporting the attenuation rate of a formula-
tion, the scanner model and X-ray energies used should be reported.

    1.    Dilute the  gold nanoparticle   solution with PBS to a range of 
concentrations such as 5, 10, 20, 30, 40, 50, 70, and 100 
mM. Pipette 1 mL of each sample into a 1.5 mL centrifuge 
tube. Wrap each tube with Parafi lm to seal it. Make three tubes 
for each concentration.   

   2.    Place each tube in the same four-way rack. Wrap the rack with 
Parafi lm to hold the tubes in the rack.   

   3.    Place an empty rack and then the rack containing samples into 
a plastic container of similar width to a human chest. Tape the 
racks down to the bottom of container. Fill the container with 

3.2.5   CT   Contrast 
Generation Evaluation
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water to a height of 21 cm to complete the phantom. The 
empty rack is used to raise the rack containing samples to the 
center of the container.   

   4.    Scan the phantom with a clinical  CT   scanner, such as a Siemens 
Defi nition DS. An abdomen scan can be used. Scan with 80, 
100, 120 and 140 kV. Export the data to a USB drive or a 
DVD.   

   5.    Load the data into OsiriX or similar  image   analysis software. 
Analyze the data by placing an ROI on three slices for each 
tube and recording the attenuation values. Ensure that the 
ROI used is always the same  size   and placed in the same area of 
each tube.   

   6.    Average the values for each tube and then make averages for 
each concentration. Plot attenuation versus concentration. 
The slope of the line is the attenuation rate.    

        Quantifying the cellular uptake of  gold nanoparticle   s   is an impor-
tant parameter for many biomedical applications. In vitro quantifi -
cation can demonstrate whether targeted AuNP are taken up by 
their desired cell type or whether “stealthy” AuNP avoid  cell 
uptake  , for example [ 59 ]. In cases where gold  nanoparticles   are 
being used for therapy, studying uptake will be informative as to 
whether a therapeutic effect is expected—if there is minimal gold 
nanoparticle uptake, little therapeutic effect should be expected. 
Studies have shown that gold nanoparticle’s  size   can play a signifi -
cant role in the  interaction   between particles and cells. Some 
reports have shown a parabolic relationship between the size of 
gold nanoparticles and cellular uptake, suggesting an ideal size for 
uptake [ 60 ,  61 ]. Chithrani et al. evaluated gold nanoparticles of 
the same shape and coating but with varied sizes and found 50 nm 
diameter particles to have the highest cellular uptake in HeLa cells 
[ 62 ]. While these results demonstrate signifi cant size dependence 
for cellular uptake, a variety of factors including gold dosing, gold 
nanoparticle coating and cell type undoubtedly contribute to the 
overall cellular uptake [ 63 ]. Therefore the optimal size for highest 
uptake (or conversely for lowest uptake) will need to be deter-
mined for each nanoparticle on an individual basis. 

  Nanoparticle   uptake can be determined through direct and 
indirect methods. Here, we describe a direct quantifi cation method 
using ICP-OES and an indirect method utilizing the X-ray attenu-
ation properties of AuNP with  CT  . For the latter, the X-ray attenu-
ation from  gold nanoparticle   s   is linearly correlated to the amount 
of gold present in the sample. ICP-OES is more sensitive than CT 
for determining gold nanoparticle uptake. However, CT is higher 
throughput (dozens of pellets can be imaged in a single scan) and 
substantial gold nanoparticle uptake will be apparent in CT. These 
two techniques will quantify total uptake. It can also be interesting 

3.3  Interactions 
of Nanoparticles 
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to study the sub-cellular localization of gold  nanoparticles  . This 
can be done by the  electron microscopy   methods described in Sect. 
 3.2.2 . Cells can be prepared for TEM using the same approach as 
for CT, except 2.5 % glutaraldehyde is used for fi xation. Electron 
microscopy pathology labs will then be able to prepare the cells for 
TEM using standard methods used for  tissue  .

    1.    Culture cells into 6-well plates at 2 M cells/well. Allow cells to 
equilibrate overnight at 37 °C, 5 % CO 2  ( Note 3 ).   

   2.    Remove the cell culture media. Prepare AuNP at desired con-
centration in cell culture media. Add 1 mL of AuNP treatment 
into each well. Incubate at 37 °C, 5 % CO 2  for the desired 
treatment time ( Note 4 ).   

   3.    Remove the cell culture media in each well and gently wash 
wells two times with DPBS.   

   4.    Detach cells from wells using a scraper or trypsin–EDTA. Collect 
cells in 1.5 mL Eppendorf tubes and centrifuge at 300 rcf for 
5 min to form cell pellets. These pellets can either be analyzed 
with ICP-OES ( step 5 ) or  CT   ( step 6 ).   

   5.    For ICP-OES quantifi cation:
   (a)    Remove the supernatant and disperse cell pellet with 1 mL 

of aqua regia. Allow approximately for 20–30 min for 
digestion.   

  (b)    Centrifuge samples at 300 rcf for 5 min to pellet cellular 
debris. Collect supernatant and place in 15 mL falcon 
tubes.   

  (c)    Dilute samples with DI H 2 O to 5 mL of total volume.   
  (d)    Evaluate gold concentration of samples using ICP-OES sys-

tem such as the Spectro-Genesis, as detailed in Sect.  3.2.3 .   
  (e)    Using these results and total treated dose, AuNP uptake % 

can be evaluated.       
   6.    For  CT   attenuation quantifi cation:

   (a)    Remove the supernatant from pellets formed in    steps 1–4  
and disperse them with 200 μL of 4 % PFA.   

  (b)    Transfer fi xed cell solution into 250 μL tubes and allow 
the cells to settle overnight.   

  (c)    Arrange tubes in rack and wrap with Parafi lm.   
  (d)    Scan the samples with a clinical scanner such as the Siemens 

Defi nition DS.   
  (e)    Load images into an  image   analysis software package such 

as OsiriX. Draw ROIs in each cell pellet on three slices, 
recording attenuation values. Attenuation values can be 
used as an indirect measure of gold uptake in each sample. 
 See  Fig.  3  for example data.
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              While  gold nanoparticle   s   are frequently found to be biocompatible, 
certain physical characteristics and coatings may affect the cytotox-
icity of the gold  nanoparticles  . Groups have studied the cytotoxicity 
of gold nanorods as compared to gold nanospheres in multiple cell 
types and found a shape dependent  interaction   between nanomate-
rials and cells [ 64 – 66 ]. For example, Schaeublin et al. showed that 
gold nanorods coated with  PEG   still caused toxicity to keratino-
cytes in a dose dependent manner whereas spherical nanoparticles 
did not cause toxicity [ 67 ]. Cytotoxicity can also be affected by 
gold nanoparticle core  size   and capping ligands used to coat gold 
nanoparticles. Characteristics such as charge, hydrophobicity, and 
polarity of the coating have been found to affect biocompatibility 
[ 68 ,  69 ]. Furthermore, nanoparticle size was shown to infl uence 
cellular interactions and cytotoxicity [ 70 ,  71 ]. The MTS assay is a 
colorimetric method for determining the number of viable cells. 
Cells bioreduce the tetrazolium compound [3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4- sulfophenyl)-2H-
tetrazolium, inner salt; MTS] into a formazan product that is 
soluble in cell culture medium. The absorbance of formazan at 
490 nm can be measured directly from the 96-well plates and is 
directly related to the number of living cells in culture. It should be 
noted that this assay is useful for instances where the  cell uptake   of 
the nanoparticle agent is low. When a signifi cant uptake of the 
nanoparticles agent by cells is observed, the color of the agent in 
the cells can affect the accuracy of the measured absorbance. In 
these cases, the LIVE/DEAD assay can be used as an alternative for 
measuring  cell viability   in vitro ( see  below). These two assays are 
measures of cell viability. Various other effects of nanoparticles can 
be studied also. We have described how to measure effects on 
 cytokine production and cell area below. Additional assays include 
alamar blue (viability), MTT (viability), carboxy- H2DCFDA 

3.3.2  MTS Assay 
to Determine Cell Viability

  Fig. 3    ( a )  CT   images of cell pellets. ( b ) Results of analysis of CT images of pellets of cells that had been incu-
bated with 15 nm AuNP coated with  PEG   ligands with the named groups at their distal ends. MeO = methoxy. 
MeO-Amine denotes AuNP coated with a 1:1 mixture of those ligands       
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( reactive oxygen species), thiobarbituric acid reactive substances 
(oxidative stress), alkaline comet (DNA damage), YO-PRO-1/
propidium iodide (apoptosis), and activating transcription factor 6 
(unfolded  protein   response) among many others [ 72 ,  73 ].

    1.    Culture cells into a 96-well plate overnight at 37 °C, 5 % CO 2 . 
The optimum number of cells per well depends on the cell 
type, cell growth rate, and the treatment time. For most cell 
types and treatment times of less than 24 h, 5–10 k cells 
seeded/well produces a signal in the linear range of the assay.   

   2.    Remove the media and add 100 μL per well of fresh cell cul-
ture media containing  gold nanoparticle   s   diluted to the desired 
dose. Use at least 6 wells/condition including untreated wells 
as controls.   

   3.    Incubate at 37 °C, 5 % CO 2  for the desired treatment time.   
   4.    Dilute combined MTS/PMS solution with cell culture media 

in a 1:5 ratio.   
   5.    Remove the  gold nanoparticle   solution and gently wash the 

wells with DPBS.   
   6.    Pipet 120 μL of MTS/PMS in cell culture media into each well 

of the plate.   
   7.    Incubate the plate for 1–4 h at 37 °C in a humidifi ed, 5 % CO 2  

atmosphere.   
   8.    Record the absorbance at 490 nm using a plate reader.    

     The cytotoxic effects of AuNP are an important consideration for 
any biomedical application. Gold has been shown to remain inert 
in biological systems, however various coatings of  gold nanoparti-
cle   s   may alter the cytotoxicity of the particles. Therefore it is 
important to understand how a particular AuNP formulation may 
affect the viability of different cells. AuNP can quench fl uorescent 
signal or increase the absorbance in a system. As many  cell viability   
assays rely these readouts, erroneous results may be found when 
cells signifi cantly take up AuNP. Here we present a method that 
directly quantifi es cell viability by staining and counting cells. This 
method has the advantage of giving results in a binary fashion, 
with cells either stained as viable or as dying rather than depending 
on signal intensity. The number of cells to seed per dish will vary 
depending on cell type. Typically, ~50 % confl uency at the end of 
the treatment should be the aim. If the cells are too confl uent, dif-
fi culties may arise with the use of automated counting software.

    1.    Culture cells into glass bottom culture dishes at 75 k cells/dish 
for overnight at 37 °C, and 5 % CO 2 .   

   2.    Remove the cell culture media. Prepare AuNP at desired 
concentration(s) in cell culture media. Add 300 μL of AuNP 
treatment into each dish. Incubate at 37 °C, 5 % CO 2  for the 

3.3.3  LIVE/DEAD Assay 
to Determine Cell Viability
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desired treatment time. Untreated cells should be used as con-
trols ( Note 4 ).   

   3.    Remove cell culture media from each dish and gently wash 
twice with DPBS.   

   4.    Place 300 μL of staining cocktail into each dish. Incubate each 
dish at 37 °C, 5 % CO 2  for 20 min.   

   5.    Using a fl uorescent microscope, 10× images are taken in each 
well using separate excitation fi lters for DAPI, FITC, and Texas 
red or similar fi lters. DAPI fi lter will excite Hoechst stain indi-
cating total cells in the fi eld of view. FITC fi lter will excite the 
Calcein AM stain indicating living cells. Texas red fi lter will 
excite the ethidium homodimer-1 stain indicating dead cells 
( Note 5 ).   

   6.    Use  image   processing software (e.g., MATLAB or ImageJ) to 
count the number of cells in each image for each fi lter. Viability 
% can be calculated by dividing the number of living cells by 
total cells ( Note 6 ).    

     Many cell types release cytokines as a part of their ordinary func-
tion, or will do so under infl ammatory stimuli. Therefore measure-
ment of  cytokine expression   can be a subtler marker of adverse 
effect on the cells than viability measurements. Here we describe a 
method to quantify the tumor necrosis factor–α (TNF-α) release 
from monocyte cells (RAW 264.7) stimulated with lipopolysaccha-
rides (LPS) using a sandwich ELISA kit. The release of this cyto-
kine upon stimulation with LPS is a hallmark of monocyte function. 
If  gold nanoparticle   s   do not affect its release, that indicates mini-
mal impact on the cells.

  Generation of Samples 

   1.    Culture cells into a 96-well plate at 15 k cells/well overnight 
at 37 °C, 5 % CO 2 .   

   2.    Remove the cell culture media. Prepare AuNP at desired 
concentration(s) in cell culture media. Add 100 μL of AuNP 
treatment into each well and incubate at 37 °C, 5 % CO 2  for 
the desired treatment time. Untreated cells should be used as 
controls ( Note 4 ).   

   3.    Remove cell culture media in each well and gently wash wells 
two times with DPBS.   

   4.    Replace 100 μL of cell culture media in each well supple-
mented with 100 ng/mL of LPS and incubate at 37 °C, 5 % 
CO 2  for 3 h.   

   5.    Collect cell culture media and use fresh for ELISA or store at 
−80 °C.   

   6.    Count cells from each well using a hemocytometer.    

3.3.4  Evaluating 
 Nanoparticle   Effect 
on Cytokine Expression
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  ELISA for TNF-α ( Note 7 ) 

   1.    Dilute TNF-α standard stock in concentrations of 1000, 500, 
250, 125, 62.5, 31.2, 15.6 and 0 pg/mL.   

   2.    Using a 96-well plate pre-coated with anti-TNF-α, add 100 μL 
of standard into wells used for standard measurement. Run in 
duplicates.   

   3.    Dilute previously generated media samples 1:4 in standard 
diluent buffer from kit. Add 100 μL of diluted samples in pre- 
coated wells. Run in duplicates.   

   4.    Add 50 μL of biotin-labeled anti-TNF-α into each well. Cover 
plate and incubate at room temperature for 90 min.   

   5.    Wash wells four times with diluted wash buffer from kit ( Note 8 ).   
   6.    Add 100 μL of diluted Streptavidin-HRP from kit into each 

well. Cover plate and incubate at room temperature for 30 min.   
   7.    Wash wells four times with diluted wash buffer from kit.   
   8.    Add 100 μL of stabilized chromogen to each well. Wells will 

become blue. Cover plate and incubate at room temperature 
for 20 min in the dark ( Note 9 ).   

   9.    Add 100 μL of stop solution from kit to each well. Wells will 
become yellow.   

   10.    Read absorbance at 450 nm using a plate reader.   
   11.    Generate standard curve using standard measurements. 

Calculate concentrations of TNF-α in samples by using the 
 linear regression from the standard curve. Account for 1:4 
dilution of samples. Concentrations can be normalized by the 
number of cells counted in each well.    

     Cell cytoskeleton components such as actin and tubulin create a 
fi lamentous intracellular structure which is responsible for main-
taining cell shape, providing mechanical strength, facilitating intra-
cellular transport and playing a major role in chromosome 
separation during cell division. It has been reported that deforma-
tion of the cell cytoskeleton network can occur upon exposure to 
AuNP. This effect can be related to the exposure dose, particle  size  , 
exposure time [ 63 ,  70 ,  74 ] or  s hape of the  nanoparticles   [ 74 ,  75 ]. 
A common method to visualize actin in the cell is staining with 
phalloidin conjugated to a fl uorophore. Phalloidin binds between 
F-actin subunits, which allow for visualization of the distribution 
of actin within the cell. Similarly, tubulin can be visualized with 
immunocytochemistry using antibodies against tubulin. The pro-
tocol for determining the effect of AuNP on BJ5ta (human fi bro-
blast) cell cytoskeleton is described below with staining for both 
actin and tubulin [ 76 ].

3.3.5  Effect of AuNP 
on Cell Cytoskeleton
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    1.    Maintain the BJ5ta cells in a culture medium containing four 
parts of Dulbecco’s Modifi ed Eagle’s Medium (DMEM), one 
part of Medium 199, 10 % fetal bovine serum (Gibco) and 
0.01 mg/mL of hygromycin B (Sigma-Aldrich).   

   2.    Transfer 50 k cells to a 35 mm glass bottom petri dish (In 
Vitro Scientifi c, USA) and incubate the cells at 37 °C in a 5 % 
CO 2  humidifi ed incubator for 24 h.   

   3.    Wash the cell monolayer with sterile PBS and then incubate 
with AuNP at desired concentration(s) for required exposure 
time points (such as 1, 4, 6, or 24 h).   

   4.    After incubation for a given time point/concentration, remove 
the cell culture media and wash the cell monolayer twice with 
sterile DPBS.   

   5.    Fix the cells by adding 400 μL of 4 % paraformaldehyde 
(Electron Microscopy Sciences, PA, USA) to the petri dish and 
incubate for 20 min at room temperature.   

   6.    Wash the cells twice with DPBS and then incubate the cells 
with 400 μL of 0.1 % Triton™ X-100 (Sigma-Aldrich) for 
4 min at room temperature.   

   7.    Wash the cells twice with DPBS and then block the cells by 
adding 800 μL of blocking buffer (1 % bovine serum albumin 
in DPBS) for 30 min at room temperature.   

   8.    After blocking, incubate the cells with a primary antibody 
against α-tubulin (1/150 dilution with blocking buffer, 
ab80779, abcam, Cambridge UK) for 2 h at room 
temperature.   

   9.    Wash the cells three times with blocking buffer. Incubate cells 
with secondary AF-488 conjugated goat anti-mouse anti-
body (one drop in 500 μL of blocking buffer, Life 
Technologies, Grand Island, NY, USA) and AF-546 conju-
gated phalloidin (1/300 dilution, Life Technologies) for 1 h 
at room temperature.   

   10.    Wash the cells three times with DPBS and add two drops of 
Prolong gold antifade reagent with DAPI (Life Technologies).   

   11.    Image the cells using a fl uorescence microscope, such as a 
Nikon Eclipse (Nikon Instruments Inc, Melville, NY, USA) 
equipped with a mercury bulb as the light source. DAPI, 
FITC, and Tx-Red excitation fi lters can be used for DAPI, 
tubulin, and actin, respectively.   

   12.    Acquire fl uorescence images of cells at 20× magnifi cation and 
the images can be merged using NIS-Elements microscope 
 imaging   software (Nikon Instruments Inc).   

   13.    Measure the cell areas using  image   J software.    
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4        Notes 

     1.    Undiluted aqua regia (3:1 HCl–HNO 3 ) can be diffi cult to 
handle. Diluting with four parts deionized water (3:1:4 HCl–
HNO 3 –DI H 2 O) makes it easier to handle.   

   2.    Hydroquinone solutions should be made just before use and 
stored in light-proof, tightly closed containers. Do not expose 
to heat.   

   3.    The number of cells to seed per well will vary depending on 
cell type. 90 % confl uency after 24 h should be the aim in 
order to generate a substantial pellet that can be visualized 
with  CT  .   

   4.    Prepare media with AuNP before adding to wells. When add-
ing AuNP to cells, pipette gently onto along the walls of the 
well and not directly onto the cells.   

   5.    Typically, four different fi elds of the same plate are acquired 
from each dish. Each fi eld has an  image   from each correspond-
ing fi lter (DAPI, FITC, Texas red). Values are averaged across 
the four fi elds for a better representation of the dish.   

   6.    The Calcein AM stains all of the cytoplasm, and therefore cells 
close together can be incorrectly counted as one cell by auto-
mated software. Living cells can be alternatively calculated 
using the total number of cells (Hoechst 33342) and dead cells 
(Ethidium Homodimer-1).   

   7.    Depending on the cytokine, the directions may vary in terms 
of incubation temperature and times.   

   8.    Washing steps must be thorough. Fill each well with wash buf-
fer and soak for 15–30 s. After removing wash buffer, invert 
plate and tap against fl at surface to remove remaining solution 
out of wells.   

   9.    Suggested incubation time depends on expected TNF-α con-
centration in samples. Incubating too long will saturate signal. 
Trial and error may be needed to determine acceptable incuba-
tion times.         

  Acknowledgements 

 This work was supported by R00 EB012165 (D.P.C.), T32 
HL007954 (P.C.), and the W. W. Smith Charitable Trust. We also 
thank the University of Pennsylvania for start-up funding.  

Gold Nanoparticles for Biomedical Applications: Synthesis and In Vitro Evaluation



108

   References 

    1.    Kim BYS, Rutka JT, Chan WCW (2010) 
Nanomedicine. N Engl J Med 
363(25):2434–2443  

    2.    Briley-Saebo KC, Geninatti Crich S, Cormode 
DP, Barazza A, Mulder WJM, Chen W, 
Giovenzana GB, Fisher EA, Aime S, Fayad ZA 
(2009) High-relaxivity gadolinium-modifi ed 
high-density lipoproteins as magnetic reso-
nance imaging contrast agents. J Phys Chem B 
113:6283–6289  

    3.    Corot C, Robert P, Idee J-M, Port M (2006) 
Recent advances in iron oxide nanocrystal tech-
nology for medical imaging. Adv Drug Deliv 
Rev 58:1471–1504  

    4.    Yigit MV, Moore A, Medarova Z (2012) 
Magnetic nanoparticles for cancer diagnosis 
and therapy. Pharm Res 29(5):1180–1188  

    5.    Chacko AM, Hood ED, Zern BJ, Muzykantov 
VR (2011) Targeted nanocarriers for imaging 
and therapy of vascular infl ammation. Curr 
Opin Colloid Interface Sci 16(3):215–227  

    6.    Cheng ZL, Al Zaki A, Hui JZ, Muzykantov 
VR, Tsourkas A (2012) Multifunctional 
nanoparticles: cost versus benefi t of adding tar-
geting and imaging capabilities. Science 
338(6109):903–910  

     7.    Cormode DP, Naha P, Fayad ZA (2014) 
Nanoparticle contrast agents for computed 
tomography: a focus on micelles. Contrast 
Media Mol Imaging 9(1):37–52  

    8.    Daniel M-C, Astruc D (2004) Gold nanopar-
ticles: assembly, supramolecular chemistry, 
quantum-size-related properties, and applica-
tions toward biology, catalysis, and nanotech-
nology. Chem Rev 104:293–346  

    9.    Antonie F (1616) Panacea aurea-auro potabile. 
John Legatt, London  

    10.    Thakor AS, Jokerst J, Zavaleta C, Massoud TF, 
Gambhir SS (2011) Gold nanoparticles: a 
revival in precious metal administration to 
patients. Nano Lett 11:4029–4036  

    11.    Dreaden E, Alkilany A, Huang X, Murphy C, 
El-Sayed M (2011) The golden age: gold 
nanoparticles for biomedicine. Chem Soc Rev 
41:2740–2779  

     12.    Mieszawska AJ, Mulder WJM, Fayad ZA, 
Cormode DP (2013) Multifunctional gold 
nanoparticles for diagnosis and therapy of dis-
ease. Mol Pharm 10(4):831–847  

     13.    Li N, Zhao P, Astruc D (2014) Anisotropic 
gold nanoparticles: synthesis, properties, 
 applications, and toxicity. Angew Chem Int Ed 
Engl 53:1756–1789  

    14.    Durr NJ, Larson T, Smith DK, Korgel BA, 
Sokolov K, Ben-Yakar A (2007) Two-photon 

luminescence imaging of cancer cells using 
molecularly targeted gold nanorods. Nano Lett 
7(4):941–945  

    15.    Wang B, Yantsen E, Larson T, Karpiouk AB, 
Sethuraman S, Su JL, Sokolov K, Emelianov SY 
(2009) Plasmonic intravascular photoacoustic 
imaging for detection of macrophages in ath-
erosclerotic plaques. Nano Lett 
9(6):2212–2217  

   16.    von Maltzahn G, Park JH, Agrawal A, Bandaru 
NK, Das SK, Sailor MJ, Bhatia SN (2009) 
Computationally guided photothermal tumor 
therapy using long-circulating gold nanorod 
antennas. Cancer Res 69(9):3892–3900  

    17.    Agarwal A, Huang SW, O’Donnell M, Day 
KC, Day M, Kotov N, Ashkenazi S (2007) 
Targeted gold nanorod contrast agent for pros-
tate cancer detection by photoacoustic imag-
ing. J Appl Phys 102(6):064701  

    18.    Kircher MF, de la Zerda A, Jokerst JV, Zavaleta 
CL, Kempen PJ, Mittra E, Pitter K, Huang R, 
Campos C, Habte F, Sinclair R, Brennan CW, 
Mellinghoff IK, Holland EC, Gambhir SS 
(2012) A brain tumor molecular imaging strat-
egy using a new triple-modality MRI-
photoacoustic- Raman nanoparticle. Nat Med 
18(5):829–834  

    19.    Qian X, Peng X-H, Ansari DO, Yin-Goen Q, 
Chen GZ, Shin DM, Yang L, Young AN, Wang 
MD, Nie S (2008) In vivo tumor targeting and 
spectroscopic detection with surface-enhanced 
Raman nanoparticle tags. Nat Biotechnol 
26(1):83–90  

    20.    Shan Y, Luo T, Peng C, Sheng R, Cao A, Cao 
X, Shen M, Guo R, Tomas H, Shi X (2012) 
Gene delivery using dendrimer-entrapped gold 
nanoparticles as nonviral vectors. Biomaterials 
33(10):3025–3035  

   21.    Pearson S, Scarano W, Stenzel MH (2012) 
Micelles based on gold-glycopolymer com-
plexes as new chemotherapy drug delivery 
agents. Chem Commun 48(39):4695–4697  

   22.    Kong WH, Bae KH, Jo SD, Kim JS, Park TG 
(2012) Cationic lipid-coated gold nanoparti-
cles as effi cient and non-cytotoxic intracellular 
siRNA delivery vehicles. Pharm Res 
29(2):362–374  

    23.    Mieszawska AJ, Kim Y, Gianella A, van Rooy I, 
Priem B, Labarre MP, Ozcan C, Cormode DP, 
Petrov A, Langer R, Farokhzad OC, Fayad ZA, 
Mulder WJ (2013) Synthesis of polymer-lipid 
nanoparticles for image-guided delivery of dual 
modality therapy. Bioconjug Chem 
24(9):1429–1434  

    24.    Hainfeld JF, Slatkin DN, Focella TM, 
Smilowitz HM (2006) Gold nanoparticles: a 

Peter Chhour et al.



109

new X-ray contrast agent. Br J Radiol 
79:248–253  

    25.    Liu CJ, Wang CH, Chen ST, Chen HH, Leng 
WH, Chien CC, Wang CL, Kempson IM, Hwu 
Y, Lai TC, Hsiao M, Yang CS, Chen YJ, 
Margaritondo G (2010) Enhancement of cell 
radiation sensitivity by pegylated gold nanopar-
ticles. Phys Med Biol 55(4):931–945  

     26.    Al Zaki A, Joh D, Cheng ZL, De Barros ALB, 
Kao G, Dorsey J, Tsourkas A (2014) Gold- 
loaded polymeric micelles for computed 
tomography-guided radiation therapy treat-
ment and radiosensitization. ACS Nano 8(1):
104–112  

    27.   Pilot Study of AuroLase(tm) Therapy in 
Refractory and/or Recurrent Tumors of the 
Head and Neck (Clinical trial identifi er: 
NCT00848042).   http://www.clinicaltrials-
gov/ct2/show/NCT00848042      

    28.   Plasmonic Nanophotothermic Therapy of 
Atherosclerosis (NANOM) (Clinical trial iden-
tifi er: NCT01270139).   http://www.clinical-
trialsgov/ct2/show/NCT01270139      

    29.   Plasmonic Photothermal and Stem Cell 
Therapy of Atherosclerosis Versus 
Biodegradable Stenting (NANOM2) (Clinical 
trial identifi er: NCT01436123).   http://www.
clinicaltrialsgov/ct2/show/NCT01436123      

    30.    Libutti SK, Paciotti GF, Byrnes AA, Alexander 
HR, Gannon WE, Walker M, Seidel GD, 
Yuldasheva N, Tamarkin L (2010) Phase I and 
pharmacokinetic studies of CYT-6091, a novel 
PEGylated colloidal gold-rhTNF nanomedi-
cine. Clin Cancer Res 16(24):6139–6149  

      31.    Turkevich J, Stevenson PC, Hillier J (1951) A 
study of the nucleation and growth processes in 
the synthesis of colloidal gold. Discuss Faraday 
Soc 11:55–75  

   32.    Jana NR, Gearheart L, Murphy CJ (2001) Wet 
chemical synthesis of high aspect ratio cylindri-
cal gold nanorods. J Phys Chem B 
105(19):4065–4067  

   33.    Skrabalak SE, Chen J, Sun Y, Lu X, Au L, 
Cobley CM, Xia Y (2008) Gold nanocages: 
synthesis, properties, and applications. Acc 
Chem Res 41(12):1587–1595  

    34.    Park J, Estrada A, Sharp K, Sang K, Schwartz 
JA, Smith DK, Coleman C, Payne JD, Korgel 
BA, Dunn AK, Tunnell JW (2008) Two-
photon- induced photoluminescence imaging 
of tumors using near-infrared excited gold 
nanoshells. Opt Express 16(3):1590–1599  

   35.    Yuan H, Khoury CG, Hwang H, Wilson CM, 
Grant GA, Vo-Dinh T (2012) Gold nanostars: 
surfactant-free synthesis, 3D modelling, and 
two-photon photoluminescence imaging. 
Nanotechnology 23(7):075102  

     36.    Liu B, Xie J, Lee JY, Ting YP, Chen JP (2005) 
Optimization of high-yield biological synthesis 
of single-crystalline gold nanoplates. J Phys 
Chem B 109(32):15256–15263  

      37.    Murphy CJ, Sau TK, Gole AM, Orendorff CJ, 
Gao J, Gou L, Hunyadi SE, Li T (2005) 
Anisotropic metal nanoparticles: synthesis, 
assembly, and optical applications. J Phys Chem 
B 109:13857–13870  

     38.    Frens G (1973) Controlled nucleation for reg-
ulation of particle size in monodisperse gold 
suspensions. Nat Phys Sci 241(105):20–22  

     39.    Perrault SD, Chan WCW (2009) Synthesis and 
surface modifi cation of highly monodispersed, 
spherical gold nanoparticles of 50–200 nm. 
J Am Chem Soc 131(47):17042–17043  

      40.    Cormode DP, Sanchez-Gaytan BL, Mieszawska 
AJ, Fayad ZA, Mulder WJ (2013) Inorganic 
nanocrystals as contrast agents in MRI: synthe-
sis, coating and introducing multifunctionality. 
NMR Biomed 26(7):766–780  

       41.    Cai QY, Kim SH, Choi KS, Kim SY, Byun SJ, 
Kim KW, Park SH, Juhng SK, Yoon KH (2007) 
Colloidal gold nanoparticles as a blood-pool 
contrast agent for x-ray computed tomography 
in mice. Invest Radiol 42(12):797–806  

    42.    Patil V, Malvankar RB, Sastry M (1999) Role 
of particle size in individual and competitive 
diffusion of carboxylic acid derivatized colloi-
dal gold particles in thermally evaporated fatty 
amine fi lms. Langmuir 15:8197–8206  

     43.   Brust M, Walker M, Bethell D, Schiffrin DJ, 
Whyman R (1994) Synthesis of thiol- derivatised 
gold nanoparticles in a two-phase liquid–liquid 
system. Chem Commun 801–802  

    44.    Hostetler MJ, Wingate JE, Zhong CJ, Harris 
JE, Vachet RW, Clark MR, Londono JD, Green 
SJ, Stokes JJ, Wignall GD, Glish GL, Porter 
MD, Evans ND, Murray RW (1998) 
Alkanethiolate gold cluster molecules with core 
diameters from 1.5 to 5.2 nm: core and mono-
layer properties as a function of core size. 
Langmuir 14:17–30  

    45.    Cormode DP, Skajaa T, van Schooneveld MM, 
Koole R, Jarzyna P, Lobatto ME, Calcagno C, 
Barazza A, Gordon RE, Zanzonico P, Fisher 
EA, Fayad ZA, Mulder WJM (2008) 
Nanocrystal core high-density lipoproteins: a 
multimodal molecular imaging contrast agent 
platform. Nano Lett 8(11):3715–3723  

   46.    Mieszawska AJ, Gianella A, Cormode DP, 
Zhao Y, Meijerink A, Langer R, Farokhzad 
OC, Fayad ZA, Mulder WJM (2012) 
Engineering of lipid-coated PLGA nanoparti-
cles with a tunable payload of diagnostically 
active nanocrystals for medical imaging. Chem 
Commun 48:5835–5837  

Gold Nanoparticles for Biomedical Applications: Synthesis and In Vitro Evaluation

http://www.clinicaltrialsgov/ct2/show/NCT00848042
http://www.clinicaltrialsgov/ct2/show/NCT00848042
http://www.clinicaltrialsgov/ct2/show/NCT01270139
http://www.clinicaltrialsgov/ct2/show/NCT01270139
http://www.clinicaltrialsgov/ct2/show/NCT01436123
http://www.clinicaltrialsgov/ct2/show/NCT01436123


110

     47.    Allijn IE, Leong W, Tang J, Gianella A, 
Mieszawska AJ, Fay F, Ma G, Russell S, Callo 
CB, Gordon RE, Korkmaz E, Post JA, Zhao Y, 
Gerritsen HC, Storm G, Thran A, Proksa R, 
Daerr H, Fuster V, Fisher EA, Fayad ZA, 
Mulder WJ, Cormode DP (2013) Gold nano-
crystal labeling allows low density lipoprotein 
imaging from the subcellular to macroscopic 
level. ACS Nano 7(11):9761–9770  

    48.    Pham T, Jackson JB, Halas NJ, Lee TR (2002) 
Preparation and characterization of gold 
nanoshells coated with self-assembled mono-
layers. Langmuir 18(12):4915–4920  

    49.    Lu XM, Au L, McLellan J, Li ZY, Marquez M, 
Xia YN (2007) Fabrication of cubic nanocages 
and nanoframes by dealloying Au/Ag alloy 
nanoboxes with an aqueous etchant based on 
Fe(NO3)(3) or NH4OH. Nano Lett 7(6):
1764–1769  

     50.    Kumar PS, Pastoriza-Santos I, Rodriguez- 
Gonzalez B, Garcia de Abajo FJ, Liz-Marzan 
LM (2008) High-yield synthesis and optical 
response of gold nanostars. Nanotechnology 
19(1):015606  

    51.    Alkilany AM, Nagaria PK, Hexel CR, Shaw TJ, 
Murphy CJ, Wyatt MD (2009) Cellular uptake 
and cytotoxicity of gold nanorods: molecular 
origin of cytotoxicity and surface effects. Small 
5(6):701–708  

    52.    Cormode DP, Roessl E, Thran A, Skajaa T, 
Gordon RE, Schlomka JP, Fuster V, Fisher EA, 
Mulder WJM, Proksa R, Fayad ZA (2010) 
Atherosclerotic plaque composition: analysis 
with multicolor CT and targeted gold nanopar-
ticles. Radiology 256(3):774–782  

    53.    Naha P, Al-Zaki A, Hecht ER, Chorny M, 
Chhour P, Blankemeyer E, Yates DM, Witschey 
WRT, Litt HI, Tsourkas A, Cormode DP 
(2014) Dextran coated bismuth-iron oxide 
nanohybrid contrast agents for computed 
tomography and magnetic resonance imaging. 
J Mater Chem B Mater Biol Med 2(46):
8239–8248  

    54.    Liu H, Pierre-Pierre N, Huo Q (2012) 
Dynamic light scattering for gold nanorod size 
characterization and study of nanorod-protein 
interactions. Gold Bull 45:187–195  

     55.    Zahr AS, Davis CA, Pishko MV (2006) 
Macrophage uptake of core-shell nanoparticles 
surface modifi ed with poly(ethylene glycol). 
Langmuir 22:8178–8185  

    56.    Chhour P, Gallo N, Re C, Williams D, Al-Zaki 
A, Nichol JL, Tian Z, Paik T, Naha PC, Allcock 
HR, Murray CB, Tsourkas A, Cormode DP 
(2014) Nano-disco balls: control over surface 
versus core loading of diagnostically active 
nanocrystals into polymer nanoparticles. ACS 
Nano 8(9):9143–9153  

    57.    Galper MW, Saung MT, Fuster V, Roessl E, 
Thran A, Proksa R, Fayad ZA, Cormode DP 
(2012) Effect of computed tomography scan-
ning parameters on gold nanoparticle and 
iodine contrast. Invest Radiol 47(8):475–481  

    58.    Jackson PA, Rahman WNWA, Wong CJ, 
Ackerly T, Geso M (2010) Potential dependent 
superiority of gold nanoparticles in comparison 
to iodinated contrast agents. Eur J Radiol 
75(1):104–109  

    59.    Albanese A, Tang PS, Chan WC (2012) The 
effect of nanoparticle size, shape, and surface 
chemistry on biological systems. Annu Rev 
Biomed Eng 14:1–16  

    60.    Jiang W, Kim BY, Rutka JT, Chan WC (2008) 
Nanoparticle-mediated cellular response is size-
dependent. Nat Nanotechnol 3(3):145–150  

    61.    Ma X, Wu Y, Jin S, Tian Y, Zhang X, Zhao Y, Yu 
L, Liang XJ (2011) Gold nanoparticles induce 
autophagosome accumulation through size-
dependent nanoparticle uptake and lysosome 
impairment. ACS Nano 5(11):8629–8639  

    62.    Chithrani BD, Ghazani AA, Chan WC (2006) 
Determining the size and shape dependence of 
gold nanoparticle uptake into mammalian cells. 
Nano Lett 6(4):662–668  

     63.    Soenen SJ, Manshian B, Montenegro JM, 
Amin F, Meermann B, Thiron T, Cornelissen 
M, Vanhaecke F, Doak S, Parak WJ, De Smedt 
S, Braeckmans K (2012) Cytotoxic effects of 
gold nanoparticles: a multiparametric study. 
ACS Nano 6(7):5767–5783  

    64.    Alkilany AM, Murphy CJ (2010) Toxicity and 
cellular uptake of gold nanoparticles: what we 
have learned so far? J Nanopart Res 
12(7):2313–2333  

   65.    Connor EE, Mwamuka J, Gole A, Murphy CJ, 
Wyatt MD (2005) Gold nanoparticles are 
taken up by human cells but do not cause acute 
cytotoxicity. Small 1(3):325–327  

    66.    Chuang SM, Lee YH, Liang RY, Roam GD, 
Zeng ZM, Tu HF, Wang SK, Chueh PJ (2013) 
Extensive evaluations of the cytotoxic effects of 
gold nanoparticles. Biochim Biophys Acta 
1830(10):4960–4973  

    67.    Schaeublin NM, Braydich-Stolle LK, Maurer 
EI, Park K, MacCuspie RI, Afrooz AR, Vaia 
RA, Saleh NB, Hussain SM (2012) Does shape 
matter? Bioeffects of gold nanomaterials in a 
human skin cell model. Langmuir 
28(6):3248–3258  

    68.    Goodman CM, McCusker CD, Yilmaz T, 
Rotello VM (2004) Toxicity of gold nanopar-
ticles functionalized with cationic and anionic 
side chains. Bioconjug Chem 15(4):897–900  

    69.    Cai H, Yao P (2014) Gold nanoparticles with 
different amino acid surfaces: serum albumin 

Peter Chhour et al.



111

adsorption, intracellular uptake and cytotoxic-
ity. Colloids Surf B Biointerfaces 
123:900–906  

     70.    Coradeghini R, Gioria S, Garcia CP, Nativo P, 
Franchini F, Gilliland D, Ponti J, Rossi F (2013) 
Size-dependent toxicity and cell interaction 
mechanisms of gold nanoparticles on mouse 
fi broblasts. Toxicol Lett 217(3):205–216  

    71.    Pan Y, Neuss S, Leifert A, Fischler M, Wen F, 
Simon U, Schmid G, Brandau W, Jahnen- 
Dechent W (2007) Size-dependent cytotoxicity 
of gold nanoparticles. Small 3(11):1941–1949  

    72.    Naha PC, Bhattacharya K, Tenuta T, Dawson 
KA, Lynch I, Gracia A, Lyng FM, Byrne HJ 
(2010) Intracellular localisation, geno- and 
cytotoxic response of polyN- 
isopropylacrylamide (PNIPAM) nanoparticles 
to human keratinocyte (HaCaT) and colon 
cells (SW 480). Toxicol Lett 198(2):134–143  

    73.    Naha PC, Davoren M, Lyng FM, Byrne HJ 
(2010) Reactive oxygen species (ROS) induced 
cytokine production and cytotoxicity of 
PAMAM dendrimers in J774A.1 cells. Toxicol 
Appl Pharmacol 246(1–2):91–99  

     74.    Wu YL, Putcha N, Ng KW, Leong DT, Lim 
CT, Loo SC, Chen X (2013) Biophysical 
responses upon the interaction of nanomateri-
als with cellular interfaces. Acc Chem Res 
46(3):782–791  

    75.    Huang X, Teng X, Chen D, Tang F, He 
J (2010) The effect of the shape of mesoporous 
silica nanoparticles on cellular uptake and cell 
function. Biomaterials 31(3):438–448  

    76.   Naha P, Chhour P, Cormode DP (2015) 
Systematic in vitro toxicological screening of 
gold nanoparticles designed for nanomedicine 
applications. Toxicology In Vitro, 29:
1445–1453    

Gold Nanoparticles for Biomedical Applications: Synthesis and In Vitro Evaluation



113

Zheng-Rong Lu and Shinji Sakuma (eds.), Nanomaterials in Pharmacology, Methods in Pharmacology and Toxicology,
DOI 10.1007/978-1-4939-3121-7_6, © Springer Science+Business Media New York 2016

    Chapter 6   

 Paramagnetic Nanoparticles       

     Randall     Toy     and     Efstathios     Karathanasis       

  Abstract 

   Paramagnetic nanoparticles have many applications for cancer diagnosis and therapy. More importantly, 
advances in nanoparticle engineering enable performance enhancements over molecular paramagnetic 
agents. A variety of paramagnetic materials and production methods enable the selection of nanoparticle 
size, shape, and surface chemistry, which are all important design parameters that determine a nanoparticle’s 
in vivo behavior, diagnostic accuracy using magnetic resonance imaging, and therapeutic effi cacy. In this 
chapter, we evaluate design rules that can be used in the manufacturing of a paramagnetic nanoparticle for 
a specifi c biomedical application. Moreover, we introduce ways in which paramagnetic nanoparticles may 
be used for targeted magnetic resonance imaging, for multimodal imaging, and as drivers for tumor ther-
apy by hyperthermia and triggered drug release.  
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1      Paramagnetic Nanoparticles in Medicine 

 Paramagnetism is a type of magnetism in which atoms with one or 
more unpaired electrons are attracted by an externally applied 
magnetic fi eld. The application of the magnetic fi eld causes the 
induction of a magnetic moment, which reverts back to the ground 
state upon removal of the fi eld. This return of magnetization is 
termed “relaxation” and occurs at rates dependent on the para-
magnetism of the material. Magnetic relaxation is described by the 
T1 and T2 relaxation time parameters, where T1 relaxation is 
the return of the longitudinal magnetization to the equilibrium 
state and T2 relaxation is the return of transverse magnetization to 
the equilibrium state. When the applied magnetic fi eld strength is 
held constant, the T1 and T2 relaxation times are distinct for dif-
ferent  tissue   types. Moreover, diseased  tissues   often have distinct 
T1 and T2 values from healthy tissue. The targeted delivery of 
paramagnetic agents to diseased tissue can lengthen or shorten 
these relaxation times, which generates contrast enhancement that 
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further improves the ease in which abnormalities can be identifi ed. 
In addition, paramagnetic agents facilitate contrast-enhanced 
vascular  imaging  , which may useful for the identifi cation of 
angiogenic tumors or blood vessels that are developing atheroscle-
rotic plaques. 

 Recent advances have resulted in the development of paramag-
netic  nanoparticles   for various medical applications (Fig.  1 ). What 
are the advantages of employing a paramagnetic nanoparticle over 
a paramagnetic agent based on small molecules? Nanoparticles are 
capable of loading high amounts of molecular paramagnetic agents, 
which increases their overall contrast sensitivity. Through decora-
tion of the nanoparticle surface with targeting ligands, paramag-
netic nanoparticles can also be delivered directly to the targeting 
site due to enhanced multivalent targeting avidity. In addition, 
nanoparticles tend to have improved  pharmacokinetics   over molec-
ular agents, which is due to their fi ltration through hepatic and 
splenic mechanisms but not through renal mechanisms. The sub-
sequent extension in half-life increases the chances that a paramag-
netic contrast agent can reach its target. Nanoparticles can also be 
designed to specifi cally deliver their payload at the target site. Their 
structure may incorporate pH, enzyme, or ultrasound sensitive ele-
ments that could be used to either unmask molecular contrast 
agents or release a therapeutic payload [ 1 ]. Most importantly, 
nanoparticles have the capability of shielding the body from the 
toxicity of some contrast agents (e.g.,  gadolinium  ), which is essen-
tial for their in vivo use.

   More importantly, there is incredible fl exibility with a nanopar-
ticle’s physical design, which enhances both its magnetic suscepti-
bility and its ability to successfully reach its target. It has been well 
established that the  size   and shape of a nanoparticle infl uences its 
magnetic relaxivity, which must be considered in the rational 
design of magnetic resonance (MR) contrast agents. In general, 
larger  nanoparticles   exhibit a higher magnetic relaxivity, which 
corresponds to higher sensitivity as a contrast agent. In addition, 
nanoparticles of oblate shape tend to exhibit a higher magnetic 

  Fig. 1    Common platforms for paramagnetic  nanoparticles  . Contrast agents may be developed as discrete 
crystalline geometries (spheres, rods, cubes, etc.), or incorporated into a variety of nanoparticle platforms, 
such as being entrapped in  dendrimers  , liposomes, or micelles, or loaded into capsules       
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relaxivity than spherical nanoparticles. While the size and shape of 
a nanoparticle critically affect its response to a magnetic fi eld, it is 
also an important consideration for nanoparticle delivery to a tar-
get site. In fact, extensive research has shown that the size and 
shape of a nanoparticle infl uences its pharmacology, both in terms 
of its circulation half-life and ability to interact with its target site. 
The reticuloendothelial system (RES), which consists of the liver 
and spleen, phagocytoses and processes nanoparticles at different 
rates depending on the particle size and shape. A nanoparticle’s 
size and shape also affects its ability to escape the blood fl ow and 
marginate towards the blood vessel wall. For maximized interactions 
with the vascular endothelium, it is essential to design nanoparti-
cles that are highly capable of margination. At the target site, a 
nanoparticle’s size, shape, and surface characteristics all affect its 
ability to bind to a cell and undergo endocytosis mechanisms. 

 With these considerations in mind, this chapter seeks to illus-
trate the processes and materials required to produce paramagnetic 
 nanoparticles   with high diagnostic and therapeutic potential. Most 
importantly, we will demonstrate how the geometric and surface 
properties of a paramagnetic nanoparticle infl uence its ability to 
successfully reach the target site. More specifi cally, the relation-
ships between nanoparticle  size   and shape and nanoparticle  phar-
macokinetics   and pharmacodynamics will be explored. Ultimately, 
we will discuss the implications of these design criteria on para-
magnetic nanoparticles produced for site-specifi c MR  imaging   and 
tumor therapy. Therapeutic applications of specifi c focus are tumor 
ablation via nanoparticle induced hyperthermia and triggered drug 
release through the magnetically induced mechanical disruption of 
nanoparticle composites that carry chemotherapy.  

2    Classes of Paramagnetic Nanoparticles 

   Lanthanide metals (e.g.,  gadolinium   (Gd)) exhibit extremely favor-
able paramagnetic properties due to their high number of unpaired 
valence electrons. Consequently, lanthanide metals are excellent 
T1 shortening agents, which allow for the bright detection of small 
lesions. Unfortunately, a limitation of lanthanide metals is their 
high toxicity in free form. Chelation of the lanthanide ions 
decreases their toxicity while maintaining high magnetic suscepti-
bility, which enables their use as MR  imaging   contrast agents. 
The  size   and loading capacity of  nanoparticles   enable the delivery 
of high amounts of lanthanide ions to the target, which allows for 
high detection sensitivity. For example,  dendrimers   have been 
extensively investigated as vehicles for the transport of gadolinium—
the primary advantage of the  dendrimer   is its slow rotational 
dynamics, which enhances relaxivity [ 2 ]. The dendrimer’s superior 
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relaxivity is further enhanced by the functionality of its highly 
branched structure, which enables the conjugation of up to hun-
dreds of gadolinium molecules per carrier. In addition, the den-
drimer’s size provides with extended circulation half-life, which 
further boosts its strength as a contrast agent. Due to these fea-
tures, dendrimers have been exploited for use as blood pool and 
molecular  MRI   contrast agents [ 3 ]. One limitation of dendrimers 
is that the Gd payload is restricted by the number of conjugation 
sites available on the dendrimer. To tackle this limitation, one strat-
egy is to synthesize nanoclusters of Gd-conjugated dendrimer [ 4 ]. 
Unfortunately, the clinical utility of such nanoclusters may be lim-
ited due to safety related to nephrogenic systemic fi brosis. Further 
advancements lead to biodegradable nanoclusters, which were 
based on polydisulfi de linkages between the individual dendrimers 
to facilitate renal excretion (Fig.  2 ) [ 5 ]. For example, such biode-
gradable nanoclusters displayed a blood circulation half-life of 
>1.6 h in mice and generated signifi cant contrast enhancement in 
the abdominal aorta for as long as 4 h. As a result of thiol–disulfi de 
exchange, the nanoclusters were degraded and rapidly excreted via 
renal fi ltration, resulting in minimal Gd  tissue   retention.

  Fig. 2    Schematic illustrating the synthetic approach used to prepare  gadolinium   (Gd)-labeled polydisulfi de 
 dendrimer   nanoclusters (DNCs). PAMAM  dendrimers   (G3) were fi rst reacted with SAT( PEG  ) 4 . The thiolated 
dendrimers were then suspended in an alkaline buffer for deprotection and to initiate the formation of 
polydisulfi de DNCs. Once DNCs with a desirable hydrodynamic diameter were formed, free thiols were 
quenched with maleimide and the remaining amines were functionalized with [Gd-C-DOTA] −1 . Reproduced 
with permission from reference [ 5 ]       
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   Another class of  nanoparticles   frequently used as T1 contrast 
agent is the  PEGylated liposome  , which provides the fl exibility of 
conjugating Gd-chelates on their surface [ 6 ] or encapsulating a 
very large Gd payload in their interior aqueous core [ 7 ,  8 ]. Between 
the encapsulated and surface Gd, one should consider that the T1 
relaxivity of the Gd-encapsulating liposome exhibits an upper limit 
due to limited proton exchange between the interior and exterior 
of liposomes because of the liposomal bilayer [ 8 ]. Not surprisingly, 
liposomes with surface Gd can generate equal or higher T1 relax-
ivities compared to conventional contrast agents. However, similar 
to  dendrimers  , the number of sites for Gd-chelate conjugation on 
the liposome is limited. Conjugation of Gd cannot exceed about 
25 % of the number of surface lipid molecules due to destabiliza-
tion of the liposomal membrane [ 6 ]. While this presents an upper 
limit to the T1 relaxivity, further improvements can be achieved by 
using very short chains of  PEG   on the liposomal surface to conju-
gate [ 9 ]. To further increase the T1 relaxivity of liposomes, recent 
efforts integrated both surface and encapsulated Gd into the same 
liposome resulting in a nanoparticle-based T1 relaxivity of 35,000 
(mM s) −1 , which is approximately 10 4  times higher than that of free 
Gd-chelate [ 10 ]. Overall, in addition to the prolonged blood resi-
dence time, the ability of PEGylated liposomes to escape blood 
circulation only in regions of leaky blood vessel provides a contrast 
agent that can be used as a marker of abnormal vascular permeabil-
ity to detect compromised, diseased vasculature. Furthermore, it 
can also be used as an “exclusive” intravascular blood pool agent 
for interrogation of structural abnormalities of blood vessels. 

 Manganese  nanoparticles   have also recently been used in place 
of  gadolinium   nanoparticles [ 11 ]. One of the problems with Gd is 
its tendency to increase the incidence of nephrogenic systemic 
fi brosis in patients with renal disease or a recent liver transplanta-
tion. Manganese has been evaluated as an alternative T1 contrast 
agent for that reason. For instance,  manganese   has been encapsu-
lated into doxorubicin liposomes in order to noninvasively moni-
tor drug delivery [ 12 ]. This metal, however, also has its 
disadvantages, which include reduced water accessibility that leads 
to decreased relaxivity and a very high cardiotoxicity. Appropriate 
surfactants must be applied to reduce cardiotoxicity and to improve 
 pharmacokinetics   of the agent.  

   Iron oxide  nanoparticles   are commonly used as T2-shortening 
contrast agents, which results in the production of dark contrast at 
the target site. In addition, they have been used in therapeutic 
applications, such as tumor ablation by hyperthermia. The mag-
netic properties of the contrast agent depend largely on the alloy 
used, which is often either maghemite or magnetite. There are two 
different categories of methods of production. One method of 
production involves the mixture of the  iron oxide   alloy with an 
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acid and oleate to produce a sol gel. The  size   of the nanoparticles 
depends on the pH of the reaction mixture and the ratio of Fe(III) 
to Fe(II). The second method of production is the top-down fab-
rication method, in which nanoparticles are produced from a tem-
plate or with an etching methodology [ 13 ]. An advantage of a 
top-down fabrication method is the high fl exibility in which 
nanoparticles of different shapes can be produced. In addition, 
nanoparticles of a more defi ned size range can be manufactured 
with a top-down fabrication approach. 

 While  iron oxide    nanoparticles   are easily manufactured using 
organic phase methods, it is often diffi cult to disperse them into 
aqueous media without aggregation. This is due to the fact that the 
nanocrystals are often highly hydrophobic. Therefore, a polymeric 
coating must be added to the nanoparticles to maintain  size   and 
allow for aqueous stability. A benefi cial side effect is that polymeric 
coatings can also improve the circulation half-life of the nanopar-
ticle in vivo. One common approach to modify iron oxide nanopar-
ticles involves the use of oxysilanes, which interact with the 
nanoparticle surface through hydrogen bonds and provide a scaf-
folding for subsequent functionalization [ 14 ,  15 ]. These silanes 
can be modifi ed with hydrophilic  polymers   to increase biocompat-
ibility or functional groups to specifi cally add targeting moieties. 
Common hydrophilic surface coatings include  polyethylene glycol   
( PEG  ), polyethylenimine (PEI), and chitosan. Conjugations can 
easily be completed through either  N -hydroxysuccinimide (NHS) 
esterifi cation or click chemistries. 

 In addition to the  size   of the  iron oxide    nanoparticles  , the T2 
relaxivity also depends on the shape and structure of the nanopar-
ticle. It has been reported that iron oxide nanoworms display 
increased magnetic relaxivity in  MRI   compared to spheres due to 
enhanced orientation of the magnetic moments of the different 
iron oxide cores [ 16 ,  17 ]. Besides the effect of shape, previous 
studies have reported that clustering of iron oxide cores also sig-
nifi cantly increases T2 relaxivity [ 18 ,  19 ]. For example, the T2 
relaxivity of a chain-like nanoparticle composed of three iron oxide 
nanoparticles was 2.25-fold higher than that of its constituting 
spheres [ 20 ].   

3    Designing Paramagnetic Nanoparticles for Improved In Vivo Performance 

 So far, we have listed a variety of materials and described a set of 
methods that can be used to produce paramagnetic  nanoparticles  . 
These nanoparticles have a range of applications, which include 
use as blood pool contrast agents, targeted contrast agents for 
tumor detection, and a means to destroy tumor  tissue   through 
hyperthermia or the controlled delivery of chemotherapy. 
Depending on the application, different  pharmacokinetics   and 
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 biodistribution   profi les may be desired. Ideally, a blood pool agent 
should exhibit suffi ciently long blood residence times, but be 
quickly cleared shortly thereafter to minimize the risk of unde-
sired side effects. On the other hand, the requirements for a tar-
geted contrast agent or therapeutic agent are different. For these 
purposes, one would want to maximize the half-life of the 
nanoparticle to increase the probability that the nanoparticle will 
reach its desired target. Extended blood circulation time endows 
the nanoparticle with more opportunities to escape the blood 
fl ow, move towards the vessel wall, and either bind to targeted 
receptors on the vascular bed or extravasate into the interstitial 
tissue at sites with leaky vasculature. Fortunately, the versatility of 
nanoparticle engineering, which allows for the production of 
nanoparticles of different geometries and surface chemistries, 
enables the precise tailoring of pharmacokinetics for the desired 
medical application. In particular, the effect of nanoparticle  size  , 
shape, and surface chemistry has been studied with respect to the 
nanoparticle’s ability to highlight vasculature, identify disease 
sites, and impart a therapeutic effect to a disease region. In this 
section, we will discuss how these parameters play a role in guid-
ing both the transport and uptake of a paramagnetic nanoparticle 
at the region of interest. 

    Nanoparticle    size   was one of the first parameters to be studied in 
relation to  pharmacokinetics   and  biodistribution  . Early nanoparti-
cle research identified that the size of a liposome has a significant 
effect on its in vivo performance. Generally, because of their size 
that is greater than 5 nm,  nanoparticles   are not excreted through 
renal clearance mechanisms [ 21 ]. Instead, nanoparticles of sizes 
greater than 5 nm are cleared either through the liver or the 
spleen [ 22 ]. The exact size of the nanoparticle has direct conse-
quences on its pharmacokinetics. For example, in the case of 
 PEGylated liposome  s, when the nanoparticle size is greater than 
100 nm, a significant increase in hepatic and splenic macrophage 
uptake is observed. These same studies established that a size range 
of 60–100 nm is optimal to maximize blood circulation time 
 [ 23 – 25 ]. For the design of paramagnetic nanoparticle blood pool 
contrast agents, sole consideration of the nanoparticle’s pharma-
cokinetics is sufficient. The half-life should be sufficiently long to 
allow for MR  imaging  , but not of excessive duration to minimize 
the risk of side effects. In the design of targeted paramagnetic 
nanoparticle contrast agents to disease sites, however, it is also 
important to consider the effect of nanoparticle size on margina-
tion (i.e., ability of the nanoparticle to escape the blood flow and 
travel to the vessel wall), binding, and cellular uptake. The nano-
particle must be designed to maximize the probability that each of 
these processes will occur. In a study evaluating the margination 
of nanoparticles in a size range of 65–130 nm, it was determined 
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that smaller nanoparticles are more likely to marginate to the blood 
vessel wall [ 26 ]. This observation can be explained through an 
understanding of the convective transport processes that govern 
the movement of a nanoparticle. Larger nanoparticles have a 
higher convective transport component, which influences them to 
follow the trajectory of the blood flow. As a result, fewer large 
nanoparticles have the opportunity to travel to wall of the blood 
vessel. Smaller nanoparticles, on the contrary, have a higher diffu-
sive transport component. Thus, their transport is less influenced 
by the blood flow, which enables them to move radially through-
out the blood vessel and interact with the vascular endothelium. 
At the same time, it is imperative not to choose a size, which is too 
small. A 30-nm liposome, for example, was observed to accumu-
late less in a tumor than a 100 nm liposome. Increased accumula-
tion of the 30 nm liposome through targeting of a locally 
overexpressed receptor suggests that smaller liposomes are suscep-
tible to washout by diffusive transport [ 27 ]. On the other hand, 
higher cellular uptake has been observed of larger nanoparticles. 
One explanation for this observation is that large ligand-function-
alized nanoparticles have higher binding strength than small 
ligand-functionalized nanoparticles [ 28 ]. Therefore, there most 
likely exists an “optimal” size for a nanoparticle based on the con-
ditions of the targeted microenvironment.  

   Another way to alter the  pharmacokinetics   and targeting effi cacy of 
a paramagnetic nanoparticle is to modify its shape. Incorporating 
an asymmetric shape results in decreased macrophage uptake, 
which thereby improves the nanoparticle’s pharmacokinetics [ 29 ]. 
While the energy to phagocytose a spherical nanoparticle will be 
the same regardless of orientation, the energy required to phago-
cytose an asymmetric nanoparticle will differ depending on the 
angular orientation of the nanoparticle. For instance, more energy 
is required to phagocytose a rod shaped nanoparticle when its long 
axis is parallel to the cell membrane than when its short axis is par-
allel to the cell membrane. These energy calculations correspond 
well with in vivo assessments of cellular uptake and organ  biodistri-
bution  , where rod-shaped  nanoparticles   are phagocytosed two 
times less when the aspect ratio is increased from 1.5 to 5 [ 30 ,  31 ]. 
Differences in nanoparticle uptake have also been observed 
between nanoparticles of different asymmetric shapes, including 
discoids, hemispheres, and ellipsoids [ 32 ]. Given the high degrees 
of freedom in which nanoparticle shape can be adjusted, more 
investigation can be done to identify the shape, which maximizes 
nanoparticle pharmacokinetics. 

 As discussed earlier, margination is a critical phenomenon that 
must be taken into consideration in the design of targeted paramag-
netic  nanoparticles   (Fig.  3 ). Indeed, shape is a design parameter 
that signifi cantly infl uences nanoparticle margination in blood vessels. 

3.2  Effect 
of  Nanoparticle   Shape 
on Distribution 
and Tumor  Targeting  
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Hydrodynamic forces affect both a nanoparticle’s translational and 
rotational motion in different ways depending on the particle shape. 
Symmetric nanoparticles, such as spheres, have the same distribu-
tion of forces acting on them in all angular orientations. Because 
the distribution of hydrodynamic forces is equal, a symmetric 
nanoparticle will maintain a steady trajectory down the center of a 
blood vessel. In contrast, the drag forces and torques which act on 
asymmetric nanoparticles, such as rods or disks, will vary depending 
on the particle’s angular orientation [ 34 ]. The end effect is a tum-
bling motion by such an asymmetric particle, which initiates an 
oscillatory trajectory that enables vessel wall interactions [ 35 ,  36 ]. 
Experimentally, it has been confi rmed that three distinct classes of 
nanoparticles of different shapes—discoidal (aspect ratio (AR): 
0.5), hemispherical, and ellipsoidal (AR: 0.5)—display increased 
margination behavior in comparison to spheres. Additionally, rod 
shaped particles have been observed to marginate seven times more 
than a spherical particle in a straight microchannel at a physiological 
fl ow rate (50 μL/min) [ 26 ]. Considering both  pharmacokinetics   
and margination, it is suggested that asymmetry may improve the 
performance of long circulating blood pool paramagnetic  iron 
oxide   contrast agents.

   For a targeted paramagnetic nanoparticle, however, margin-
ation is only the fi rst necessary step that must occur. Once a tar-
geted nanoparticle reaches the blood vessel wall, it must be able to 
bind to overexpressed receptors at the target site with high avidity. 
After the targeted nanoparticle forms ligand–receptor complexes, 
the cell must be able to internalize it with reasonable effi ciency. 

  Fig. 3    Margination of fl owing  nanoparticles   in microcirculation. The symmetry of 
a spherical nanoparticle results in its tendency to remain in the blood fl ow. 
Variable drag forces and torques which act on an oblate shaped nanoparticle, 
however, enable oscillatory movement within a blood vessel that increases 
meaningful interactions with the blood vessel wall. Reproduced with permission 
from reference [ 33 ]       
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Shape, again, can play role in determining the strength of 
nanoparticle- receptor interactions. In fact, nanoparticle  asymmetry 
has been shown to increase binding avidity. To compare the bind-
ing avidity of  nanoparticles   of different shapes, the active fractional 
area of the nanoparticle (AFAC) parameter was established [ 37 ]. 
This parameter, which is a measure of binding effi ciency, takes into 
consideration not only the particle’s shape, but also the length and 
fl exibility of the  polymer   that displays the particle’s targeting 
ligands (Fig.  4 ). If polymer surface density, length, and fl exibility 
is held constant, the AFAC of an asymmetric particle (e.g., rod, 
ellipsoid) is higher than the AFAC of a sphere. Indeed, calculations 
of AFAC correlate with in vivo  biodistribution   of nanoparticles of 
different shapes. In a biodistribution study comparing antibody 
targeted nanorods with antibody targeted nanospheres, the tar-
geted nanorods localized in the lungs seven times more than their 
targeted spherical counterparts [ 38 ]. Unfortunately, the nanopar-
ticle shape, which imparts the highest binding avidity does not 
necessarily have the highest rate of uptake. Use of an oblong 
shape, as described earlier, leads to a decrease in phagocytosis by 
macrophages; this improves the  pharmacokinetic   profi le of the 
nanoparticle. Under the same principle, active transport of oblong 
shaped nanoparticles at the target site is also decreased. When the 
nanoparticle’s aspect ratio is very high, particle wrapping and 

  Fig. 4    Effect of shape on nanoparticle binding avidity. Shape, ligand length, and  polymer   fl exibility all play a role 
in the active fractional area of a nano-carrier (AFAC). For a sphere, the AFAC is defi ned as ( L  −  d  B )/ D  c , where  L  
is the length of the ligand,  d  b  is the binding distance between the nanoparticle and the receptor, and  D  c  is the 
diameter of the nano-carrier. For particles with equal surface area, the ligand length, binding distance, and 
shape affects AFAC. Reproduced with permission from reference [ 33 ]       
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engulfment is often arrested at specifi c angular orientations. As with 
the macrophages, increasing the contact area of the nanoparticle 
with the cell membrane also increases the energy required for 
endocytosis [ 39 ]. For instance, when the maximum contact area of 
a nanoparticle is increased by doubling is radius, the force neces-
sary for nanoparticle translocation is increased threefold. In corre-
spondence with this calculation, it has been found in endothelial 
cells that the internalization rate of targeted nanodiscs is lower 
than targeted nanospheres. Similarly, in epithelial cells, it has been 
found that the uptake of disk-shaped nanoparticles is 1.5–2 times 
higher than the uptake of rod-shaped nanoparticles. In agreement 
with the measured uptake rates, nearly double the energy was 
required to internalize the rod-shaped nanoparticles. Thus, careful 
experimentation must be conducted to identify the ideal shape that 
simultaneously provides extended blood circulation, maximized 
binding, and effi cient and rapid internalization.

      While  size   and shape are critical parameters that govern a 
nanoparticle’s  pharmacokinetics   and  biodistribution  , the surface 
chemistry is a parameter that is equally important for consideration. 
To prolong the circulation half-life of a nanoparticle, hydrophilic 
 polymers   such as  PEG   are conjugated to the particle surface. 
Imparting hydrophilicity to the nanoparticle reduces recognition 
by the body’s immune system, which allows it to circulate for a 
longer period of time. In addition to the type of  polymer  , the 
length and density of the polymer also play a role in dictating 
the nanoparticle’s pharmacokinetics [ 40 ]. An excess of functional 
groups may augment immunogenicity, while suffi cient polymer 
shielding must be present for aqueous stability. 

 At the same time, the characteristics of the  polymer   dictate the 
nanoparticle’s binding avidity. As described previously, the binding 
effi ciency can be expressed through the AFAC parameter, which is 
a function of nanoparticle aspect ratio, polymer length, and polymer 
fl exibility. Increasing the polymer density, which simultaneously 
increases the density of the targeting ligand, also affects the 
nanoparticle’s rate of cellular uptake. In addition, receptors, which 
are often presented in clusters, are more likely to interact with 
 nanoparticles   with a higher ligand surface density. Care must be 
taken, however, not to use an overwhelming number of targeting 
ligands. A very high number of targeting ligands could saturate the 
cell surface receptors. In response to an excess of ligand, cells have 
a tendency to decrease the recycling rate of receptors back to the 
cell surface. As a result, fewer receptors will be available to bind to 
extracellular nanoparticles. This saturation effect has been observed 
with HER2-targeted immunoliposomes, with which an increase of 
ligand surface density from 1 to 2 % doubled nanoparticle uptake 
in BT-474 cells [ 41 ]. A further increase of ligand surface density 
from 2 to 3 %, however, only led to a 10 % increase in BT-474 cells. 

3.3  Effect 
of  Nanoparticle   
Surface Chemistry 
on Biodistribution 
and  Targeting  
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It is important to note that the ligand density which maximizes 
nanoparticle uptake depends on both the type of surface ligand 
and cell which overexpresses the receptor. In another study, an 
optimal ligand density of 14 mol% was identifi ed for prostate- 
specifi c membrane antigen (PSMA) nanoparticles—both lower 
and higher ligand densities resulted in a decrease in uptake of the 
PSMA nanoparticles. Therefore, the ideal ligand density must be 
identifi ed in a case-by-case basis.  

   To recap the principal lessons from this section, several questions 
must be asked to appropriately design a paramagnetic nanoparti-
cle contrast agent for its desired application. First, should the cir-
culation of the nanoparticle be long or short? The answer to this 
question depends on whether the nanoparticle is a blood pool 
agent or a site-specifi c, targeted agent. Also, the window for ther-
apeutic effectiveness must also be considered in optimization of 
the nanoparticle’s  pharmacokinetics  . For a targeted agent, a 
nanoparticle, which is capable of marginating towards the blood 
vessel wall is necessary. To obtain the desired circulation half-life, 
the effect of  size   and shape should be carefully investigated for a 
particular nanoparticle in terms of its material and surface coating. 
With respect to surface coating, material, length, and density all 
critically affect nanoparticle pharmacokinetics. Second, what are 
the characteristics of the target site’s microenvironment? The bio-
barriers at the target site must be taken into account for the 
nanoparticle’s design. Given that nanoparticle transport is gov-
erned by both diffusion and convection, it is essential to investi-
gate how infl uential blood fl ow and interstitial pressures are at the 
target site. Third, if the agent is targeted, which receptor is over-
expressed by the target cells and what are the receptor’s internal-
ization dynamics? To maximize nanoparticle internalization at the 
target site, understanding of the receptor dynamics is paramount. 
Ligand density must be chosen to maximize nanoparticle uptake 
without compromising nanoparticle pharmacokinetics. Taking 
into consideration the specifi c pattern of receptor expression for 
the cell type, the appropriate nanoparticle size and shape should 
be chosen to maximize internalization. This can be evaluated 
through in vitro  cell uptake   studies for different nanoparticle 
classes followed by in vivo  imaging   (e.g.,  MRI  , fl uorescent refl ec-
tance imaging, fl uorescence molecular tomography) and  biodistri-
bution   studies to confi rm targeted nanoparticle localization. It 
should be emphasized that there will not be one size, shape, and 
surface chemistry that will optimize the performance of all para-
magnetic  nanoparticles  . Each of these three questions must be 
answered on a case-by-case basis to maximize the nanoparticle’s 
diagnostic or therapeutic performance.   

3.4  Design Criteria 
of a Paramagnetic 
 Nanoparticle  
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4    Biomedical Applications of Paramagnetic Nanoparticles 

   In this section, the application of superparamagnetic lanthanide 
 nanoparticles   for T1-weighted targeted MR  imaging   and SPIO 
nanoparticles for T2-weighted targeted MR imaging will be dis-
cussed (Table  1 ). Although several lanthanides have been evalu-
ated for their effi cacy as T1 imaging agents, the majority of 
research focuses on targeted MR imaging agents formulated with 
 gadolinium   (Gd). As discussed, liposomes and  dendrimers   are the 
primary nano-structures used to ferry gadolinium to target sites. 
A primary use of Gd liposomes with targeted MR imaging is to 
evaluate tumor angiogenesis and  infl ammation   [ 57 ,  63 ]. Receptors 
which are commonly targeted include intracellular adhesion mol-
ecule 1 (ICAM-1) [ 54 ], α v β 3  integrin [ 50 ,  58 ,  59 ], vascular cell 
adhesion molecule 1 (VCAM-1) [ 64 ], and CD105 [ 55 ]. The 
branched structure and narrow  size   distribution (~5–10 nm) of 
dendrimers enable the presentation of multiple contrast agents 
and/or targeting ligands. Design of Gd-based agents requires 
knowledge of several factors because signal intensity is not linearly 
related to the concentration of the imaging agent. When design-
ing Gd-based agents, several factors need to be considered since 

4.1  Targeted MR 
Imaging

   Table 1  
  Summary of nanoparticle platforms utilized for development of targeted paramagnetic  nanoparticles     

  Nanoparticle   platform  Ligand type   Target    Reference 

 Iron oxide  nanoparticles    Peptide  Integrins  [ 42 ] 
 uPA receptor  [ 43 ] 
 EDB  [ 44 ] 

 Antibody  Chemokine Receptor  [ 45 ] 
 VEGF  [ 46 ] 

 Protein  Transferrin Receptor  [ 47 ] 

 Iron oxide nanochains  Peptide  Integrins  [ 48 ] 

 Capsules ( iron oxide)    Peptide  Integrins  [ 49 ] 

 Lipid-based ( gadolinium)    Peptide  Integrin  [ 50 ,  51 ] 
 Integrin/galectin-1  [ 52 ,  53 ] 

 Antibody  ICAM-1  [ 54 ] 
 CD105  [ 55 ] 

 Small molecule  FA Receptor  [ 56 ] 

 Perfl uorocarbon  nanoparticles    Various  Various  [ 57 ] 
 Peptide  Integrin  [ 58 ] 
 Antibody  Integrin  [ 59 ] 

 LipoCEST  Peptide  Integrin  [ 60 ] 

 Dendrimers (Gd)  Small molecule  FA Receptor  [ 61 ,  62 ] 
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signal intensity at the target site is not linearly related to the 
concentration of the imaging moiety. For instance, the presenta-
tion of Gd atoms in a nanoparticle structure impacts the effi ciency 
of nanoparticle MR probes [ 10 ,  65 ,  66 ]. “Activatable” Gd contrast 
agents also have been developed. In this application, an  iron oxide   
core surrounded by a  polymer   coating containing Gd-DTPA 
quenches T1 contrast under normal physiological conditions. 
Inside an acidic environment, however, such as within the tumor 
microenvironment or inside a lysosome, Gd-DTPA, which gener-
ates T1 enhancement, is unquenched [ 67 ].

   The notable advantages of SPIO  nanoparticles   include high 
micromolar detection thresholds, high T2* sensitivity, and the ver-
satility to present a wide variety of ligands for cellular and molecu-
lar  imaging   [ 68 ]. The effi cacy of  iron oxide   particles is governed by 
their magnetic properties that in turn are determined by their com-
position,  size   and morphology. To determine the optimal design 
parameters for SPIO nanoparticles, studies have been conducted 
to understand the effect of particle shape and size on the particle’s 
magnetism and relaxivity [ 69 ,  70 ]. Deep  tissue   targeting with 
SPIOs has been used to  image   primary tumors by targeting uroki-
nase plasminogen activator (uPA) [ 43 ,  44 ], transferrin receptors 
[ 47 ], HER2 receptors [ 71 ], chemokine receptor 4 [ 45 ]. In addi-
tion, vascular targeting of SPIO agents to integrins [ 42 ] or VEGFR 
[ 46 ] has been exploited for imaging of tumor-associated vascula-
ture. A new nanoparticle class which is particularly effective for 
vascular targeting is a chain-like nanoparticle, which consists of 
several iron oxide nanospheres linked together in series [ 48 ]. The 
oblong shape of the iron oxide nanochain provides several advan-
tages. First, margination, the ability of the nanoparticle to escape 
the blood fl ow and travel towards the blood vessel wall, is easier for 
oblong shaped nanoparticles. In fact, nanochains with an aspect 
ratio of about 3 were observed to marginate fi ve times more than 
the parent constituent spheres (diameter = 20 nm) [ 48 ]. Second, 
the nanochain’s oblong shape and high fl exibility also imparts high 
binding avidity. In fact, a nanochain functionalized with RGD 
ligands was extremely effective in localizing at the site of micro-
metastatic lesions [ 48 ]. Third, the nanochain’s magnetic relaxivity 
is higher than that of its spherical counterpart [ 20 ]. Indeed, this 
design has proven to be very accurate in fi nding and highlighting 
metastatic lesions via targeting of the α v β 3  integrin, which is over-
expressed in the tumor vascular endothelium (Fig.  5 ) [ 72 – 78 ]. 
In a mouse model of breast  cancer   metastasis, 6 % of the nanochains 
injected in a mouse model congregated within a micrometastatic 
site of less than 1 mm in size [ 79 ]. On the contrary, less than 1 % 
of RGD-targeted iron oxide spheres was able to accumulate at the 
site of micrometastasis. This study emphasizes the need to ratio-
nally design the geometry of nanoparticles for tumor targeting to 
be successful.
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      The addition of radioactive tracers or optical probes to a paramagnetic 
nanoparticle further enhances its utility in medical diagnosis 
and  imaging  . With multimodal imaging using both positron 
 emission tomography (PET) and MR imaging, treatment plan-
ning can be done with whole body imaging. Recent optical tech-
niques enable the implementation of triggered therapeutic 
interventions, where the paramagnetic component of the nanopar-
ticle enables tracking in vivo. For example, a dextran-coated SPIO 
nanoparticle co-labeled with  64 Cu and a near-infrared (NIR) fl uo-
rophore (Vivotag-680) was used to show the utility of combined 
Fluorescence Molecular Tomography (FMT) and PET for imaging 

4.2  Multimodal 
Imaging 
with Enhanced 
Paramagnetic 
 Nanoparticle   Contrast 
Agents

  Fig. 5    Detection of breast  cancer   metastasis in liver using  MRI   and an  iron oxide   nanochain. ( a ) Illustration of 
the RGD-targeted nanochain particle and its constituent iron oxide nanospheres. ( b ) TEM  image   of the nano-
chain particles predominantly composed of four IO spheres. ( c ) Representative in vivo MR images of the liver 
in normal and metastasis-bearing mice were obtained using a 9.4 T MRI. Coronal  T 2-weighted images of the 
liver of a metastatic mouse before and 45 min after injection of the RGD-targeted nanochains. In the 45 min 
post-injection image, the  yellow arrows  show micrometastases of about 0.5 mm in  size   with increased con-
trast enhancement. ( d ) Coronal  T 2-weighted images of the liver of a normal mouse 45 min after injection of 
the nanochains. ( e ) Time course of the MR signal intensity in the liver hot spots was quantitatively evaluated. 
The absolute MR signal intensity in the metastatic lesions and the healthy liver was measured in manually 
drawn ROIs. The signal intensity in the hot spots or the entire healthy liver was normalized to the signal of an 
adjacent muscle (scale: 0–1). Since lower values indicate greater contrast in  T 2 images, normalized intensity 
values of 0 and 1 correspond to maximum and minimum contrast, respectively, compared to the pre-contrast 
intensity values (data presented as mean ± standard deviation;  n  = 3; each metastatic animal exhibited 2–4 
hot spots; * P  < 0.05). Reproduced with permission from reference [ 48 ]       
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of tumor associated macrophages [ 80 ,  81 ]. Another example of a 
multimodal PET-MR agent is the  111 In-perfl uorocarbon nanopar-
ticle [ 82 ]. Yet even another novel nanoparticle consists of a Cy5 
labeled  dendrimer  ,  gadolinium  , and environment-sensitive cell 
penetrating peptides, which is able to specifi cally target matrix 
metalloproteinases (MMPs) [ 83 ]. These enzymes play an impor-
tant role in the escape of  cancer   cells from the primary tumor site, 
which leads to the spread and development of metastasis. Single 
photon emission  computed tomography   (SPECT) is also a power-
ful imaging modality of interest with extremely high contrast 
sensitivity. To enable use of this modality in conjunction with 
MR, α v β 3 -targeted  99m Tc-Gd  nanoparticles   have been developed to 
 image   angiogenesis. This powerful multimodal technique enabled 
the simultaneous visualization of the tumor mass and the neovas-
culature that was rapidly developing within the lesion [ 84 ]. 

 Another new modality related to optical  imaging   is photo-
acoustic imaging (PAI), which has applications for both functional 
and molecular imaging [ 85 ]. PAI can generate images with endo-
geneous contrast that is obtained from differences in the absorp-
tion spectra of different  tissue   types. Molecular imaging, however, 
requires the use of exogenous contrast agents. A strong PAI agent 
will have strong light absorption. Examples of such agents are in 
the family of plasmonic  nanoparticles  , which include gold 
nanoshells, nanorods, and nanocages. PAI has been used in con-
cert with MR imaging and Raman spectroscopy to acquire images 
of ovarian  cancer   (Fig.  6 ) [ 86 ]. In this study, NIRF-labeled SPIO 
nanoparticles targeted to Her-2/neu receptor generated signifi -
cant contrast both with PAI and FMT.

      To comprehend the therapeutic potential, it is necessary to under-
stand the response of a paramagnetic nanoparticle to an induced 
magnetic fi eld. When magnetic  nanoparticles   are subjected to an 
external, oscillating magnetic fi eld, there are two relaxation mecha-
nisms (Brownian and Néel relaxation) that govern their magneti-
zation response to align with the applied fi eld. Brownian relaxation, 
the physical rotation of the entire nanoparticle, is typically the 
dominant relaxation mechanism for nanoparticles larger than 
about 25 nm. On the other hand, Néel relaxation (reorientation of 
the particle’s magnetic moment with the applied fi eld) is dominant 
for nanoparticles smaller than 15 nm. In addition, the dynamics of 
smaller nanoparticles are also dictated by superparamagnetism, 
which is the random fl ipping of magnetization in the absence of an 
external magnetic fi eld [ 87 ]. This phenomenon is caused by the 
dominance of thermal fl uctuations over dipole-dipole interactions 
on the particle’s magnetization state. The critical  size   at which 
superparamagnetism plays a role is dependent on the material com-
position of the nanoparticle. 

4.3  Therapeutic 
Applications 
of Paramagnetic 
Nanoparticles
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  Fig. 6    A  magnetic resonance imaging  –photoacoustic  imaging  –Raman imaging (MPR) nanoparticle to delineate 
brain tumor margins in live mice. ( a ) Two-dimensional axial MIR, photoacoustic, and Raman images. The post- 
injection images for all modalities showed clear tumor visualization, where the imaging FOV is delineated by 
 dashed boxes . ( b ) Three-dimensional rendering of  MRI   images with the tumor segmented ( red ,  top ), an overlay 
of 3D photoacoustic images ( green ) over the MRI ( middle ) and an overlay of MRI, the segmented tumor, and 
the photoacoustic images ( bottom ) demonstrate good co-localization of photoacoustic signal with the tumor. 
( c ) Signal quantifi cation refl ects a signifi cant increase from pre-injection to post-injection images in all three 
modalities ( n  = 4 mice, data represent mean ± SEM, *** P  < 0.001, ** P  < 0.01, 1-sided Student’s  t -test). 
Reproduced with permission from reference [ 86 ]       
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 For strong magnetic fi elds (>10 mT), heat is generated by the 
 nanoparticles  . This heat generation is generated by Brownian friction 
between the particles and the fl uid. Friction is caused by the 
inability of the nanoparticles to rotate in phase with the magnetic 
fi eld. Solution viscosity, which is proportional to the particle’s 
torque in the presence of the magnetic fi eld, and anisotropic energy 
barriers are both responsible for this unsynchronized rotational 
behavior [ 88 ]. Thus, a popular approach has been to deliver super-
paramagnetic  iron oxide   nanoparticles to tumor sites and induce a 
magnetic fi eld, which generates heat to thermally ablate the tumor. 
At temperatures of between 47 and 55 °C, the administration of 
iron oxide nanoparticles has been observed to ablate  tissue   [ 89 ]. 
To fi ne-tune the therapeutic potential of hyperthermia treatments, 
it is essential to choose the optimal magnetic fi eld strength, iron 
oxide alloy, particle  size  , and particle surface coating. All of these 
parameters infl uence the interactions between the particle and the 
tumor microenvironment, which affects the magnitude of heat 
generation. It is critical that the particle absorb suffi cient energy to 
impart a therapeutic effect without causing cytotoxicity in healthy 
 tissues   [ 90 ].  Hyperthermia  -induced ablation has also been used in 
concert with chemotherapy to cause a larger antitumor effect. 
Polymersomes encapsulating paramagnetic iron oxide nanoparti-
cles and doxorubicin have been developed; it has been suggested 
that heating improves the release of drug at the target site [ 91 ]. 

 Very weak radiofrequency fi elds (<3 mT) also have therapeutic 
potential when used to energize a multicomponent nanochain that 
consist of a doxorubicin liposome covalently bonded to a chain of 
 iron oxide    nanoparticles   [ 79 ,  92 ,  93 ]. Again, the exposure of the 
nanoparticles to a radiofrequency fi eld causes Brownian relaxation 
of the individual spheres. With these multicomponent nanochains, 
exposure to the radiofrequency fi eld caused rapid drug release 
without an increase in local temperature. Contrary to hyperther-
mia, drug release is occurring through a mechanical mechanism. It 
is likely that the rotational motion of the nanospheres is constrained 
by the bonds that connect the nanochain. Therefore, a vibratory 
motion is initiated with the particle, which produces defects in the 
lipid bilayer of the doxorubicin liposome, which provide routes for 
the loaded drug to escape. This triggered release mechanism has 
been shown to signifi cantly extend the survival of mice with meta-
static breast  cancer   [ 79 ]. 

 Furthermore, magnetic targeting of  iron oxide    nanoparticles   
can signifi cantly enhance selective deposition at a region of inter-
est. Even though the concept of magnetic targeting exists for quite 
some time [ 94 ], it is not as simple as it appears. Major challenges 
include the attenuation of the magnetic fi eld away from the mag-
net, which limits magnetic targeting to superfi cial  tissues  . 
Furthermore, these weak magnetic forces are appropriate only for 
relatively large magnetic particles with sizes in the range of microns. 
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However, a recent strategy utilized a combination of an external 
magnet and an embedded magnetizable micromesh to produce 
strong magnetic fi eld gradients [ 95 ]. This system was successful in 
attracting individual 8-nm iron oxide nanoparticles in a human 
glioblastoma mouse model. Most notably, this magnetic targeting 
strategy synergistically amplifi ed biochemical targeting of the 
nanoparticle to an overexpressed receptor. Magnetic targeting 
coupled to RGD-targeted magnetic nanoparticles resulted in sig-
nifi cantly enhanced binding to α v β 3  integrins on angiogenic vessels 
in a glioma tumor model, which caused apoptosis of tumor blood 
vessels and promoted tumor regression (Fig.  7 ).

5        Future Prospects 

 The fi eld of paramagnetic  nanoparticles   has an array of impactful 
applications, which include both highly sensitive diagnostic 
 imaging   and highly potent therapeutic strategies. There exist a 
large variety of paramagnetic materials, which allow for the fabrica-
tion of paramagnetic nanoparticles of different sizes and shapes. 

  Fig. 7    RGD-targeted fl uorescent magnetic  nanoparticles   (FMN-RGD) in combination with external magnetic 
targeting expedites tumor regression in a U87MG human glioblastoma xenograft mouse model. ( a – c ) EGFP-
transfected tumor  image   channels show tumor intensity change within days of  imaging   for FMN-RGD together 
with magnetic targeting ( a ), FMN-RGD without magnetic targeting ( b ), and FMN-RAD under magnetic targeting 
( c ). Day 1 is the day of FMN injection and magnetic targeting. The permanent magnet was placed for 2 h, and 
the Ni micromesh was removed the following day to better observe the imaging area. ( d ) The normalized tumor 
intensity vs. imaging time curves demonstrate that FMN-RGD together with magnetic targeting can expedite 
tumor regression ( n  = 3,  P  < 0.05). The fl uorescence image intensity scales were set so that the brightest 
image within each series ( a – c ) was near saturation. ( e ) The half-lives of tumor signal decay demonstrate 
signifi cantly faster tumor regression for FMN-RGD injection with magnetic targeting ( n  = 3, 0.853 days) com-
pared to without magnetic targeting ( n  = 3, 6.197 days). Reproduced with permission from reference [ 95 ]       
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For progress to be made in this fi eld, it is essential to consider not 
only the magnetic properties of the nanoparticle, but also how the 
nanoparticle’s design affects its residence time and ability to interact 
with a target site. To enhance these properties, it is important to 
consider the surface chemistry,  size  , and the shape. For the utmost 
effectiveness, design parameters must be selected to take into 
account all of these considerations in relation to the microenviron-
ment of the target site. To fully realize the potential of different 
classes of paramagnetic nanoparticles, it is essential that the parti-
cles be fully evaluated for  pharmacokinetics  , intravascular transport, 
cellular binding and uptake, and contrast sensitivity or therapeutic 
strength.     
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   Glossary 

  AFAC    Active fractional area of the nanoparticle   
  AR    Aspect ratio   
  FMT    Fluorescence molecular tomography   
  Gd  gadolinium      iCAM-1 intracellular adhesion molecule 1   
  MMP    Matrix metalloproteinase   
  MR    Magnetic resonance   
  NHS     N -hydroxysuccinimide   
  NIR    Near-infrared   
  PAI    Photoacoustic  imaging     
   PEG      Polyethylene glycol   
  PEI    Polyethylenimine   
  PET    Positron emission tomography   
  PSMA    Prostate-specifi c membrane antigen   
  RES    Reticuloendothelial system   
  SPECT    Single photon emission  computed tomography     
  SPIO    Superparamagnetic  iron oxide     
  uPA    Urokinase plasma activator   
  vCAM    Vascular cell adhesion molecule 1   
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    Chapter 7   

 Silica Nanomaterials       

     Katsuhiko     Ariga      and     Qingmin     Ji     

  Abstract 

   Ultrafi ne mechanisms are effi ciently working in biological systems. Fabrication of desired nanostructured 
materials has been paid much attention in biology, biochemistry, and pharmaceutical sciences. For these 
demands, nanostructured inorganic materials have to be more utilized in biological pharmaceutical fi elds. 
Among numerous candidates of inorganic materials, silica is the strongest candidate for use because silica 
is very abundant in nature and has low toxicity with huge knowledge on nanostructure fabrication. In this 
chapter, mesoporous silica and layer-by-layer assembly are fi rst introduced, followed by description of 
emerging materials such as silica fl ake-shell capsule and silica nanostructure plate with examples for their 
usages in drug delivery and gene transfections.  

  Key words     Mesoporous silica  ,   Layer-by-layer assembly  ,   Nanostructure  ,   Drug delivery  ,   Gene transfection  

1      Introduction 

 Ultrafi ne mechanisms are effi ciently working in biological systems. 
With understanding these activities more deeply, the importance of 
micro and nanostructures in life activities has been realized. 
Therefore, fabrication of desired nanostructured materials has been 
paid much attention in biology, biochemistry, and pharmaceutical 
sciences [ 1 – 6 ]. 

  Not limited to  such biological fi elds, considerable amounts of 
efforts have been made for fabrication of nanometer-scale struc-
tures for ultrafi ne devices. Accumulated technologies have been 
well combined with demands from biological sciences. Several 
excellent top-down-type approaches including photolithography 
and electron-beam lithography have been so far used to provide 
fi ne micro-structures. In addition, bottom-up approaches, which 
rely on molecular-self assemblies in supramolecular process, have 
been also actively investigated [ 7 – 19 ]. 

 Especially, organic materials have huge varieties in their prop-
erties that are related with many interesting chemical, physical, and 
biological functions. However, they do not always have mechanical 
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stability necessary for application under harsh conditions and 
hardness required for precise fabrication. In contrast, most of inor-
ganic substances have high mechanical strength. Nanostructured 
inorganic materials have to be more aggressively utilized in bio-
logical pharmaceutical fi elds. 

 Among numerous candidates of inorganic materials for bio- 
related application, silica is the strongest candidate for use. Silica is 
very abundant in nature and has low toxicity. Fabrication of nano-
structured silica has been widely researched. From these advanta-
geous features, we focus on nanostructured silica in this chapter. We 
fi rst introduce general silica nanostructures:  mesoporous silica  , and 
then the novel nanostructures from  layer-by-layer assembly  . Finally 
we emphasize on new developed emerging materials such as silica 
fl ake-shell capsule and silica  nanostructure   plate. Their several func-
tions including drug delivery and  gene transfection   s   are described.  

2    Mesoporous Silica 

 Mesoporous materials such as  mesoporous silica   have been widely 
used as drug carriers. To guarantee the therapeutic effi cacy, control 
release of drugs from pores to outside is preferred through tailor-
ing silica channels. 

    Not limited to  pharmacological science and technology, mesopo-
rous materials with well-defi ned geometry have been recently paid 
more attention due to their large potential in practical applications 
such as catalysis, adsorption, separation, and so on [ 20 – 26 ]. 
According to the IUPAC classifi cation, these materials are defi ned 
as a porous material having a diameter in the  size   range of from 2 to 
50 nm (Fig.  1 ). In 1990, Kuroda and coworkers reported prepara-
tion of the  mesoporous silica   from folded sheet material (FSM- 16) 
[ 27 ]. Great progress of the mesoporous material was brought by 
Mobil group who invented the M41S family of materials such as 
hexagonal MCM-41 and cubic MCM-48 [ 28 ]. These materials 
have high specifi c surface area and pore volume. These fi ndings 
have been followed by research efforts on various types of mesopo-
rous materials.

   Recent studies have revealed that new categories of mesoporous 
materials can be synthesized by wise selection of structure- directing 
molecules and/or silica-source materials. One typical example is 
periodic mesoporous organosilicate (PMO) [ 29 ]. Synthesis of this 
category of materials uses organic molecules that have a multiple 
alkoxysilane groups as a silicate source with variety of organic 
functional moieties. According to this approach, mesoporous 
structures with organic functional group can be obtained. 

 Preparation of non-silica material with a mesoporous structure 
also played an important role particularly in advancements of 

2.1  Fundamentals 
of Mesoporous Silica
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mesoporous materials. For example, mesoporous carbon materials 
prepared as replica of  mesoporous silica   have been widely used 
(Fig.  2 ) [ 30 – 33 ]. Not limited to mesoporous carbon, preparation 
of mesoporous material of non-oxide material containing carbon 
nitride [ 34 ], boron nitride [ 35 ], and metals [ 36 ,  37 ] have been 
reported. In addition, a mesoporous hybrid material with bio-
related components has been also researched as materials related 
with pharmacological science and technology.

      Well-defi ned pore structures with larger specifi c volumes of pore 
spaces in mesoporous materials are apparently suitable for carriers 
for drug delivery. Addition of gate opening/closure functions at 
the pore entrance on the material would lead to development of 
controlled  drug delivery system   s   [ 38 ,  39 ]. 

 As a pioneering work, Fujiwara and coworkers achieved photo- 
control of release of drug molecules stored in  mesoporous silica   

2.2  Gate-Controlled 
Materials Release

  Fig. 1    Classifi cation of porous materials: MCM-41, MCM-48, and SBA15 repre-
sentative  mesoporous silica   materials       

  Fig. 2    Conversion from  mesoporous silica   to mesoporous carbon       

 

 

Silica Nanomaterials



140

(Fig.  3 ) [ 40 ]. They prepared MCM-41 mesoporous silica, which was 
functionalized with a photoactive coumarin as a gate component 
through grafting only in mesopore exit. Guest drugs such as 
cholestane were incorporated into the mesopores of silica. The 
radiation by particular light causes dimerization of coumarin for 
stably trapping the guest cholestane. Release of cholestane can be 
induced through de-dimerization of the coumarin moieties by 
radiation due to light with different wavelength.

   Lin and coworkers applied colloid-gate systems for controlled 
release of drugs such as a neurotransmitter vancomycin from func-
tionalized  mesoporous silica   (Fig.  4 ) [ 41 ]. The mesoporous silica 
functionalized with thiol-related groups can trap drugs such as 
neurotransmitter molecules through formation of covalent disul-
fi de linkage with thiol-functionalized CdS  nanoparticles  . Cleavage 
of the disulfi de linkage with appropriate reducing reagents such as 
mercaptoethanol and dithiothreitol removes CdS capping to 
release drugs to outside.  Biocompatibility   of the proposed systems 
was also confi rmed.

   Martínez-Máñez and coworkers developed  mesoporous silica   
MCM-41 functionalized with polyamine segments as a plunge of 
release of model drugs such as [Ru(bipy) 3 ] 2+  [ 42 ]. The polyamine 
moieties are fully protonated at low pH conditions where release of 
cationic guest molecules was completely blocked. In contrast, par-
tial protonation of the polyamines are induced at neutral and 
slightly basic pH conditions, much suppressing pore blockage 

  Fig. 3    Gate control at mesoporous media through photoactive coumarin 
dimerization       
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effects and inducing a massive delivery of the [Ru(bipy) 3 ] 2+  guest 
from the pores to the solution. 

  Not limited to  these pioneering examples, functional  mesopo-
rous silica   materials are attractive materials to realize gate- controlled 
drug delivery. Especially, functionalization of silica surface is well 
established, and thus, huge variety in designing these functional 
materials is ensured.   

3    Layer-by-Layer Assembly 

 When we design sophisticated drug release systems, organization 
of functional materials into hierarchic structures is often required. 
Layer-by-layer (LbL) assembly technique is one of the most 
frequently used methods in organization of functional materials 
[ 43 – 52 ]. 

   The principle of  LbL assembly   is based on alternate adsorption of 
functional components between which certain kinds of interac-
tions such as electrostatic  interaction  , hydrogen bonding and metal 
coordination play key roles in selective adsorption (Fig.  5 ). 
Although basic principles and related mechanism of this method 
was previously suggested by several researchers [ 53 ,  54 ], Decher 
and Hong fi rst reported LbL fi lms composed of positively and 
negatively charged bola-amphiphiles [ 55 ], that was soon applied to 
LbL assembly of positively and negatively charged polyelectrolytes 
[ 56 ]. Since its assembly mechanism is very simple, the method 

3.1  Fundamentals 
of Layer-by- Layer 
Assembly

  Fig. 4    Gate-control at mesoporous media by colloid-capping       
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requires only minimum required apparatus such as tweezers and 
beaker. This simplicity in assembling principle is also advantageous 
to expand choice of applicable materials, including conventional 
and functional  polymers  , biomolecules ( proteins  , DNA, polysac-
charides, etc.), inorganic substances (nanoparticle, nanotube, 
nanosheet, graphene, quantum dots, etc.) and molecular assem-
blies (lipid bilayer, Langmuir–Blodgett (LB) fi lms, dye assemblies, etc.). 
Even virus and cells can be assembled into thin fi lms and/or 
capsules with the LbL method.

      The following examples demonstrate unusual automodulated 
material release by  LbL assembly   of  mesoporous silica   capsules 
(Fig.  6 ). The use capsules have interior space (1000 × 700 × 300 nm) 
at the capsule inside and mesoporous nanospace (average pore 
diameter of 2.2 nm) at the silica shell [ 57 ,  58 ]. The mesoporous 

3.2  Automodulated 
Materials Release

  Fig. 5    Layer-by-layer (LbL) assembly where electrostatic  interaction   plays a role of adsorption driving force       

  Fig. 6    Layer-by-layer assembly of  mesoporous silica   capsule with silica nanoparticle 
and polyelectrolyte       
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silica capsules were mixed with silica  nanoparticles   and the formed 
mixtures were then assembled with cationic polyelectrolytes 
through LbL assembling method on appropriate solid supports 
such as quartz crystal microbalance (QCM).

   As an initial investigation of material release from the  LbL 
assembly   of  mesoporous silica   capsules, a quantitative analysis of 
water release from the LbL fi lm compartment under various condi-
tions were investigated using QCM apparatus. After introducing 
water into the LbL fi lms of mesoporous silica capsules on a QCM 
plate through immersing the system in water phase, release of water 
from the silica capsule fi lms were evaluated in air upon frequency 
shifts of the QCM system. Surprisingly, frequency shifts upon water 
release from the capsule fi lm exhibited stepwise behavior (release 
and stop) even without applying any external stimuli (automodu-
lated material release) (Fig.  7 ).

   Plausible mechanism of the observed automodulated water 
release can be briefl y explained as follows. Water molecules entrapped 
in mesoporous channels at the outer shell were fi rst evaporated, cor-
responding to the fi rst release step. Only when most of the water was 
released from the mesopore channel, water can enter into the meso-
pore nanospace from interior space through introduction of air from 
external environment to capsule interior. Therefore, water release 
becomes slow down (the fi rst stop step). However, enough sully of 
water from the capsule interior to mesopore channels can restart 
water release process, resulting in periodic repetition of release and 
stop without supplying external stimuli. 

 The similar release profi les were demonstrated in case of mate-
rial release of various fl uid medicines such as liquid volatile drug 
molecules. The reported release system is different from most of 
the current  drug delivery system   s   with necessity of stimuli- 
application. It may lead to development of patient friendly drug 
release systems that does not require any external stimuli application. 
In addition, strategy of LbL assemblies of mesoporous capsules can 
be applied to the other functions with non-silica materials. It was 
actually demonstrated that LbL fi lms of mesoporous carbon cap-
sules can be applied to sensing applications of bioactive substances 
and toxic materials (Fig.  8 ) [ 59 – 61 ].

  Fig. 7    Stepwise material release ( left ) and plausible mechanism ( right )       
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4        Emerging Materials 

  Not limited to  typical nanomaterials nanostructures such as 
mesoporous materials and LbL assemblies, various kinds of silica 
nanostructures have been investigated in drug delivery and  gene 
transfection  . In the following sections, a few examples of emerging 
materials are introduced. 

   Various capsule materials have been investigated as drug carriers in 
controlled drug release. Basically capsules composed of organic 
materials such as LbL capsules have fl exible and soft natures but 
may be inferior in mechanical strength. On the other hand, inor-
ganic capsules and spheres including  mesoporous silica   spheres 
ensure their excellent robustness that could be disadvantageous in 
fl exibility for certain kinds of controlled drug release. Therefore, 
the development of a drug-carrier capsule structure with the advan-
tages of both types had been desired. 

 Recently, a soft capsule was developed by creating a fl uffy 
assembly of nanosheets of silica [ 62 – 64 ]. While this capsule con-
sists of a mechanically stable inorganic material, free control of its 
structure is also possible. This capsule was named as fl ake-shell cap-
sules. They can expand and contract when heated and cooled, and 
the  size   of the pores in the outer wall, which are formed by the 
spaces between the nanosheets and serve as passages for drug 
release, can be controlled over a wide range by adjusting pH to 
various levels. As a result, the sustained release time of the anticancer 
drug DOX was successfully extended by several times in compari-
son with conventional porous capsules having a simple structure. 
It was also possible to control the drug release duration and drug 

4.1   Drug Delivery   
from Flake-Shell 
Capsule

  Fig. 8    Layer-by-layer assembly of mesoporous carbon capsule for sensor application       
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storage amount by changing the pore structure of the capsule, 
thereby changing the drug release routes, by advance treatment of 
the capsule under appropriate pH conditions. 

 The fl ake-shell capsules can be fabricated spontaneously by self-
templating approach through exposing silica  nanoparticles   in hydro-
thermal conditions. Gradual dissolution of silica from the nanoparticle 
surface and precipitation as nanosheets at vicinity of the original 
nanoparticles result in formation of fl exible hollow capsules with 
assembly of numerous silica nanosheets (Fig.  9 ). The structural fl ex-
ibility of the fl ake-shell capsule was confi rmed in scanning electron 
microscopic (SEM) observation. The diameter of fl ake shell capsule 
decreased from 560 to 440 nm (shrinkage of the capsule) was 
induced by the emission of the electron beam for 5 min. Similar 
structural modifi cation can be done with modulation of Si-O-Si 
connections under various pH conditions.

   The fl ake-shell capsules can entrap various drugs in their interior 
space and release them from the capsule interior upon diffusion 
through integrated assemblies of silica nanosheets. Therefore, pH 
modulation of assembled structures of silica nanosheet would 
result in control of drug storage and release. The comparison 
between structure-fi xed  mesoporous silica   sphere and structure- 
fl exible fl ake-shell capsules was made using anticancer drug, DOX 
(Fig.  10 ). While only 20 % (per weight) of drug can be stored into 
structurally infl exible mesoporous silica sphere, storage effi ciency 
exceeds 80 % for the fl ake-shell capsules under the same condition. 
This high loading effi ciency was achieved through pH modifi ca-
tion of nanosheet assembly. To keep opening of pores between 
nanosheet assemblies leads to high loading of drugs into capsule 
inside. After loading of DOX molecules, capsule shell structures 
can be tuned again by the next pH treatment. By closing pores 
between silica nanosheet assemblies, release rate of DOX from 
the capsule to external environment can be drastically decreased. 

  Fig. 9    Formation of fl ake-shell capsule       
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At fi xed condition, more than 90 % of the stored DOX was released 
within 4 h from nonfl exible silica capsules. In contrast, only 10 % 
of the loaded drug was released from fl ake-shell capsules under 
the same conditions. As the results, drug release continued in 
day- scales when the fl ake-shell capsules were used.

   With the fl exible and adjustable structure of the fl ake-shell 
capsules, both high drug loading and slow drug release can be 
attained. This nature is advantageous for sustainable drug release 
with adjusting release rate of drugs. Optimum drug release rate 
depends much on diseases and conditions. Therefore, such high 
adjustable nature of drug release rate in fl ake-shell capsules would 
have high applicability to various kinds of medical needs.  

   Introduction of desirable genes into cells would contribute to various 
therapies. However, the existing technology needs complicated 
operation as well as insuffi cient introductory effi ciency of a gene 
and safety. Therefore, certain breakthrough of the related tech-
nologies has been awaited. Methods for gene deriver can be classi-
fi ed into two categories, strategies with virus vectors and non- virus 
technique. The former one always includes safety problems of virus 
origins. Some of the latter methods may have low effi ciency in 
delivery of genes into cells. As alternate methodology, reverse 
transfection has been proposed [ 65 – 67 ]. In this strategy, genes are 
immobilized on surface of designed materials and contact of cells at 
the surface induces gene transfer to cells. It has several advantages 

4.2  DNA Transfection 
from Silica 
Nanostructure

  Fig. 10    Comparison between  mesoporous silica   capsule and fl ake-shell capsule 
in sustained release of DOX       
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including lower necessary amounts of genes and lower toxicity. 
In addition, delivery of multiple gene species into small amount 
cells becomes possible upon combining this reverse transfection 
strategy with microarray fabrication. However, most current deliv-
ery platforms of the reverse transfection are still limited to cell 
types, with suppressed transfection effi ciency, and still have risk in 
safety or unexpected adverse effects. 

 In contrast to the preexisting methods, we have developed a 
novel reverse transfection methods using silica surface (Fig.  11 ) 
[ 68 ]. Nanostructures advantageous for effi cient reverse transfec-
tion can be fabricated as vertical fi n silica sheets that can be spon-
taneously grown from silica surface under controlled hydrothermal 
conditions. The formed vertical silica fi n walls have thickness of 
only 5 nm and their density on the silica surface can be tuned by 
selecting appropriate reaction conditions.

   Immobilization of plasmid DNA was also demonstrated. 
Loading effi ciency of the plasmid DNA can be adjusted through 
density control of the vertical fi n walls. At optimized condition, 
gene loading effi ciency in silica surface with vertical nanostructures 
becomes ca. 5.5 times larger than fl at silica surface, indicating that 
formation of vertical fi n structures effectively promote gene  loading 
to the silica surface. 

 Contact of cell to the nanostructured silica surface is also 
 possible, and thus gene delivery from the silica surface to cells was 
realized. The in vitro transfection experiments were carried out 
with the human embryonic kidney mammalian cell line with the 

  Fig. 11    Comparison of transfection effi ciency between conventional silica plate 
and nanostructured silica plate       
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green fl uorescent  protein   reporter genes. Complex of cationic lipid 
and target genes was loaded on the nanostructured silica surface, 
followed by cell seeding under typical cell cultivation. Successful 
transfection of GFP plasmid DNA into the cells was confi rmed. 
The transfection effi cacy in the case of this silica reverse transfec-
tion becomes 35 %, approximately double that obtained by 
solution- based transfection. Larger amount of immobilized DNA 
at the silica surface and the direct contact of the cells to the nano-
structured silica surface would lead to enhanced transfection 
effi cacy. 

 This reverse transfection method can introduce multiple kinds 
of genes effi ciently into animal cells. This nature would be advanta-
geous for cell profi ling. In addition, this method can be utilized for 
effective preparation of iPS cells. It is sure that silica materials are 
less toxic than the other materials used for reverse transfection 
techniques. Therefore, the reported method would have various 
possibilities in gene delivery applications.   

5    Conclusion 

 In this chapter, usages of nanostructured silica in biological and 
pharmaceutical fi elds are explained. As seen in several examples of 
 mesoporous silica   and  layer-by-layer assemblies   as well as newly 
developed silica nanostructures, silica materials have high potential 
to have variously structured materials with nanometer-scale preci-
sion. In addition, many applications including drug delivery and 
 gene transfection   have been realized because of high biocompati-
bility of these silica materials. Therefore, nanostructured silica 
materials will play essential roles in application of inorganic stuffs 
in biological and pharmaceutical fi elds.     
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    Chapter 8   

 Silicon Nanoparticles and Microparticles       

     Chaofeng     Mu     and     Haifa     Shen      

  Abstract 

   Porous silicon nanoparticles and microparticles have great potential as drug delivery carriers of a variety of 
therapeutic agents in chemotherapeutics, gene delivery, molecular diagnostics, and immunotherapy due to 
their biodegradability, biocompatibility, and unique structural properties. The in vivo toxicological proper-
ties and biosafety of porous silicon (pSi) particles highly depend on the particles’ surface properties (size 
and geometries), preparation processes, administration routes and dosage. Versatile composite pSi particles 
can be fabricated via functionalizing them with organic and/or inorganic components to satisfy the effec-
tiveness of different in vivo therapeutic purposes such as stimuli-responsive drug release, active drug tar-
geting, and diagnostic imaging. This chapter focuses on the fabrication and surface functionalization of pSi 
nanoparticles and microparticles as drug delivery vehicles, in vivo toxicological properties and biosafety, 
and the therapeutic and diagnostic imaging applications.  

  Key words      Porous silicon    ,   Nanoparticles  ,    Biocompatibility    ,   Drug delivery  ,    Cancer therapy    

1      Introduction 

 In nanotechnology,  nanoparticles   are often defi ned as microscopic 
particles with at least one dimension between 1 and 100 nm, which 
were fabricated from organic, inorganic, and inorganic–organic 
hybrid materials. However, the nanoscale is accepted to rise up to 
200–300 nm in biomedical and pharmaceutical application. In 
particulate drug delivery, microparticles refer to the micrometer 
dimensions of the particles. In the biomedical and pharmaceutical 
areas, nanoparticles and microparticles were explored for drug 
delivery application as a means of effectively treating and precisely 
diagnosing disease. As therapeutic delivery systems, particles allow 
for the controlled release of entrapped drugs and targeted delivery. 
The advantages of particulate drug delivery include several aspects: 
improving the solubility of poorly water-soluble drugs; reducing 
the systemic toxicity or side effects of the incorporated drugs; 
increasing circulation time by controlled drug release; protecting 
siRNA/ proteins   from degradation; compatibility with multiple 
administration routes (oral, inhalation, etc.) [ 1 – 4 ]. All of these 



154

advantages could result in improvements in drug bioavailability 
and resolve noncompliance with prescribed therapies. 

 With the great progress of nanomaterials, particles fabricated 
with inorganic or organic–inorganic hybrid biomaterials were 
developed for drug delivery, molecular diagnostics and immuno-
therapy. However, the toxicological properties and biosafety of 
inorganic or hybrid particles, especially the biodegradability and 
accumulation toxicity in the animal or human body, are one of the 
crucial issues now under consideration and debate, which greatly 
limits the bench-to-bedside translation possibilities [ 5 – 8 ]. 

 Silicon, one of the most abundant chemical elements, is essen-
tial in living organisms and naturally present in human  tissues   such 
as bone, blood vessels and cartilages [ 9 ].  Porous silicon   (pSi) was 
discovered over 60 years ago and its optical and biomedical appli-
cations were increased during the 1990s. Si based materials are 
widely utilized for biomedical products such as bandages, dental 
fi llers, implants, and contact lenses [ 10 – 12 ]. In the past several 
decades, Si-based nano- and micro-materials were broadly investi-
gated as drug delivery vehicles for improving the delivery effi ciency 
of therapeutic agents and diagnostic  imaging   in the pharmaceutical 
fi eld [ 13 ,  14 ]. Silicon particles as one type of inorganic particles 
have attracted increasing attention due to their unprecedented 
advantages. 

 For in vivo therapeutic application purposes, the high surface-
to- volume ratio of nanostructured silicon materials is the essential 
characteristic of silicon nano- or micro-materials. The tunable pore 
 size   (2–50 nm) and high pore volume are available for loading 
many types of therapeutic and diagnostic molecules with high 
capacity. pSi nanocarriers are developed for controlled-release to 
enhance drug therapy by protecting the drug from degradation 
and elimination in blood circulation before reaching the specifi c 
action site, thus fi nally achieving desired effective concentrations at 
targeted sites in the body. The silicon particles also provide large 
surfaces for functionalization by different reaction groups such as 
amine, carboxyl and end groups attached to  polyethylene glycol  , 
allowing for manifold biomedical applications. 

 This chapter highlights the preparation and functionalization 
methods, and in vivo  biodistribution   and biosafety of silicon parti-
cles and their potential applications in the biomedical and pharma-
ceutical fi elds for disease therapeutics and diagnostics.  

2    Fabrication and Surface Functionalization of Porous Silicon Particles 

    Porous silicon   can be fabricated by a range of methods, including 
chemical vapor etching [ 15 ], microwave plasma decomposition 
[ 16 ], laser-stimulated etching [ 17 ], and spark erosion etching 
[ 18 ]. Currently, porous silicon has been mainly fabricated by the 

2.1  Fabrication 
Methods
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electrochemical anodization method for biomedical applications 
purposes. Electrochemical anodization is a popular “top-down” 
approach for porous pSi materials fabrication from single bulk crys-
talline Si wafers in a hydrofluoric acid electrolyte solution [ 19 ,  20 ]. 
Anodization to produce porous silicon was conducted between the 
silicon wafer (anode) and the platinum wire (cathode) via immer-
sion in electrochemical aqueous or ethanoic hydrofluoric acid/
ethanol. A schematic of the anodization process for porous silicon 
formation is shown in Fig.  1 . The typical anodization parameters, 
such as hydrofluoric acid concentration, current density, etching 
time, temperature, and wafer resistivity, are able to affect the final 
silicon porous structures during etching process.

   In the next step, pSi materials were converted into  nanoparti-
cles   or microparticles using ultrasonic fracture or ball-milling 
[ 21 ,  22 ]. However, these pulverization techniques were employed 
for obtaining pSi particles of broad  size   distribution and irregular 
shape, which could greatly infl uence the particles’ biological 
performance. 

 Recently, photolithography and electrochemical etching of 
patterned silicon trenches were developed to fabricate highly 
reproducible, monodisperse porous pSi particles of submicron and 
micron  size   (Fig.  2 ) [ 23 – 25 ]. The trench was constructed into the 
100 mm p++ silicon wafer by a second dry- or wet-etch step. 
Finally, pSi particles were released from the wafer by sonication in 
isopropanol. Pore size (5–50 nm), porosity (47 % to over 80 %), 
and shape (discoidal, hemispherical to tubular) of the pSi particles 
were controlled by varying the related parameters during etching.

   The freshly etched pSi surface was anodized and subsequently 
oxidized slowly with ambient air. The hydrogen-terminated groups 
(Si-H  n  ) on the surface were unstable, and subsequent surface 
treatment was always needed to apply diverse optical and biomedi-
cal application. The most common surface treatments contain 
thermal oxidation (OSiH, OSiOH, and O-Si-O bonds), carbon-
ization (Si-C, C-H bonds), and hydrosilylation (Si-C-C, Si-C-O 
bonds), which tailor surface properties of pSi (hydrophilic or 
hydrophobic) [ 26 ].  

  Fig. 1    Schematic electrochemical anodization for porous silicon fabrication       
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   Surfaces functionalization can be done by post-etching chemical 
modifi cation. The siloxane and silanol groups inside the nanopores 
or on the surface of the pSi particles are available to react with vari-
ous linkers to form carboxyl, amine, and thiol groups. The versatil-
ity of SiO chemistry allows for an unlimited possibility of surface 
modifi cations using different biomolecules. In the grafting method, 
major functionalization reactions take place between native Si-H 
and organic linkers at the exterior surface and interior pore-walls of 
the pSi particles. Grafted pSi materials still retained their porous 
structures and rigid stability. The attachment of functional groups 
was preferentially conjugated to the external surface. Locations of 
functional groups cannot be regulated accurately. Surface func-
tionalization aims to diversify the surface characteristics to satisfy 
manifold biomedical demands. The proper surface functionaliza-
tion of pSi particles could modify their degradation rate, improve 
their biocompatibility, and allow for their bioconjugation to tar-
geting moieties and covalent coupling to drugs. 

 Short-chain poly(ethylene glycol) ( PEG  ) was attached to the 
pSi particles’ surface by using undecylenic acid as a spacer, creating 
a hydrophilic surface used to prevent nonspecifi c binding in 

2.2  Surface 
Functionalization

  Fig. 2    Description of pSi particles by photolithography and electrochemical etching. ( a – d ) Schematic process 
fl owchart (LTO: low temperature oxide). ( e ) Scanning transmission microscopy  image   of discoidal pSi particle 
(1000 nm × 400 nm) array retained on wafer. ( f ) Released monodispersed discoidal pSi particles (Scale bar is 
1 μm). Reprinted from Godin et al. [ 25 ], with permission from Wiley       
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biological applications [ 27 ]. The surface of multistage vehicles 
(MSVs) prepared with pSi particles was negatively charged, and 
conjugation with amino silanes (e.g., 3-Aminopropyltriethoxysilane 
(APTES)) can invert its zeta potential to positive. Negatively 
charged siRNA-liposomes were able to load into this positively 
charged MSV with high capacity [ 28 ]. Chitosan oligomers- 
functionalized porous silicon fi lms were utilized to detect carbox-
ylic acid-containing drugs in water [ 29 ]. E-selectin thioaptamer 
was conjugated with APTES-modifi ed MSV for the specifi c target-
ing of bone marrow vascular endothelium in the treatment of 
breast  cancer   bone metastasis [ 30 ]. Arginine-polyethyleneimine 
(Arg-PEI) was conjugated to APTES-modifi ed nanoporous silicon 
particles. siRNA oligos were loaded into nanopores of positively 
charged pSi particles with high capacity [ 31 ].  

   Structured porous materials are classifi ed by International Union 
of Pure and Applied Chemistry (IUPAC) into three categories 
based on their pore diameter: nanoporous (microporous, less than 
2 nm), mesoporous (2–50 nm), and macroporous (above 50 nm) 
[ 32 ]. The organized porosity, pore  size   and volume, and pore 
morphology determine its chemical and mechanical stability, and 
optical and biochemical properties [ 33 ]. Mesoporous pSi particles 
exhibit high pore volume, tunable pore size, and structural stabil-
ity, which make them suitable drug vehicles for controlled drug 
release. Porosity means the volumetric fraction of air within nano-
materials. For pSi particles, it can reach over 80 %. The pSi internal 
surface of per unit volume can be very large and on the order of 
500 m 2 /cm 3 . 

 Among them, pore morphology is a critical parameter for drug 
loading. It infl uences the docking location and absorption capabil-
ity of non-crystallized drugs or secondary drug-vehicles in the 
pores. Pore morphology mainly refers to the shape and orientation 
(branched, facetted, etc.) of interconnected pores. For nanoporous 
and mesoporous pSi, it typically exhibits a sponge-like structure 
with randomly branched pores and does not show a clear orienta-
tion (Fig.  3 ).

3        Drug Loading, Release, and Intracellular Traffi cking of Porous Silicon Particles 

   The nanostructures of porous silicon particles are highly ordered and 
have empty irregular channels. One attractive characteristic of porous 
nanomaterials is the desired drug loading capacity. The high surface 
areas and pore volumes allow for a large payload of drug molecules. 
The interior pore physicochemical environment can be tailored by 
modifi cation with multiple functional groups according to different 
properties of drug molecules in order to enhance drug loading and 
retention capability, as well as reduce carrier amounts for drug 

2.3  Pore Structure

3.1  Drug Loading

Porous Silicon Nanomaterials



158

delivery. The drug loading into the pSi  nanostructure   can be achieved 
by different encapsulation methods. The loading mechanisms mainly 
include physical adsorption and covalent attachment. 

   The physical adsorption of drugs into the porous structure was 
performed mainly through capillary force within numerous irregular 
nano-channels and other forces such as electrostatic  interaction   and 
sonication driving. This process can be achieved by immersing dry 
pSi  nanoparticles   into a high concentration drug solution and then 
sonicating for enough time at room temperature. The unbound 
drugs are removed by washing. The randomly branched pores with 
sponge-like structures are available for drug docking. 

 5.6 % (w/w) of indomethacin was loaded into the nanopores 
of thermally oxidized mesoporous silicon microparticles (13.6 μm) 
via immersion in a concentrated drug chloroform solution and 
subsequent solvent evaporation [ 34 ]. The indomethacin confi ned 
in the nanopores in a noncrystalline state due to the sponge-like 
pore structure was characterized by various physicochemical meth-
ods including Fourier-transform infrared spectroscopy (FTIR), 
powder X-ray diffraction (XRD), differential scanning calorimetry 
(DSC), and thermal GraVimetric analysis (TGA). The drug in 
noncrystalline state was able to be stored for several months in 
accelerated stability environments. 

 The undecylenic acid modifi ed pSi microparticles (4 μm) were 
synthesized for loading anticancer drugs cis-dichlorodiamine (cispla-
tin), transplatin, and Pt (IV) pro-drug by physical adsorption meth-
ods [ 35 ]. The surface properties of the pSi particles and the drug’s 
chemical state greatly infl uenced the loading effi ciency. Pt was 
deposited on the particles’ surfaces for capping the nanostructures 
and trapping the unreduced cisplatin. 

 A large amount of insulin (about 22 %, w/w) was loaded 
into annealed thermally hydrocarbonized and undecylenic 

3.1.1  Physical Adsorption

  Fig. 3    SEM images of pore structure on surface ( a ) and interior pore morphology by cross-cutting ( b ) of pSi 
particles       
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acid- modifi ed pSi microparticles for oral insulin delivery [ 36 ]. 
14.3 % (w/w) of splice-correcting oligonucleotides (SCOs, nega-
tively charged) were rapidly loaded into positively charged 
aminosilanes- grafted thermal oxidation pSi  nanoparticles   with 
electrostatic interactions [ 37 ]. Both indomethacin (hydrophobic) 
and peptide YY3-36 (PYY3-36, hydrophilic) were co-loaded into 
the surface- treated pSi nanoparticles by an immersion method 
with high loading capability for simultaneous multidrug delivery 
within a single delivery system [ 38 ].  

   For covalent attachment, a spacer arm such as an aliphatic chain con-
taining carboxyl or amino group is usually needed for grafting by 
gentle chemistry. Spacer attachments are usually made through an 
amide linkage but other functionalities are possible. These gentle 
reactions take place between native Si-H and organic linkers on the 
exterior surfaces and interior pore-walls of pSi particles. The design 
and optimization of linkers depends on the properties (molecular 
weight and chemical stability) of the covalent drugs and the expected 
release mechanisms and kinetics profi les. The locations of spacers in 
pSi particles cannot be regulated accurately by chemical reaction. 
Daunorubicin was covalently attached to hydrosilylated porous sili-
con photonic crystal particles of dimensions 12 μm thick and 35 μm 
across via undecylenic acid as a linker. This system was developed 
for intravitreally local administration [ 39 ]. The anticancer drug 
doxorubicin (4.5 % (w/w)) was conjugated to the surfaces and 
inner pores of the porous Si particles (30–50 μm) by covalent 
attachment using an undecenoic acid linker [ 40 ].   

   Generally, pSi nanocarriers are developed for controlled-release to 
enhance drug therapies by assisting drugs in traversing physiologi-
cal barriers, shielding drug from premature degradation and elimi-
nation, minimizing drug exposure to untargeted sites, and fi nally 
achieving the desired effective concentration on targeted sites in 
the body. Drugs are released from pSi particles in a controlled 
manner through several combinations of mechanisms including 
desorption, diffusion and degradation at different stages. This pro-
cess is highly correlated to the drug loading methods, pore  size   
and porosity, surface amphiphilicity of the pSi particles, and release 
environment. A sustained release profi le can be achieved by either 
physical absorption or covalent attachment. However, a premature 
burse release always happens when using physical absorption load-
ing. The amphiphilicity of pSi particles can control the degradation 
rate of pSi nanostructures in saline buffer. Daunorubicin was cova-
lently conjugated to the inner surface of porous silicon photonic 
crystal particles of size 12 μm thick and 35 μm across. The conju-
gated drug release can be controlled in a zero-order model for 
30 days via porous Si matrix degradation, which is signifi cantly 
longer than that of free drug injection [ 41 ]. Noncrystalline indo-
methacin (poorly soluble BCS type II drug) loaded into porous 
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silicon microparticles could greatly improve its release profi le in 
comparison with that of a crystalline-state drug by enhancing the 
indomethacin dissolution in the gastrointestinal tract. Doxorubicin 
released from pSi microparticles by covalent attachment is trig-
gered by the oxidation of particles. The drug release rate can be 
accelerated by the introduction of peroxynitrite (oxidizing species) 
into the release medium. The explanation is that doxorubicin 
mainly existed on the porous surface. The controlled release pro-
fi les showed that the release of doxorubicin was delayed by cova-
lent attachment compared to that loaded by physical adsorption 
(Fig.  4 ). The oxidation-triggered release was also demonstrated in 
Hela cells [ 40 ].

   The prominent advantage of pSi  nanoparticles   as drug delivery 
carriers is the near zero premature controlled release by entrapping 
drugs inside their pores. This is the prerequisite for achieving long 
blood circulation time and targeting cells or  tissues   for stimuli- 
responsive drug release via intravenous administration. Hence, the 
drug release takes place only when pSi nanocarriers are triggered by 
external or internal stimuli that are manipulated at a desired location 
and time. Furthermore, pSi particles have been widely used for con-
trolling the intracellular delivery of anticancer drugs and DNA and 
RNA oligonucleotides due to their unique properties. The intracel-
lular delivery highly depends on the precisely manipulated release 
behaviors controlled by the external surroundings of cells and the 
fi ne microenvironments in different cellular organelles, such as pH, 
oxidation–reduction, and enzymatic degradation. 

  Fig. 4    Doxorubicin release from pSi microparticles in phosphate-buffered saline 
(PBS buffer) by different loading methods. Approximately 80 % of the drug was 
released at 8 h and complete drug release occurred within 1 day for doxorubicin 
loaded by physical absorption. However, the covalently attached drug was sus-
tainedly released in 5 days. Reprinted from Wu et al. [ 40 ], with permission from 
American ACS       
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 Rod-shaped porous silicon  nanoparticles   (200–400 nm high 
and 100–200 nm in diameter) were synthesized and derivatized 
with a cyclodextrin-based nanovalve as a gatekeeper agent [ 42 ]. 
This cyclodextrin-based nanovalve was closed at the physiological 
pH of 7.4, and the cap was opened by protonation at pH less than 
6.0. Hoechst 33342 released from pSi nanoparticles showed obvi-
ous pH-dependent characteristics, which was premature zero 
release at pH 7.4 and controlled release in acidifi ed release medium 
(pH 5). This will benefi t the intracellular release of cargo-loaded 
pSi nanoparticles under lysosomal acidity conditions.  

   In order to understand the response of biological cells to particles, 
it is crucial to fi gure out the mechanisms of cellular uptake and 
intracellular traffi cking. The internalization mainly includes physical 
proximity and specifi c interactions between ligands-particles and 
receptors on the cell membrane. This process always takes place via 
internalization of early endosomes (intracellular vesicles). Generally, 
the intracellular process will be decisive for  nanoparticles   and the 
encapsulated drugs, leading to their degradation, translocation into 
other cytoplasmic compartments, or pumping out to the extracel-
lular environment [ 43 ]. The  size   and surface characteristics of pSi 
particles determine the cellular uptake mechanisms and any further 
form of intracellular transport, thereby signifi cantly affecting the 
release and effi cacy of encapsulated drugs. Nanoparticles smaller 
than 200 nm are mainly internalized by endocytosis, whereas big-
ger particles (above 200 nm) undergo uptake by either endocytosis 
or phagocytosis, which are also infl uenced by cell types (Fig.  5 ). 
The pSi microparticles were demonstrated to be internalized by 
phagocytosis and/or macropinocytosis [ 44 ]. The surface properties 

3.3  Intracellular 
Uptake and Cell 
Traffi cking

  Fig. 5    Mechanisms of intracellular internalization of silicon particles in a typical cell       
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of pSi particles refer to their shape, charge, hydrophobicity and bio-
logical compatibility. The binding and uptake of positively charged 
nanoparticles to the cell surface is the result of a nonspecifi c ionic 
 interaction   between the positive charge of the nanoparticles and the 
negative charge of the cell surface. Negatively charged cell surface 
constituents, such as heparan sulfate proteoglycans and integrins, 
play a role in the cellular binding of positively charged nanoparticles 
[ 45 ]. The cellular uptake improves with the hydrophobicity increase 
of the particle’s surface. For nanoparticles as siRNA delivery vehicles, 
the endosomes often mature into increasingly acidic vesicles, which 
may or may not fuse with lysosomes, where hydrolytic and enzymatic 
reactions may lead to the complete destruction of the endocyted 
siRNA. However, responsive surface modifi cation of pSi nanoparti-
cles may interfere with this mechanism and exploit acidifi cation to 
cause cytoplasmic release by means of a pH-dependent endosomal 
disruption. The amino groups on the surface of nanoparticles have 
the ability to create a proton sponge effect by proton osmotic infl ux 
inside the endosome, allowing the escape of the particles.

   Cell penetrating peptides, also known as  protein   transduction 
domains, consist of less than 40 amino acids and have the ability to 
translocate through almost any cellular plasma membrane. A cell 
penetrating peptide (NF51) was functionalized on the surface of 
splice-correcting oligonucleotides loaded aminosilanes-grafted pSi 
 nanoparticles   [ 37 ]. This delivery system could promote the release 
of oligonucleotides into the cytosol and protect them from 
endosome- mediated degradation. 

 The positively charged pSi  nanoparticles   (+33 mV) were fabri-
cated by covalently attaching of poly(methyl vinyl ether-  co  -maleic 
acid) (PMVE-MA) copolymer to the surface of (3-aminopropyl) 
triethoxysilane-modifi ed porous silicon nanoparticles [ 46 ]. The 
internalization of pSi nanoparticles was enhanced greatly in both 
MDA-MB-231 and MCF-7 breast  cancer   cells, which was attrib-
uted to the positive-charged and bioadhesive effect of the 
PMVE-MA  polymer  .   

4    In Vivo Toxicological Properties and Biosafety 

 Generally, pSi particles, as one type of well-defi ned nanostructures 
materials are acknowledged as biocompatible and biodegradable 
for application in the biomedical and pharmaceutical fi elds. The 
exact toxicological properties of particles-related delivery vehicles 
depend on the route of exposure, especially for intravenous admin-
istration. Once particles enter blood circulation, they will contact 
with all kinds of blood cells and plasma  proteins  . As foreign objects, 
they will trigger the defense system and are eliminated from blood 
circulation via mononuclear phagocytic system (MPS). On the 
other hand,  nanoparticles   also bind to and are coated with serum 
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proteins in blood fl uids, which could modulate the particles’ uptake 
and lead to complement system activation. Therefore, the toxico-
logical properties and biosafety are highly correlated with to the 
exposure route and particles’ characteristics, such as  size  , surface 
morphology, composition, and dose metrics, etc. All these param-
eters need be taken into account when designing and fabricating 
pSi particles especially for intravenous injection so as to minimize 
the systemic toxicity and improve in vivo performance. 

   As ideal particles for systemic drug delivery, pSi particles are 
assumed to be able to arrive and release entrapped drug at targeted 
sites (such as specifi c organs,  tissues   or cells) by easily traversing 
tissues, cells and organelles through body circulation. However, in 
the journey of particles to targeted sites, multiple biological barri-
ers exist that would fi ltrate and opsonize particles and infl uence 
their  biodistribution   and therapeutic effect [ 47 ]. The pSi particles 
are similar to the others organic polymeric particles, and their time- 
dependence biodistribution strongly depends on their  size  , surface 
charge, shape, and composition. The accumulation of pSi particles 
in healthy tissues should be minimalized to guarantee the maxi-
mum targeted accumulation of entrapped drugs so as to achieve 
the desired pharmacological effect and mitigate the potential sys-
temic toxicity. 

   In the blood circulation, particle  size   mainly impacts the effi cacy of 
lung and hepatic fi ltration, kidney excretion,  tissue   extravasation 
and diffusion. In some ways, the  biodistribution   of pSi particles is 
the combination fi ltration outcome of these physiological barriers. 
Along with size, the geometry of pSi nanostructures can determine 
their behaviors in the body. Unlike spherical particles, nonspherical 
particles (size, shape, and orientation) exhibit more complex 
motions with tumbling and rolling in fl owing blood. The probabil-
ity of cellular adhesion is also decreased as a result of the increased 
particle size and shear stress at the vessel walls [ 48 ]. 

 For intravenous administration, approximately above 80 % 
dose of luminescent porous silicon  nanoparticles   (LPSiNPs, 
20 mg/kg) with 126 nm was accumulated in the liver and spleen 
24 h after I.V. injection. The distribution silicon content in the 
spleen was almost threefold compared to that in the liver in Park’s 
study [ 49 ]. This distribution ratio of liver to spleen is quite differ-
ent for pSi microparticles, which mainly accumulated in the liver 
other than in the spleen [ 50 ]. The accumulation of pSi particles in 
the lungs increased as the particle  size   increased. 

 Different shapes of porous pSi particles (discoidal, spherical, 
hemispherical and cylindrical) were intravenously injected into 
MDA-MB-231 breast tumor bearing mice [ 50 ]. Si content in 
major organs was detected by inductively coupled plasma atomic 
emission spectrometer (ICP-AES). The  biodistribution   results at 6 h 
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showed shape-dependent accumulation of pSi in major organs and 
around 2 % of particles existed in tumor  tissue   (Fig.  6 ). In the heart 
and lungs, discoidal particles indicated relatively high accumula-
tion compared to the other shape particles. Hemispherical particles 
showed more than twofold accumulation in the liver, with small 
amount of distribution in the heart and lungs.

   For oral delivery, pSi particles was designed and fabricated to 
prevent the encapsulated active ingredients from enzymatic degra-
dation and enhance their oral dissolution properties. The loaded 
drugs should always release in gastrointestinal (GI) tract. The pSi 
drug vehicle’s distribution behaviors in the GI tract are much more 
important than that in the organs reached by I.V. injection. 
18F-labeled hydrocarbonized pSi  nanoparticles   (188 nm) could 
partially pass through the gastrointestinal tract after oral adminis-
tration and were not absorbed from a subcutaneous deposit. They 
mainly accumulated in the liver and spleen 4 h after intravenous 
injection [ 51 ].  

   The hydrophilicity of the pSi particles surface has great impacts on 
opsonized phagocytosis and complement activation. The mecha-
nism involved in nanoparticle opsonization is receptor-mediated 
by interactions of specifi c  proteins   absorbed onto the surface of the 
 nanoparticles   with phagocytes [ 52 ]. In Sarparanta’s study, they 
coated hydrophobic thermally hydrocarbonized porous silicon 
(THCPsi) nanoparticles with  Trichoderma reesei  HFBII  protein   
[ 53 ]. The  size   of THCPsi  NPs   increased slightly (215–324 nm) by 

4.1.2  Surface 
Composition

  Fig. 6    In vivo  biodistribution   of pSi particles with different geometries. The per-
centage of silicon is proportional to the number of particles accumulating in each 
organ 6 h after intravenous administration into breast tumor burdened mice. 
Reprinted from Decuzzi et al. [ 50 ], with permission from Elsevier       
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protein coating. This surface composition transfer signifi cantly 
reduced THCPsi nanoparticles accumulation in the spleen (about 
2.5-fold at 60 min), even though blood circulation time of protein 
modifi ed pSi nanoparticles showed no signifi cant improvement. 
This was attributed to the difference of protein types absorbed onto 
THCPsi NPs and HFBII-THCPsi NPs after incubation in plasma. 

 All the evidence demonstrated that the  biodistribution   of pSi 
particles can be optimized by proper particle  size  , geometry and 
surface composition design.   

   The pSi particles are readily degraded into monomeric silicic acid 
through hydrolysis of Si-O bonds in a physiological environment, 
which is naturally found in human body such as bone and other 
human  tissues  . The pSi degradation rate is directly correlated with 
the particles’ porosity, surface area and surface modifi cations. The 
surface properties of pSi are the determinant of degradation kinet-
ics among these factors. The surface of untreated pSi particles is 
hydrogen-terminated. In physiological fl uid, they are able to 
degrade in hours, which is unfavorable for controlled drug release 
and long circulation time in blood required for drug delivery vehi-
cles. Thus, the surface stabilization of pSi particles should be con-
ducted. The stabilization strategies mainly include functional 
groups replacement, long chain  polymer   grafting and surface- 
protein      coating. 

 Two thermal oxidation processes were developed by Hon 
et al., which were able to increase the degradation half-life of 
100 nm pSi  nanoparticles   from 10 min to 3 h [ 54 ]. It can be 
extended up to 8 h by using silica coating. The formation of an 
inert silica layer in the oxidation processes resulted in preventing 
the Si core from degradation. Modifi cation of porous silicon par-
ticles with APTES also could limit surface attack by water mole-
cules and thus prevented the particle from rapid degradation [ 31 ]. 
Godin et al. modifi ed the surface of hemispherical pSi microparti-
cles by covalent conjugation using different molecular weights of 
PEGs. This  PEGylation   precisely tuned the degradation kinetics of 
pSi particles, which can prolong the degradation over 3 days [ 55 ]. 
The degradation rate was prolonged as the  PEG   length increased. 

 The degradation kinetics was independent of the particle diam-
eters, while the total specifi c surface area and porosity dominated 
the degradation process. The pSi particles with high porosity (above 
50 %) are gradually degraded in the majority of the simulated physi-
ological fl uids, including phosphate-buffered saline (PBS) and  pro-
teins  -contained solutions and excluding simulated acidic gastric 
fl uid (pH less than 5.0). The degradation proceeded from the outer 
surfaces of particles and simultaneously from the inner cores, and 
the degradation process was heterogeneous. The biodegradation 
properties of the pSi  nanoparticles   provide safe clearance from 
the body. 

4.2  In Vivo 
Degradation 
and Clearance
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 The degradation of APTES-modifi ed porous silicon micropar-
ticles was conducted in PBS containing 10 % fetal bovine serum 
(FBS) and characterized by scanning electronic microscope (SEM) 
images and  size   measurements (Fig.  7 ). The pSi particles gradually 
lost their porous layer and were only left with the high-density 
layer after incubation for 3 days. 46 % of the median sizes of the 
particles were observed to drop after 10 days of incubation [ 56 ].

   It is noted that the in vitro degradation performed in simu-
lated buffers cannot fully simulate the in vivo biodegradation 
behavior because of the complexity of the biological environment. 
However, there is not a well-rounded in vivo degradation assay 
available for determining the biodegradation behaviors of pSi 
particles in vivo. To date, no systematic in vivo results about the 
degradation processes of pSi particles have been reported. It is 
unpractical to discriminate the degraded products from the total 
administrated Si content. 

  Fig. 7    The degradation of pSi particles in serum. ( a ) Discoidal pSi microparticles (1000 × 400 nm) were incubated 
in fetal bovine serum (FBS), pH 5.7. The structures of particles were visualized by SEM after 1, 3, and 10 days 
incubation. ( b ) The particle  size   was measured with a Multisizer instrument and displayed on the basis of diameter 
and volume. Reprinted from Shen et al. [ 56 ], with permission from American Association for Cancer Research       
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 The soluble degradation product-silicic acid can be absorbed by 
the human body or removed from body through renal clearance. 
The clearance rate of pSi particles in vivo mainly depends on the 
degradation rate. Park et al. demonstrated that the LPSiNPs of 
126 nm  size   that accumulated in monocuclear phagocytic system- 
related organs (liver and spleen) could be cleared completely in a 
month [ 49 ]. Bovine serum albumin (BSA) coated alkyl-terminated 
pSi  nanoparticles   via hydrophobic interactions greatly prolonged 
the nanoparticles in vivo blood circulation time and delayed their 
clearance from body [ 57 ]. The half-life of BSA-pSi nanoparticles 
was 262.4 min, while that of bare pSi nanoparticles was only 
28.6 min. The infl uence of the surface charge on the in vivo 
clearance of the pSi particles was still not clear. For the silica 
nanoparticles, their excretion in vivo is strongly dependent on their 
surface charge, which results from the charge-dependent  proteins   
adsorption effects on hepatobiliary excretion [ 58 ].  

   When porous silicon particles are introduced into the body, their 
aqueous dispersibility and biodegradability determine their disposi-
tion and elimination routes, which highly infl uence their in vivo 
tolerance and toxicological properties. Due to the versatility of pSi 
synthesis and modifi cation methods for meeting diverse demands, 
the availability of general systemic toxicological data is limited cur-
rently. The pSi particles’ tunable  size   and high porosity largely gov-
ern the body’s reaction to them. As particulate matters, the pSi 
particles are able to cause an acute or subacute infl ammatory 
response by macrophage recognition and ingestion after entering 
human body due to their structural features. On the other hand, the 
magnitude and accuracy of toxicological evaluation of pSi particles 
depend on the in vitro validation methods, which should have high 
relevancy to their conditions of exposure in vivo. 

 The in vivo safety of negatively and positively charged nanopo-
rous pSi particles was evaluated by acute single and subchronic 
multiple dose intravenous injection in FBV mice [ 28 ]. The renal 
(BUN and creatinine), hepatic (LDH), and 23 cytokines levels in 
plasma were not changed compared to those of control animals. 
The LDH (Lactate Dehydrogenase) levels in the liver and spleen 
were not altered and there was no leukocytes infi ltration into the 
major organs. This indicated that porous pSi particles did not 
induce immunoreactivity in mice. 

 For the pSi particles, the biodegradation properties offer a 
nontoxic clearance from the body. An effective clearance can pre-
vent toxicity induced by residual impurities and foreign materials 
in the body. Luminescent pSi  nanoparticles   could be removed by 
renal clearance within weeks with no toxic effect and could over-
come the toxicity of residual particles of smaller nanocrystals 
(carbon nanotubes, quantum dots etc.) for in vivo  imaging   that do 
not escape phagocytic uptake [ 49 ]. Hydrocarbonized pSi particles 
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with around 150 nm diameters did not induce cell toxicity, oxidative 
stress, or infl ammatory response in human colon carcinoma Caco-2 
and murine macrophage cells, which indicated that they could be 
applicable as oral drug delivery vehicles [ 51 ]. 

 The major concern for using pSi particles was that mechanical 
obstruction in the vasculature was possible and could cause con-
gestion in major organs after long-term accumulation in repeated 
administration [ 59 ]. Thus, the in vivo degradation and clearance 
kinetics should be closely monitored when determining the 
repeated dose time intervals. 

 For intravenous administration, the silanol groups in porous 
SiO 2   nanoparticles   surfaces are able to interact with the surface of 
the phospholipids of the red blood cell membranes resulting in 
hemolysis [ 60 ]. Shahbazi et al. demonstrated that the morphologi-
cal changes of red blood cells and the amount of particles adsorp-
tion into red blood cells were high correlated with the surface 
chemistry of pSi nanoparticles (hydrophilicity, surface charge, etc.) 
[ 61 ]. Godin’s study demonstrated that pSi microparticles did not 
cause erythrocyte lysis by incubation them with the whole mouse 
blood [ 62 ].  

   In vivo biobehaviors of pSi particles, such as the  biodistribution  , 
biodegradation, and toxicological properties, are determined by the 
synthetic processes, particle sizes, morphologies, surface modifi ca-
tions and dose metrics. The biodistribution and clearance assessment 
of pSi nano/microparticles found that the particles mainly accumu-
late in the liver and spleen. There are few particles accumulated in 
the lungs and even fewer in the kidneys and heart. The degradation 
and clearance rate of pSi particles depends on their surface com-
posite, which can be tuned by surface modifi cation. More impor-
tantly, the long term in vivo biosafety issue and relevant data should 
be addressed in big mammals such as dogs or pigs for future clinical 
translation.   

5    Therapeutic Applications of pSi Particles 

 Chemotherapeutic drugs (doxorubicin, paclitaxel, etc.) for  cancer   
therapy currently in clinic have low solubility and are always associ-
ated with unexpected chemoresistance and nonselective dose- 
limiting toxicity, such as myelosuppression, gastrointestinal 
dysfunctions, neurologic toxicities and immune suppression [ 63 ]. 
Proteins/peptides and DNA/RNA oligonucleotides are two new 
generations of drugs in biotechnology. Their limitations to in vivo 
therapies include high molecular weight impeded transportation 
through  tissues   and intracellular barriers and enzymatic 
degradation- caused rapid clearance [ 64 ]. The imperative task is to 
improve their bioavailability and minimize undesirable side effects 
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for systemic application. Nanocarriers such as liposomes, micelles 
and inorganic  nanoparticles   have been extensively investigated for 
improving the  pharmacokinetics   and pharmacodynamics proper-
ties of chemotherapeutic,  protein   and gene drugs, thus increasing 
their safety and maximizing the therapeutic effect. 

 The biocompatibility and biodegradability of pSi particles make 
them suitable and safe as emerging drug delivery carriers. In con-
trast to conventional organic nanomaterials-based drug delivery 
carriers, the prominent advantages of pSi particles mainly include 
their high porosity, controlled  size   distribution, tunable degrada-
tion kinetics, convenient surface chemistry, and good aqueous 
dispersion capability. Additionally, the versatility of silicon- based 
chemistry offers composite  nanoparticles   systems by inorganic or 
organic/inorganic hybridization, which are able to be employed for 
multiple biomedical applications such as  immunotherapy, photo-
thermal and  photodynamic therapy  , diagnostic  imaging  , and com-
bined diagnostics and therapy. 

   As previously described, pSi particles can be chemotherapeutic drug 
carriers with high payload capacities, near zero premature release, 
and excellent aqueous stability. Thus, they are able to protect the 
encapsulated chemotherapeutic agents within the nanopores before 
reaching targeted sites, minimize nonselective toxicity and 
maximize the therapeutic effect for systemic circulation. A tumor 
homing peptide (CooP) biofunctionalized thermally hydrocarbon-
ized pSi (THCPSi)  nanoparticles   (180 nm) was utilized to target-
ing mammary-derived growth inhibitor (MDGI) expressing tumor 
in vivo [ 65 ]. The CooP-THCPSi nanoparticles showed around 
ninefold tumor accumulation effi ciency compared to the unmodi-
fi ed THCPSi particles. Paclitaxel-containing poly(ethylene glycol)-
block-poly(ε-caprolactone) micelles was loaded within the pores of 
pSi microparticles. The pSi particles greatly delayed the paclitaxel 
release in vitro and signifi cantly improved the antitumor effi cacy in 
mice bearing MDA-MB-468 breast tumors compared to that of 
commercial formulation [ 66 ]. 

 The high payload capacities and sustained-release properties of 
pSi particles are critical characteristics for local delivery, such as in 
subcutaneous and intravitreal applications. Daunorubicin-attached 
porous silicon microparticles were developed for long-term intravit-
really local administration [ 67 ,  68 ]. The covalently loaded dauno-
rubicin was sustainedly released for 3 months without ocular toxicity 
after intravitreal injection. 

 For oral administration, the dissolution kinetics of poorly 
soluble drugs in the GI tract was hugely improved by the altered 
crystalline behaviors of drugs in the irregular sponge-like nano-
pores of pSi particles. Indomethacin-loaded mesoporous silicon 
microparticles could promote the immediate release of non-crystal 
drugs and greatly alter the in vivo  pharmacokinetic   behaviors of 
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the drugs via oral administration, as compared with crystalline 
indomethacin (Fig.  8 ). The critical pharmacokinetic parameters: 
Cmax was increased twofold, AUC was enhanced 77 %, and Tmax 
was shortened from 2 to 0.6 h [ 34 ].

      Small interfering RNA (siRNA) and microRNA are gene silencing 
agents that have the clinical potential to modulate gene expression 
for the treatment of human diseases, including  cancer  . Because of 
the unfavorable physicochemical properties of siRNA, including its 
negative charge, high molecule weight and instability (plasma half- 
life: about 10 min), the barriers for systemic siRNA delivery are 
multiple. They mainly refers to diffi culties in the distribution to 
organs, penetration to the interstitium, internalization by target 
cells, escape from endosomes, and release of siRNA into cytosol 
from carriers [ 69 ]. Therefore, as the effective siRNA delivery vehi-
cles, pores and surface modifi cation of pSi particles are always crucial 
for loading siRNA and controlling its release behaviors in vivo. 

 Shen et al. developed a high capacity polycation-functionalized 
nanoporous silicon particles (PCPS) platform, which was based on 
Arg-PEI modifi ed nanoporous silicon microparticles (1 μm in 
diameter and 400 nm in height) as gene silencing agents (Fig.  9a ) 
[ 31 ]. Negatively charged siRNA and microRNA were bound to 
positively charged Arg-PEI modifi ed pSi particles with high pay-
load. The  size   of released siRNA nanocomplex was around 100 nm 
(Fig.  9d, e ) under in vitro release condition.

   Over 80 % of  protein   knockdowns were accomplished using 
STAT3 or GRP78 siRNA-loaded PCPS in MDA-MB-231 human 

5.2  In Vivo siRNA 
Delivery

  Fig. 8    Time-plasma concentration profi les of indomethacin-loaded pSi microparti-
cles by oral administration in fasted Sprague–Dawley rats. Free indomethacin ( open 
triangle ), Indocid ®  ( open square ), and indomethacin in oxidized pSi particles (open 
diamond). Reprinted from Wang et al. [ 34 ], with permission from American ACS       
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breast  cancer   cells in vitro. MicroRNA-18a in PCPS also knocked 
down 90 % of the microRNA-18a target gene ATM expression 
(Fig.  10 ). In vivo STAT3 gene expression knockdown caused great 
reduction of cancer stem cells in MDA-MB-231 tumor  tissue   by 
systemic delivery of PCPS/STAT3 siRNA.

   The acute  immune response   and subacute toxicity results 
demonstrated the biosafety of the PCPS gene delivery system in 

  Fig. 9    Characterization of polycation-functionalized pSi particles (PCPS) as delivery carriers for gene silencing 
agents. ( a ) SEM images of pSi particles and PCPS. ( b ) Changes of zeta potential at each stage of PCPS fabrica-
tion. ( c ) Confocal microscopy images of PCPS/Alexa 555-siRNA ( left ) and the released Arg-PEI-siRNA nano-
complex ( right ). ( d ) Size distribution of released siRNA nanocomplex measured by dynamic light scattering 
(DLS). ( e ) Atomic force microscopy (AFM)  image   of siRNA nanocomplex. Reprinted from Shen et al. [ 31 ], with 
permission from American ACS       
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FVB mice by detecting the related cytokines, colony-stimulating 
factors, hematology, blood chemistry, and major organ histology 
changes.  

  Fig. 10    Gene knockdown in two breast  cancer   cells via PCPS in vitro. ( a ) Western blot on knockdown of STAT3 
and GRP78 expression in MDA-MB-231 cells following treatment with the corresponding siRNA for 72 h. ( b ) 
Knockdown of ATM expression in MCF-7 cells. ( c ) Accumulation of PCPS/siRNA in primary MDA-MB-231 tumor 
6 h after intravenous administration of 150 × 10 6  Alexa 555 PCPS/siRNA. ( d ) SEM images of PCPS/siRNA in 
tumor  tissue  . Reprinted from Shen et al. [ 31 ], with permission from American ACS       
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   Proteins and peptides show high molecular weight, hydrophilicity 
and structural fragility. They are easily degraded, denaturated and 
inactivated during formulation, storage, and delivery. Their formu-
lations always include structure stabilizers, salt buffers and preser-
vatives for improving their in vitro and in vivo stabilities [ 70 ]. The 
intramuscular, intravenous and subcutaneous injections are com-
mon administration routes for  protein   and peptide deliveries. 

 For oral administration, the degradation by the proteolytic 
enzymes located in the gastrointestinal tract and the poor intestinal 
mucosa permeability strongly limit oral  protein   bioavailability. 
Chitosan (CS) modifi ed undecylenic acid-attachment hydrocarbon-
ized pSi microparticles were able to protect insulin from degrada-
tion by enzymes in the GI tract and greatly increased the interactions 
between microparticles with Caco-2/HT-29 cell monolayers, 
which was expected to enhance the permeation capability of insulin 
across intestinal mucosa [ 36 ]. 

 One gut hormone peptide YY3-36, a potential candidate for 
obesity therapy was absorbed into three kinds of modifi ed pSi 
 nanoparticles   (~160 nm): hydrophilic thermally oxidized (TOPSi), 
moderately hydrophilic undecylenic acid-treated thermally hydro-
carbonized (UnTHCPSi), and hydrophobic thermally hydrocar-
bonized (THCPSi). PYY3-36 was sustainedly released for 4 days, 
and the different surface modifi cation of pSi nanoparticles did not 
change its bioavailability via subcutaneous injection (Fig.  11 ) [ 71 ]. 
However, the free YY3-36 was rapidly cleared in mice and unde-
tectable 12 h after subcutaneous administration. The surface 
hydrophilicity promoted the peptide release in blood circulation by 
intravenous injection. The bioavailability of peptide pSi formula-
tions was increased around three times compared to that of solu-
tion formulation in both administration routes, which was 
attributed to the controlled release and peptide’s protection from 
rapid elimination by encapsulation of drug in pSi nanocarriers.

      Biocompatible and functionalized  nanoparticles   have been widely 
investigated for fl uorescence, magnetic, and radioactive signals for 
enhancing the sensitivity and specifi city of noninvasive  imaging   
[ 72 – 74 ]. Visible photoluminescence of porous silicon used in bio-
medical applications was fi rst reported by Canham in 1990s [ 75 ]. 
The unique features of pSi nanoparticles for imaging include their 
ample surface modifi cation area, capability for multiple conjuga-
tions to tumor-targeting ligands and relatively in vivo long- 
circulation properties [ 76 ,  77 ]. The degradation of pSi particles 
and loaded drug release can be monitored in situ by digital imaging. 
The optical refl ectance spectrum shift change has a good correla-
tion with the released drug amount as measured by photonic reso-
nance. Luminescent porous silicon nanoparticles (130–180 nm, 
LPSiNPs) were applied for monitoring in vivo degradation and 
accumulation by using their intrinsic near-infrared 

5.3  Proteins 
and Peptides Delivery

5.4  In Vivo Imaging
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photoluminescence. The quantum yield of LPSiNPs is suffi cient 
for observation in internal organs using fl uorescence imaging 
systems [ 49 ]. 

 Luminescent PEG5000-porous silicon  nanoparticles   ( PEG  - 
LPSiNPs ) with 150 nm diameters were prepared for in vivo tumor 
 imaging   by the enhanced permeability and retention (EPR) effect 
promoted nanoparticles accumulation in tumor of human ovarian 
 cancer   xenografted mice [ 78 ]. The rationale is that the long 
 emission lifetime of photo-luminescent PEG-LPSiNPs (5–13 ms) 
can eliminate the shorter-lived emission signals from  tissue   auto-
fl uorescence (less than 10 ns). This type of time-gating imaging 
tools could greatly improve the signal-to-background contrast 
ratio by around 400-fold both in vitro and in vivo (Fig.  12 ).

  Fig. 11    Time-plasma concentration profi les of Peptide YY3-36 pSi  nanoparticles   or 
solution (20 μg) up to 12 h ( a ) and 4 days ( b ) after subcutaneous administration in 
mice. Reprinted from Kovalainen et al. [ 71 ], with permission from American ACS       
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      The surface of pSi particles provides one suitable vehicle for covalent 
conjugation and electrostatic attachment of a vast spectrum of tar-
geting ligands. Currently, the targeting ligands under active inves-
tigation include small chemicals, peptides, aptamers, and antibodies, 
which have the most clinical potential [ 79 ]. 

 Two arginylglycylaspartic acid derivatives (RGDS and iRGD) 
as targeting moieties were conjugated to APTES-modifi ed ther-
mally carbonized pSi (APS-TCPSi)  nanoparticles  , which  size   was 
increased around 20 nm. The cellular uptake effi ciency of RGD- 
pSi nanoparticles was increased around 1.5 times compared to that 

5.5  Targeted Delivery

  Fig. 12    Time-gated (TG) fl uorescence images of mice bearing SKOV3 ovarian tumor after intravenous admin-
istration of  PEG  -LPSiNPs. ( a ) Bright-fi eld  image   of nude mouse bearing tumor at the fl ank. The  arrow  indicated 
the tumor site. ( b – e ) continuous wave (CW) and TG fl uorescence images of the region indicated with the  white 
box  in ( a ). immediately ( b ), 1 h ( c ), 4 h ( d ), or 24 h ( e ) after intravenous injection of PEG-LPSiNPs (10 mg/kg). 
Reprinted from Gu et al. [ 78 ], with permission from Macmillan Publishers Limited       

 

Porous Silicon Nanomaterials



176

of APS-pSi nanoparticles in EA.hy926 cells [ 80 ]. The in vitro 
 antiproliferation activity of sorafenib was also enhanced by drug- 
containing RGD-pSi nanoparticles. Three periodate-oxidized anti-
bodies targeted to different types of  cancer   cells were  conjugated 
to the semicarbazide functionalized pSi nanoparticles (115 nm) 
[ 81 ]. These three monoclonal antibodies were MLR2, mAb528, 
and Rituximab, targeting glioblastoma, neuroblastoma, and B cell 
lymphoma cells, respectively. Camptothecin was loaded into the 
pores of antibody-pSi nanoparticles via a physical absorption 
method. The drug containing antibody-pSi nanoparticles exhib-
ited selective killing of receptor expressed cancer cells in vitro. 

 In our group, an E-selectin thioaptamer-conjugated multi-
stage vector (ESTA-MSV) siRNA carrier was developed based on 
porous silicon microparticles (1 μm in diameter and 400 nm in 
height) for the effective treatment of breast  cancer   bone metastasis 
[ 30 ]. E-selectin is overexpressed in the vasculature of infl amma-
tory and tumor  tissues  . The targeting moiety thioaptamer specifi -
cally binds to E-selectin.  PEG  -PEI/siRNA polyplexes (30–40 nm) 
were loaded into porous ESTA-MSV by sonication absorption. 

 Bone marrow accumulation of ESTA-MSV was evaluated with 
Cy5-labeled ESTA-MSV by immunohistology in mice bearing bone 
metastatic MDA-MB-231 tumors via intravenous injection. The 
femur and spine of mice were separated for histological analysis 
after 4 h. Compared with untargeted Cy5-MSV, more red fl uores-
cent particles co-localized with the E-selectin-positive endothelial 
cells (green) (Fig.  13b ). Most ESTA-MSV particles existed in the 
perivascular region following binding to E-selectin inside the med-
ullary cavity (Fig.  13c ). STAT3 expression in 48.7 % of  cancer   cells 
in bone marrow showed knockdown by using ESTA- MSV targeted 
delivery system.

      Recently, a multistage  drug delivery system   called multistage vector 
(MSV) was designed and employed for diverse applications in 
the biomedical fi eld based on porous silicon microparticles [ 82 ]. 
The dominating parameters in the intravascular journey of  nanopar-
ticles   in blood were intensively studied on the basis of three funda-
mental events: the margination dynamics, fi rm adhesion, and 
control of internalization. Along with  size  , the geometry of the pSi 
 nanostructure   can determine a NP’s behavior in the body. 
Nonspherical porous silicon particles show more complex motions 
of tumbling and rolling in fl owing blood compared with spherical 
particles, which infl uences the  tissue   penetration and vascular adhe-
sion ability in body circulation [ 48 ]. Hemispherical and quasi- 
hemispherical porous silicon particles (pore size: 30–60 nm) were 
designed and fabricated as the stage one particles by combination 
of photolithographic techniques and electrochemical etch. The 
secondary nanoparticles of size smaller than 30 nm (liposomes, 
quantum dots, gold nanoshells, micelles, etc.) can be loaded within 
the pores by using dry silicon particles through simple capillary 

5.6  Multistage  Drug 
Delivery  
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  Fig. 13    Accumulation and distribution of multistage vector (pSi particles, MSV) in the bone marrow by histological 
analysis. ( a ) Free MSV particles.  Left panel : H&E staining.  Right panel : E-selectin Staining (in  green ) for E-selectin 
expression inside the bone marrow. Nuclei are stained in blue with 4′,6-diamidino-2-phenylindole (DAPI) and Cy5-
labeled MSV particles in  red  (indicated by  arrows ). ( b ) ESTA-MSV particles. ( c ) Fluorescent microscopy images of 
ESTA-MSV particles inside and outside of bone marrow. Endothelial cells are stained in  green , and nuclei in  blue . 
The cy5-ESTA-MSV particles are stained in  red . Reprinted from Mai et al. [ 30 ], with permission from Elsevier       
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force. Drugs and other therapeutics can be encapsulated in the 
secondary particles. Secondary nanoparticle release from stage one 
particles depends on the degradation rates and surface coating of 
stage one particles, and the physicochemical and biological proper-
ties of stage two nanoparticles including stimuli-sensitive response 
techniques. 

 In recent work, the relationship between variations in pore  size   
and the impact on the degradation and release of multistage vec-
tors (MSVs) was elucidated [ 83 ]. The degradation rate of MSVs 
was accelerated and the loaded quantum dots’ release was slowed 
down as the pore size increased. The MSVs degradation occurred 
heterogeneously in a multistep progression. The pSi microparticles 
as MSVs were demonstrated to present pathogen-associated pat-
terns and mimic pathogens, which could enhance the internaliza-
tion of pSi particles by dendritic cells. Toll-like receptor (TLR)-4 
ligand-bound particles can stimulate dendritic cells to secrete pro- 
infl ammatory cytokines, such as IL-1β, TNF-α, and IL-6 [ 44 ]. 

 As siRNA delivery vehicles, Alexa 555 siRNA-DOPC lipo-
somes were loaded into the 1000 × 400 nm MSVs. A large number 
of MSVs underwent uptake in human SKOV3ip2 and HeyA8  can-
cer   cells (Fig.  14 ) [ 56 ]. The liposomal siRNA were sustainedly 
released in the cytosol and could still be visualized on day 2 and 
day 7. EphA2 siRNA loaded MSV (MSV/EphA2) could knock-
down EphA2  proteins   in SKOV3 cells for more than 9 days. EphA2 
knockdown inhibited  cell viability   by 40 % on day 9. Combination 
treatment with MSV/EphA2 and docetaxel effectively inhibited 
HeyA8-MDR (docetaxel-resistance) tumor growth in mice models 
of ovarian cancer.

6        Future Prospects 

 It is noteworthy to mention that the fi nal therapeutic and diagnos-
tic  imaging   purposes for the design and fabrication of porous silicon 
particles are to cope with the clinical issues. The compositional and 
structural characteristics of pSi particles (such as particle  size  , pore 
structure, aggregation state and surface status) should be designed 
and tuned to meet the biopharmaceutical properties of the encap-
sulated drug, administration route and physiological environment 
in the body. Therefore, the correlation establishment of in vitro pSi 
particles’ physiochemical properties and in vivo  pharmacokinetic  -
pharmacodynamics behaviors becomes imperative. 

 Nowadays, the results for in vivo pSi particles’  biodistribution   
and clearance kinetics studies are mainly obtained by fl uorescence 
intensity or the ICP detection of silicon amounts. However, the 
fl uorescence may suffer from quenching after administration 
in vivo. The unstable in vivo silicon background could interfere 
with the accuracy of silicon quantitative analysis by ICP. Therefore, 
there is an urgent need for the development of reliable and robust 
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  Fig. 14    Sustained release of liposomal siRNA from MSV in tumor cells. ( a ) Alexa 555-labeled siRNAs were 
encapsulated in DOPC liposomes and loaded into MSV (MSV/Alexa 555 siRNA). Human ovarian tumor cells 
SKOV3ip2 and HeyA8 were incubated with MSV/Alexa 555 siRNA and the release of Alexa 555 siRNA from MSV 
was monitored by confocal microscopy over the next 7 days. Nuclei were stained in  blue  with DAPI, and Alexa 
555 siRNA was in  red . ( b ) Western blot analysis of EphA2 expression in SKOV3 cells incubated with MSV/EphA2 
siRNA. ( c ) Cell viability measurement after treatment with MSV/EphA2. Reprinted from Shen et al. [ 56 ], with 
permission from American Association for Cancer Research       
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quantitative analytical methods in order to collect accurate data for 
the in vivo biodistribution, degradation processes, and clearance of 
pSi particles in biological  tissues  . 

 Although many in vivo animal model results have confi rmed the 
biocompatibility of pSi particles, the conducted studies have mainly 
focused on limited acute and subacute toxicities. It is necessary to 
extend the biocompatibility studies to include chronic toxicities, 
specifi c neurotoxicity, reproductive toxicity, etc. On the other hand, 
the toxicology and biosafety of pSi particles within the complex 
biological environment is still far from being defi ned due to the lack 
of practical clinical trials in human bodies. 

 Current fi ndings are promising and meaningful for the devel-
opment of effective and safe pSi particles and the clinical transla-
tion as they move from bench to beside, which is greatly expected 
to contribute to human health in the near future.     
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    Chapter 9   

 Biocompatibility of Nanomaterials       

     Yasuo     Yoshioka      ,     Kazuma     Higashisaka    , and     Yasuo     Tsutsumi       

  Abstract 

   Remarkable progress has been made in the fi eld of nanotechnology in the past decade. Many new nanoparticles, 
which are defi ned as particles with at least one dimension between 1 and 100 nm, have been created, and 
new medical applications for these nanoparticles are now expected. To be able to create effective and safe 
nanomedicines, more information is needed about the effects and safety of nanoparticles in vivo because 
physical properties such as material composition, particle size, surface area, surface chemistry, surface 
charge, and agglomeration state all infl uence nanoparticle biocompatibility, particularly with regard to 
activation of the complement, coagulation, and immune systems. In this chapter, we introduce the most 
recent developments in our understanding of the biocompatibility of nanoparticles and discuss how our 
current understanding translates to the fi eld of nanomedicine.  

  Key words      Coagulation    ,    Complement    ,   Immune response  ,    Nanomedicine    ,    Protein corona    ,    Safety    , 
   Surface property    ,    Toxicity    

1       Introduction 

 Recent progress in the fi eld of nanotechnology means that it is 
now possible to produce a wide variety of  nanoparticles  , which are 
particles that have at least one dimension between 1 and 100 nm. 
Compared with larger particles of the same material, nanoparticles 
have a larger surface area per unit weight, which produces desirable 
properties such as enhanced electrical conductivity, tensile strength, 
and chemical reactivity. Nanoparticles are already being used in the 
electronics, food, cosmetics, and medical industries. In the medical 
industry, the application of nanotechnology (nanomedicine) is 
expected to provide novel diagnostic and  imaging   technologies, 
photothermal therapies, and  vaccine   and  drug delivery system   s   for 
poorly soluble or unstable drugs. Unlike larger, micrometer- sized   
particles, nanoparticles are small enough to be absorbed through 
biological barriers and therefore can enter almost all of the body’s 
compartments, including cells and intracellular organelles. 
Furthermore, the targeting of nanoparticles to specifi c  pathological 
sites may reduce the incidence of side effects by increasing drug 
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exposure at target sites while decreasing systemic exposure. 
Biodegradable lipid nanoparticles and biopolymer-based nanopar-
ticles are already being used as drug delivery systems; however, 
applications using non-biodegradable nanoparticles are still in 
development and are yet to be authorized for the use in humans. 

 Our current knowledge of the factors that affect the safety of 
 nanoparticles   is insuffi cient for the development of safe and effi ca-
cious nanomedicines. Since nanoparticles can penetrate cells and 
 tissues   that are remote from the portal of entry to the body, we 
must further examine the potential risks to human health posed by 
nanoparticles. If nanoparticles are to be used successfully as next- 
generation medicines, it will also be essential to address the con-
cerns expressed in the literature regarding nanoparticle toxicity by 
collecting as much information as possible on the pharmacological 
and toxicological profi les of nanoparticles. The toxicity of nanopar-
ticles is related not only to the effects of the nanomaterial itself but 
also to the concentration and length of time the nanoparticle spends 
in the body’s tissues. Therefore, in addition to analyses of toxicity, 
systematic and thorough analyses of the absorption, distribution, 
metabolism, and excretion profi les of nanoparticles are needed to 
determine which nanoparticles pose a risk to human health. 

  Biocompatibility   is the ability of a material to produce an 
appropriate host response in a specifi c situation. The body responds 
to  nanoparticles  , as it does to any foreign substance that enters it, 
by initiating biological responses that result in clearance of the 
nanoparticles. If these biological responses are unwanted, they can 
result in toxicity and bio-incompatibility. A high degree of bio-
compatibility is achieved when a material interacts with the body 
without inducing unacceptable toxic, immunogenic, thrombo-
genic, or carcinogenic responses. The levels of these responses are 
determined in part by how the nanoparticle interacts with various 
biological substances such as immune cells,  proteins  , and lipids 
(Fig.  1 ). Parameters such as structure,  size   distribution, surface 
area, surface chemistry, surface charge, and agglomeration state, as 
well as sample purity, also contribute to the biocompatibility of 
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  Fig. 1    Nanoparticles interact with various biological substances       
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nanoparticles (Fig.  2 ). Therefore, to understand the biocompati-
bility of a particular nanoparticle, we must fi rst comprehensively 
understand the interrelationships among the physical properties of 
the nanoparticle and its interactions with biological substances.

2         Particle Size and Surface Charge 

 The biocompatibility of a nanoparticle is greatly infl uenced by its 
physicochemical properties [ 1 ,  2 ]. Therefore, to better understand 
the effects of  nanoparticles   in vivo, each type of nanoparticle must 
be evaluated individually. Particle  size   and surface charge are key 
parameters that affect the cellular uptake and biological interactions 
of nanoparticles. For example, Qiu et al. have shown that among 
gold nanorods with similar surface charges, shorter nanorods are 
internalized to a greater degree than longer nanorods, suggesting 
that the length of gold nanorods infl uences their cellular uptake 
[ 3 ]. In addition, we detected 70-nm silica nanoparticles (nSP70) in 
the maternal liver, placenta, and brain of pregnant mice and in the 
fetal liver, after intravenous injection, whereas we did not detect 
larger, micro- sized   silica particles [ 2 ]. Furthermore, nSP70 induced 
miscarriage and fetal growth restriction in pregnant mice, whereas 
micro-sized silica particles did not. These results demonstrate the 
importance of evaluating the relationship between a nanoparticle’s 
size and its reproductive toxicity. 

 Recently, ultra-small  nanoparticles   (diameter, <10 nm) have 
been investigated for their potential use as nanomedicines. Huang 
et al. compared the localization and penetration of  gold 
 nanoparticle   s   (diameter, 2, 6, or 15 nm) in vitro and in vivo and 
showed that smaller gold nanoparticles internalized into  cancer   

Composition Size Surface properties

COOH NH2

Shape Aggregation Purity

ADME
Biological effects

  Fig. 2    Several parameters contribute to the biocompatibility of  nanoparticles         

 

Biocompatibility of Nanomaterials



188

cells more effi ciently than larger gold nanoparticles in vitro [ 4 ]. 
Furthermore, more of the 2- or 6-nm nanoparticles than of the 
15-nm nanoparticles accumulated in tumor  tissue   after intravenous 
injection in mice. The 2- or 6-nm nanoparticles were distributed 
throughout the cytoplasm and nucleus of cancer cells both in vitro 
and in vivo; however, the 15-nm nanoparticles were observed only 
in the cytoplasm. Together, these results suggest that before devel-
oping novel medical applications for ultra-small nanoparticles, we 
must fi rst examine their safety profi les in vitro and in vivo. 

 Many groups have reported that certain types of single-walled 
(SW) or multi-walled (MW) carbon nanotubes (CNTs) are cyto-
toxic and genotoxic in vitro, prompting concern in the literature 
about the potential risks of CNTs to human health. Recent reports 
have indicated that certain CNTs induce mesothelioma-like lesions 
in mice in a manner similar to that observed in asbestos-induced 
mesothelioma. For example, Takagi et al. showed that intraperito-
neally administered pristine MW-CNTs induced mesothelioma in a 
p53 (+/−) mouse carcinogenesis model, which was attributed to 
both biopersistence and geometric resemblance to asbestos of the 
MW-CNTs [ 5 ]. Poland et al. have also reported the asbestos-like 
pathogenic behavior of long, pristine MW-CNTs, which was asso-
ciated with the needlelike fi ber shape of the MW-CNTs, and estab-
lished a structure–activity relationship based on the length of the 
MW-CNTs [ 6 ]. Furthermore, long, fi brous MW-CNTs were 
shown to produce  infl ammation   and fi brosis in the peritoneal cav-
ity at a level that is similar to, or greater than, that produced by 
long asbestos fi bers; however, neither short asbestos fi bers nor 
short, tangled MW-CNTs caused any signifi cant infl ammation [ 7 ], 
suggesting that length, diameter, and physicochemical properties 
are related only to the safety profi le of pristine MW-CNTs. 

 Size-independent effects of  nanoparticles   have also been 
reported. Jiang et al. examined the effects of gold and silver 
nanoparticles coated with antibodies that bind to the ErbB family 
of  protein   kinases during signaling processes such as cell death [ 8 ]. 
Nanoparticles with diameters in the 2- to 100-nm range were all 
shown to affect basic cellular signaling processes, with those with 
diameters of 40 or 50 nm having the greatest effect, suggesting 
that when designing nanomedicines we must optimize the particle 
 size   depending on how the nanomedicine will be used. 

 Aggregation is a phenomenon associated with most  nanoparti-
cles  ; however, few studies have examined the infl uence of aggrega-
tion on cellular uptake and toxicity. One study by Albanese et al. has 
shown that aggregation infl uences the uptake patterns of different 
 gold nanoparticle   s   [ 9 ]. 

 Being able to manipulate the surface chemistry of  nanoparticles  , 
such as by adding functional groups to reduce surface reactivity 
or enhance stability, will be indispensable in the future for the 
development of nanoparticles for the use as nanomedicines. 
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Positively charged particles are more effi ciently internalized into 
cells than neutral- or negatively charged nanoparticles because they 
bind more effectively to negatively charged groups on the cell 
surface. Jiang et al. examined the cellular internalization of plain 
polystyrene nanoparticles and amino-functionalized polystyrene 
nanoparticles in mesenchymal stem cells and found that amino- 
functionalized polystyrene was internalized more rapidly than 
pristine polystyrene [ 10 ]. In addition, they found that amino-
functionalized polystyrene was internalized via clathrin- mediated 
endocytosis, whereas plain polystyrene was internalized mainly via 
a clathrin-independent endocytotic pathway. Therefore, the sur-
face coating or surface charge of nanoparticles infl uences not only 
the degree of internalization but also the mechanism through 
which the nanoparticles are internalized. 

 Li et al. compared the infl ammatory and fi brogenic effects of 
MW-CNTs functionalized to create different surface charges [ 11 ]. 
Whereas the pulmonary fi brogenic potential of anionic- 
functionalized MW-CNTs was lower than that of pristine 
MW-CNTs, strong cationic-functionalized MW-CNTs induced 
greater pulmonary fi brosis than that of pristine MW-CNTs via acti-
vation of the NLRP3 infl ammasome. Furthermore, Qiu et al. com-
pared the cytotoxicity of three  gold nanoparticle   s   each coated with 
a different  polymer   (i.e., cetyltrimethylammonium bromide, poly-
styrene sulfonate, or poly(diallyldimethylammonium chloride) [ 3 ]. 
Poly(diallyldimethylammonium chloride)-coated gold  nanoparti-
cles   exhibited a much greater degree of cellular internalization but 
were not cytotoxic. 

 Together, these results show that surface charge and functional 
groups play an important role in the toxicity of  nanoparticles  . Since 
a wide variety of nanoparticles with different functional groups 
have now been developed, we will be able to further investigate the 
effects of  size   and surface charge on the systemic biological effects 
of nanoparticles.  

3     Shape 

 Although the infl uences of particle  size  , surface charge, and mate-
rial composition on the biological effects and cellular uptake of 
 nanoparticles   have been extensively studied, the effects of particle 
geometry are much less understood. Chan’s group have shown 
that fewer rod-shaped  gold nanoparticle   s   enter cells compared 
with spherical gold nanoparticles because of the longer membrane 
wrapping time required for the rod-shaped nanoparticles [ 12 ,  13 ]. 
Agarwal et al. have shown that large or intermediate- sized   
nanodisks are internalized more effi ciently compared with nanorods 
or small nanodisks and also that the mechanisms of uptake were 
shape and cell type specifi c [ 14 ]. These results suggest that cells 
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can trigger unique uptake pathways in response to nanoscale 
geometry (both shape and size) and, therefore, that cells have dif-
ferent shape-dependent internalization effi ciencies. 

 The results presented here and in the previous section show 
that synergism between  size  , surface chemistry, and shape must be 
taken into consideration when developing  nanoparticles   for bio-
medical applications.  

4    Regulation of the Surface Properties of Nanoparticles for the Development 
of Nanomedicines 

 Foreign particles are removed from the body by phagocytes such as 
macrophages. For the medical application of  nanoparticles  , espe-
cially as part of passive targeted  drug delivery system   s  , it will be 
important to improve the retention of nanoparticles in the blood. 
That is, systemically administered nanoparticles should not be 
cleared rapidly from the body and should instead remain in the 
circulation to allow the drug sufficient time to accumulate at 
the target site at a suffi ciently high concentration. One way to pre-
vent the clearance of nanoparticles from the circulation is to conju-
gate them with  polyethylene glycol   ( PEG  ) or another water-soluble 
polymeric modifi er. Covalent conjugation of PEG to the nanopar-
ticle surface (through a process called pegylation) results in a longer 
plasma half-life and alters the  tissue    distribution   of the conjugates 
compared with the native form because they avoid uptake by mac-
rophages and renal clearance [ 15 – 18 ]. Furthermore, the prolonged 
circulation lifetime of the conjugates induces the enhanced perme-
ability and retention effect, which results in increased delivery of 
conjugates to tumor tissue. 

 However, since the pegylation of  nanoparticles   may also 
 prevent the delivery of drugs to targeted cells or the uptake of the 
nanoparticle into targeted cells, Rodriquez et al. have suggested an 
alternative approach to prolong the circulation lifetime of nanopar-
ticles that uses CD47, which is a membrane  protein   and marker of 
self that is expressed on all cell membranes and prevents macro-
phage phagocytosis. Rodriquez et al. reported that nanoparticles 
conjugated to peptides designed from CD47 are not cleared by 
macrophages and are therefore retained longer in the circulation, 
resulting in enhanced dye and drug delivery to tumors [ 19 ]. In the 
future, other such homeostatic self-factors might similarly be used 
to prevent the clearance of nanoparticles by phagocytes, improve 
the targeting of specifi c  tissues  , or enhance the delivery of thera-
peutics and  imaging   agents. 

 Many groups have examined the use of carbon nanoparticle- 
based active targeted  drug delivery system   s   for the treatment of 
 cancer  . Antibody-, folate-, arginine–glycine–aspartic acid peptide-, or 
epidermal growth factor-modifi ed SW-CNTs have all been 
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successfully used to actively target cancer cells [ 20 – 22 ]. The chal-
lenge in this approach is the identifi cation of cancer cell-specifi c 
targets because conventional  protein   targets are often expressed 
by both normal and cancer cells. Therefore, the use of an inte-
grated “omics” approach that utilizes proteomics, genomics, and 
metabolomics will be necessary to further identify potential cancer 
 cell- specifi c targets.  

5     Protein Corona 

 The adsorption of  proteins   on the surface of  nanoparticles   is an 
important factor that infl uences the biological effects of nanoparti-
cles. When nanoparticles enter a biological fl uid such as blood, they 
are rapidly coated with proteins and other biomolecules. For example, 
when nanoparticles are mixed with plasma, a  protein   corona is 
formed within 30 s [ 23 ]. The overall protein composition of the 
corona does not markedly change over time, although the concen-
tration of a specifi c protein in the corona may change [ 23 ]. Which 
proteins bind to which nanoparticles depends on the physical prop-
erties of the nanoparticle; therefore, the  size   and surface properties 
of nanoparticles are important factors in determining the composi-
tion of the protein corona [ 24 ]. 

 The binding of  proteins   to the surface of a nanoparticle changes 
the surface charge and alters the biological effects and rate of 
cellular uptake of the nanoparticle. Lesniak et al. showed that silica 
 nanoparticles   are more effi ciently internalized into cells via a stronger 
adhesion to the cell membrane in the absence of serum compared 
with in the presence of serum when a  protein   corona is present on 
the nanoparticle surface [ 25 ]. Furthermore, Ge et al. have sug-
gested that the binding of blood proteins to CNTs reduces CNT 
cytotoxicity [ 26 ]. 

 The  protein   corona is also a major step in facilitating the 
phagocytosis of  nanoparticles   by macrophages. Deng et al. showed 
that negatively charged  gold nanoparticle   s   bind to fi brinogen caus-
ing it to unfold, which promotes the  interaction   of fi brinogen with 
Mac-1, an integrin receptor that is expressed on macrophages, 
in vitro [ 27 ]. The binding and activation of Mac-1 then induce the 
macrophage infl ammatory response. In addition to  proteins  , 
nanoparticles can also be coated with lipids. The binding of lipids 
to MW-CNTs has been shown to infl uence the cellular uptake and 
toxicity of MW-CNTs [ 28 – 31 ]. 

 Peng et al. have reported the successful use of the  protein   
corona to regulate the  biodistribution   of  nanoparticles   [ 32 ]. By 
preforming a stable albumin corona around nanoparticles, they 
were able to inhibit plasma protein adsorption, prolong circulation 
lifetime, and reduce toxicity. This method is a simple yet potentially 
useful approach for optimizing nanoparticle drug delivery. 
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 Many reports have described interactions between  nanoparticles   
and extracellular  proteins  ; however, nanoparticles also bind to 
intracellular proteins after being internalized into cells. Wang et al. 
showed that  gold nanoparticle   s   directly bind RNA polymerase, 
thereby suppressing RNA transcription in erythroid cells [ 33 ]. 
Furthermore, Falaschetti et al. have shown that several types of 
metal oxide nanoparticles bind to 20S proteasome subunits and 
increase 20S proteasome activity [ 34 ]. Proteasomes regulate intra-
cellular  protein   degradation, and dysregulation of proteasome 
activity induces disorders such as  cancer   and neurodegenerative 
disease, suggesting that nanoparticles may provide a novel nano-
medicine strategy against cancer and neurodegenerative disease. It 
will therefore be necessary to examine in more detail the effects of 
the nanoparticle protein corona on the cytosol.  

6     Activation of  Complement   

 It has been reported that the nanoparticle  protein   corona induces 
undesirable effects in vivo such as complement activation and 
blood clotting.  Complement   binds to foreign substances such as 
microbes and artifi cial materials that have entered the body to facil-
itate their clearance by macrophages. However, after engulfment, 
the nanoparticle protein corona may trigger unwanted infl amma-
tory responses. Therefore, complement activation must be avoided 
to minimize the clearance of  nanoparticles   and induction of infl am-
matory responses. 

 Many studies have examined the relationship between nanopar-
ticle  size   and degree of complement activation. For example, 
pegylated lipid nanocapsules with a diameter of 20, 50, or 100 nm 
have been shown to activate complement in a size-dependent 
manner [ 35 ,  36 ]. 

 In contrast, some groups have also examined strategies to uti-
lize the activation of complement by  nanoparticles   as a potential 
target for immunotherapeutics [ 37 ,  38 ]. Since the complement 
system plays an essential role in both adaptive and innate immu-
nity, Reddy et al. designed a nanoparticle that strongly activates 
complement and successfully produces humoral and cellular immu-
nity in mice [ 37 ]. Pluronic-stabilized polypropylene sulfi de 
nanoparticles with a diameter of 25 nm were more effi ciently trans-
located to lymphatic capillaries and their draining lymph nodes and 
accumulated in lymph node-residing dendritic cells than were 
larger particles (100 nm). Furthermore, the nanoparticles activated 
the complement cascade, which generated a danger signal in situ 
and possibly activated dendritic cells, and induced antigen-specifi c 
antibody responses and cellular immunity. In the future, it may be 
possible to harness these effects to produce novel vaccines for 
infectious diseases or  cancer  .  
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7     Activation of  Coagulation   

 Some reports have suggested that  nanoparticles   activate the 
coagulant cascade. The blood coagulation system can be initiated 
via two pathways: the extrinsic cascade pathway, which is triggered 
by the release of  tissue   factor from a site of injury, or the intrinsic 
cascade pathway, which is triggered either by the activation of 
coagulation factors that have been brought into contact with a 
negatively charged substance or by the accumulation of activated 
platelets in the collagen layer under the vascular endothelium. 
Generally, the activation of platelets is associated with clot forma-
tion. The results of in vitro testing suggest that SW-CNTs and 
rutile titanium dioxide nanorods activate platelets and accelerate 
thrombus formation [ 39 – 41 ]. Burke et al. have also reported that 
some MW-CNTs directly activate platelets in vitro and that intra-
venous injection of some MW-CNTs reduces platelet count [ 42 ]. 

 Our previous study showed that an excessive concentration of 
silica  nanoparticles   induced severe hepatotoxicity, lethal toxicity, and 
abnormal activation of the coagulation system in mice [ 43 ]. In addi-
tion, pretreatment with the anticoagulant heparin prior to the 
administration of silica nanoparticles reduced the induction of lethal 
toxicity and hepatotoxicity, suggesting that silica nanoparticle- 
mediated abnormal activation of the coagulant system was the main 
contributing factor to the lethal toxicity of silica nanoparticles. 

 We also examined the effects of silica  nanoparticles   on the 
coagulation system after intranasal exposure [ 44 ]. Hematological 
examination and coagulation tests showed that platelet count was 
decreased and activated partial thromboplastin time was prolonged 
in mice treated with silica nanoparticles, indicating that silica 
nanoparticles activate the coagulation cascade after intranasal 
exposure. In addition, in vitro activation tests showed that silica 
nanoparticles activate coagulation factor XII in a  size  -dependent 
manner, unlike micro- sized   silica particles, suggesting that silica 
nanoparticles induce abnormal activation of the intrinsic cascade 
via activation of factor XII or platelets in the blood. Since a major 
factor in blood coagulation is the activation of coagulation factor 
XII via contact with hydrophilic activating particles, the abnormal 
activation of the coagulation system may be prevented by modify-
ing the surface of silica nanoparticles to alter how they interact 
with coagulation factor XII.  

8     Activation of Immune Responses 

 When foreign substances enter the body, the immune system 
recognizes them as foreign and initiates  immune response   s  . In par-
ticular, macrophages, which are professional phagocytic cells, 
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recognize and engulf  nanoparticles   as part of the body’s defense 
mechanism. There are many reports showing the infl ammatory 
effects of nanoparticles. It is known that nanoparticles are mainly 
recognized and phagocytosed by macrophages once they enter the 
bloodstream. We previously demonstrated that silica nanoparticles 
induce a strong infl ammatory effect compared with micro- sized   
silica particles [ 45 ]. We compared the infl ammatory effects of silica 
particles of various diameters (30–1000 nm) both in vitro and 
in vivo. Silica nanoparticles with a diameter of 30–70 nm induced 
greater cytokine production in macrophages than did larger silica 
nanoparticles in vitro. Furthermore, intraperitoneal injection of 
smaller silica nanoparticles induced stronger infl ammatory 
responses as well as greater cytokine production than did larger 
silica nanoparticles. We also found that nSP70-mediated tumor 
necrosis factor alpha production was dependent on reactive oxygen 
species production and the activation of mitogen-activated  protein   
kinases and that addition of a functional -COOH group to the 
surface of the silica nanoparticles suppressed silica nanoparticle- 
induced infl ammatory responses.  

9      Nanoparticle  -Induced Immunosuppression 

 Urban air pollution is a major environmental problem in industrial-
ized and developing countries. Indeed, increased levels of air pollu-
tion are associated with a wide range of health effects such as altered 
infl ammatory responses in the respiratory system and cardiopulmo-
nary disease [ 46 ,  47 ]. Urban air pollution is also associated with 
increased susceptibility to lung infection [ 48 ]. Similarly, exposure 
to  nanoparticles   has been shown to impair bacterial clearance from 
the lungs in mice. Shvedova et al. have shown that pharyngeal aspi-
ration of SW-CNTs leads to increased susceptibility to infection by 
 Listeria monocytogenes  in mice due to decreased alveolar macro-
phage phagocytosis of bacteria and decreased phagocyte nitric 
oxide production [ 49 ]. Furthermore, Kim et al. have shown that 
inhalation or instillation of copper nanoparticles leads to increased 
susceptibility to infection by  Klebsiella pneumoniae  [ 50 ]. 

 Although the precise mechanism of the increase in the risk of 
pulmonary infection has not yet been clarifi ed, Kodali et al. have 
suggested a “ligand hijacking” theory [ 51 ]. Certain  nanoparticles   
are known to bind to class A macrophage scavenger receptor (SR- A), 
a transmembrane glycoprotein whose natural ligands include bac-
terial cell wall components [ 52 ]. Kodali et al. have suggested that 
the endocytic internalization of SR-A following nanoparticle bind-
ing reduces the amount of cell surface SR-A available to interact 
with bacterial cell wall components, leaving macrophages unable to 
engulf bacteria. More studies are needed to clarify the mechanisms 
of this phenomenon. 
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 Tsai et al. have shown that  gold nanoparticle   s   inhibit the 
Toll- like receptor (TLR)-mediated innate immune function activated 
by macrophages [ 53 ]. They have shown that gold  nanoparticles   
accumulate in lysosomes after engulfment by macrophages and 
that they bind to high-mobility group box-1 in the lysosomal com-
partment, which is the general DNA sensor involved in the regula-
tion of TLR9 signaling. This binding then leads to attenuation of 
TLR9 function. In addition, Sumbayev et al. have shown that gold 
nanoparticles neutralize extracellular interleukin (IL)-1β, leading 
to suppression of IL-1β-meditated  infl ammation   [ 54 ]. 

 The immunosuppressive effects of  nanoparticles   on dendritic 
cells (DCs) have also been shown. Tkach et al. have demonstrated 
that DC functions are modulated by SW-CNTs after pulmonary 
exposure [ 55 ], although the precise mechanism of this modulation 
remains unclear. They also showed that negatively charged gra-
phene oxide suppresses the capacity of DCs to present antigens to 
T cells by decreasing the intracellular levels of immunoproteasome 
subunit LMP7, which is required for antigen processing, although 
non-charged “spherical” C 60  fullerenes and negatively charged 
“spherical” C 60 -TRIS fullerenes do not have this effect [ 56 ]. 

 Together, these results suggest that the safety of  nanoparticles   is 
related not only to the infl ammatory and immune system- activating 
effects of the nanoparticles but also their immunosuppressive effects. 
These data indicate potential opportunities for the utilization of 
nanoparticles as immunosuppressive therapeutics for the treatment 
of autoimmune disorders where it is desirable to inhibit antigen-
specifi c  immune response   s  .  

10     Biodegradation of Nanoparticles 

 To understand the toxicity of  nanoparticles  , we must fi rst fully 
understand how nanoparticles are metabolized, biodegraded, and 
excluded after being internalized into cells. There are many reports 
regarding the exclusion of nanoparticles from cells, although the 
precise mechanisms remain unclear. For example, Yanes et al. have 
shown that  mesoporous silica   nanoparticles are excluded from cells 
mainly via lysosomal exocytosis and that the cell-killing effect of 
anti- cancer  -drug-loaded silica nanoparticles is enhanced by 
decreasing the rate of exocytosis [ 57 ]. These results suggest that it 
is necessary to consider the rate of exclusion of nanoparticles from 
cells when designing a nanomedicine. 

 Until recently,  nanoparticles   were thought to undergo little 
decomposition in vivo. However, recent studies have shown that 
CNTs are decomposed by natural enzymatic catalysis. Kagan et al. 
have shown that myeloperoxidase (MPO), an enzyme abundant in 
neutrophils, plays an important role in the oxidative biodegrada-
tion of SW-CNTs and that SW-CNTs degraded by MPO in vitro 
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do not induce infl ammatory and oxidative stress responses after 
pharyngeal aspiration in mice [ 58 ]. Consistent with these results, 
clearance of SW-CNTs from the lungs is decreased in MPO- 
defi cient mice after pharyngeal aspiration, and the infl ammatory 
responses in MPO-defi cient mice are much more robust compared 
with those in wild-type mice [ 59 ]. 

 An alternative mechanism for the degradation of CNTs in vivo 
has been suggested because neutrophils live for only a short time in 
the body. Kagan et al. have shown that superoxide/nitric 
oxide → peroxynitrite-driven oxidative pathways of activated macro-
phages are involved in the “digestion” of SW-CNTs and clearance 
of  nanoparticles   from the lungs [ 60 ]. 

 Collectively, these studies suggest new ways to control the 
biopersistence of CNTs through genetic or pharmacological 
manipulations.  

11     Conclusion 

 A range of toxicological studies have been conducted using various 
functionalized  nanoparticles  , cell lines, incubation conditions, 
agglomerations and aggregations, doses, and observation end-
points. It is therefore diffi cult to obtain systematic information 
about the interrelationships among the physicochemical properties 
and biological effects of nanoparticles. More rational methodolo-
gies must be developed to allow interpretation of the overarching 
information contained in the experimental data. Furthermore, since 
there is usually a difference between in vitro and in vivo results, an 
in vitro experimental system that mimics conditions in vivo is 
needed. Information collected by using this system would be useful 
for gaining a better understanding of the potential health risks of 
nanoparticles to humans. A detailed understanding of the toxico-
logical properties of nanoparticles and balanced evaluations of 
risk–benefi t ratios will be required before we can begin to develop 
safe and effi cacious nanomedicines for routine clinical use.     
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    Chapter 10   

 Nanoparticle–Tissue Interaction       

     Xiaohui     Wu     and     Zheng-Rong     Lu       

  Abstract 

   Nanoparticles, particles with size at submicron scale, have brought tremendous advantages compared with 
microparticles or macroparticles. The research regarding nanoparticles in biomedical fi eld has been focused 
on the fabrication method of nanoparticles, in vitro, and in vivo studies. Most of current reviews mainly 
introduced fabrication method and in vitro studies. To advance nanotechnology for clinic applications, it 
is of outmost importance to investigate and better understand how nanoparticles interact with in vivo 
environment and tissues including both healthy and malignant tissues after administration. In this chapter, 
we will extensively discuss the nanoparticle behavior when exposed to in vivo environment and the interac-
tion between nanoparticles and tissues.  

  Key words     Nanoparticles  ,   In vivo environment  ,   Tissues  ,   Interaction  

  Abbreviations 

    BBB      Blood–brain barrier   
  CAM    Chick chorioallantoic membrane   
  EPR    Enhanced permeability and retention   
  GSH    Reduced glutathione   
  GSSG    Oxidized glutathione   
  LHRH    Luteinizing hormone-releasing hormone   
  MDP    Multidrug resistance-associated  protein     
  MDR    Multidrug resistance   
  MPS    Mononuclear phagocytic system   
   MRI      Magnetic resonance  imaging     
  MRP    Multidrug resistance-associated  protein     
  P(MDS-co-CES)    Poly{( N -methyldietheneamine sebacate)-co-[(cholesteryl oxocarbon-

ylamido ethyl) methyl bis(ethylene) ammonium bromide] sebacate}   
  PDLA    Poly( D,L -lactic acid)   
   PDT      Photodynamic therapy   
   PEG      Polyethylene glycol   
  PEI    Polyethylenimine   
  PIBCA    Poly-isobutyl cyanoacrylate   
  PLA    Poly(lactic acid)   



202

   PLGA      Poly( D,L -lactic and glycolic acids)   
  PMMA    Poly(methyl methacrylate)   
  PS    Polystyrene   
  RES    Reticuloendothelial system   
  SOD    Superoxide dismutase   
  SPION    Superparamagnetic  iron oxide    nanoparticles     
  TLR    Toll-like receptor   
  VEGF    Vascular endothelium growth factor   

1        Introduction 

 Numerous investigations in the past several decades have demon-
strated that submicromic colloidal systems, namely,  nanoparticles  , 
could signifi cantly modulate both cell and  tissue    distribution   pro-
fi les of medical drugs by targeting the delivery of drugs more pre-
cisely, improving the solubility, extending the circulation time, 
improving therapeutic index, and meanwhile lowering the immu-
nogenicity [ 1 – 7 ]. Nanoparticles widely studied for biomedical 
application represent a broad range of materials including, but not 
limited to, polymeric micelles [ 8 ], liposomes [ 9 ],  dendrimers   [ 2 ], 
quantum dots [ 10 ,  11 ], magnetic nanoparticles, [ 12 – 15 ] colloidal 
gold [ 16 ,  17 ], and silica nanoparticles [ 18 ]. Despite tremendous 
promising advantages that nanoparticles might bring, nanoparti-
cles encounter diffi culties to be used on the market (Table  1 ). 
The major reason is that the in vivo nanoparticle–tissue  interaction   
can be complicated even though in vitro studies indicate that 
nanoparticles possess some many benefi ts. To advance nanotech-
nology for clinic applications, it is of outmost importance to inves-
tigate and better understand how nanoparticles interact with  in 
vivo environment   and  tissues   including both healthy and malig-
nant tissues after administration. In this chapter, we will extensively 
discuss the nanoparticle behavior when exposed to in vivo environ-
ment and the interaction between nanoparticles and tissues.

2        Nanoparticle   Interaction with In Vivo Environment 

 Once  nanoparticles   loaded with cargo are administrated into  in 
vivo environment   with whichever method (such as, tail vein, intra-
venous injection, oral or interstitial route, and inhalation) [ 5 ], the 
 proteins   or other biomolecules immediately attach nanoparticles 
upon contact with in vivo environment to form nano–bio inter-
face. The nano–bio interface consists of three dynamical layers. 
The fi rst layer is the nanoparticle surface, the characteristics of 
which are determined by the physicochemical composition. The 
second layer is the nanoparticle–liquid interface, and the third layer 
is the nanoparticle–liquid interface’s interacting zone with the 
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 biological substrate. During formation of nano–bio interface, 
nanoparticle characteristics, media properties, solid–liquid inter-
face, and nano–bio interface together shape the entire nano–bio 
interface and dominate its properties (Table  2 ) [ 19 – 25 ]. The  inter-
action   between nanoparticles and cells involves van der Waals, elec-
trostatic, salvation, solvophobic, and depletion forces [ 25 ]. 
However, at nanoscale, nanoparticle–cell interaction seems to be 
more complicated than regular colloid (see details in Ref. [ 25 ]). 
Hence, it is believed that it is the nano–bio interface rather than 
nanoparticles interact with living system.

   The immune system plays a signifi cant role in the function of 
nanoparticle therapeutics. Nanoparticles are usually picked up by 
the mononuclear phagocytic system (MPS) cells of the immune 
system (such as macrophages) and undesirable consequences, such 
as immunostimulation or immunosuppression, may occur and dev-
astate infl ammatory or autoimmune disorders or increase the host’s 
susceptibility to infections and  cancer   [ 26 ]. The major function of 
immune system is to recognize and protect the host from foreign 

   Table 1  
   Nanoparticle   therapeutics available on market   

 Products (year 
approved)  Components  Indication  Company  Reference 

 Zoladex (1989)  Goserelin acetate  Prostate  cancer    AstraZeneca 
Pharmaceuticals 

 [ 75 ] 

 Taxol (1992)  Cremophor + paclitaxel  Solid tumor  cancers    Tocris Bioscience  [ 75 ] 

 Oncaspar (1994)   PEG-  asparaginase  Acute lymphoblastic 
leukemia 

 Enzon Pharmaceuticals  [ 76 ,  77 ] 

 Doxil/Caelyx 
(1995) 

 PEGylated liposomal 
doxorubicin 

 Ovarian  cancer    Ortho Biotech  [ 78 ] 

 Multiple myeloma 

 DaunoXome 
(1996) 

 Liposomal 
daunorubicin 

 Kaposi’s sarcoma  Gilead Sciences  [ 79 ] 

 Gliadel  Biodegradable  polymer   
with BCNU 

 Brain  cancer    Arbor Pharms LLC  [ 75 ] 

 Copaxone  Biologically active 
 polymer   

 Multiple sclerosis  Teva Neuroscience, Inc  [ 75 ] 

 DepoCyt (1999)  Liposomal cytarabine  Lymphomatous 
meningitis 

 SkyePharma  [ 55 ] 

 Myocet (2002)  Liposomal doxorubicin  Metastatic breast 
 cancer   

 Elan Pharmaceuticals  [ 80 ] 

 Abraxane (2005)  Paclitaxel albumin 
bound  nanoparticles   

 Metastatic breast 
 cancer   

 Abraxis Bioscience  [ 81 ] 

Nanoparticle–Tissue Interaction
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substances. However, unwanted recognition of  nanoparticles   as 
foreign by the immune system might result in  immune response   s  , 
which in turn causes toxicity in the host and lowers the therapeutic 
effi cacy. As a matter of fact, the effi cacy of nanoparticle  drug delivery 
system   is usually compromised due to recognition and clearance by 
the reticuloendothelial system (RES) before arriving at target sites 
as well as by inability of penetrating biological barriers, such as the 
vascular endothelium or the  blood–brain barrier   ( BBB  ) [ 27 ]. Size, 
surface properties, targeting ligands, and distinguishing features of 
nanoparticle therapeutics are the key factors which affect  pharma-
cokinetics   and  biodistribution   and dominate the fate of nanopar-
ticles upon administration. In the following section, we will focus 
on discussing how these factors infl uence nanoparticle– tissue   
 interaction  , which is also the emphasis of this chapter.  

3    Characteristics of Nanoparticles Affecting  Nanoparticle  –Tissue Interaction 

 Tumor  tissues   comprised of three subcompartments, vascular, 
interstitial, and cellular, have some aspects similar to normal tissues, 
and, however, also possess special behavior compared with normal 
tissues [ 28 ]. Tumor cells collect nutrients via passive diffusion for 
growing up to 2 mm 3 , and then angiogenesis is gradually devel-
oped to supply nutrients for tumor expansion [ 29 ]. However, the 
vascularized areas are not uniformly developed in the entire tumor. 
Some parts of the tumor have poorly vascularized area with 

   Table 2  
  Biophysicochemical factors determining the entire nano–bio interface   

  Nanoparticle    Media  Solid–liquid interface  Nano–bio interface 

 Chemical 
composition 

 Functionalization 
 Particle shape 
 Porosity 
 Crystallinity 
 Heterogeneity 
 Topography 
 Hydrophilicity 

 Water molecules 
 Acids and bases 
 Salts and 

multivalent ions 
 Natural organic 

matter 
 Surfactants 
 Polymers 
 Polyelectrolytes 

 Surface hydration and 
dehydration 

 Surface reconstruction and 
release of free surface energy 

 Ion adsorption and charge 
neutralization 

 Electrical double-layer 
formation, zeta potential, 
isoelectric point 

 Sorption of steric molecules 
and toxins 

 Electrostatic, steric, and 
electrosteric interactions 

 Aggregation, dispersion, and 
dissolution 

 Hydrophilic and hydrophobic 
interactions 

 Membrane interactions: 
specifi c and nonspecifi c 
forces 

 Receptor–ligand binding 
interactions 

 Membrane wrapping: resistive 
and promotive forces 

 Biomolecule interactions 
(lipids,  proteins  , DNA) 

 Free energy transfer to 
biomolecules 

 Conformational change in 
biomolecules 

 Oxidant injury to biomolecules 
 Mitochondrial and lysosomal 

damage, decrease in ATP 
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resultant necrosis, while other parts are richly vascularized. Tumor 
vessels with abnormal and aberrant branching blind loops and tor-
tuosity are leaky because of abnormal basement membrane and 
decreased numbers of pericytes lining rapidly proliferating endo-
thelial cells, which results in enhanced permeability for substance 
passage from the vessel wall to the interstitium [ 29 ,  30 ]. The 
enhance permeability is believed to be regulated by vascular endo-
thelium growth factor (VEGF), nitric oxide, bradykinin, prosta-
glandins, and matrix metalloproteinases [ 31 ]. The open gap  size   
between the leaky endothelial cells ranges from 100 to 780 nm, 
much larger than that of 5–10 nm between normal vessels [ 32 ,  33 ]. 
The collagen network and the elastic fi ber network in tumor inter-
stitium induce high interstitial pressure resisting the inward fl ux of 
molecules. Therefore, the balanced force between the outward 
interstitial pressure and the drug properties, such as nanoparticle 
size, hydrophilicity, and surface charges, governs the delivery of 
drugs into the interstitium [ 28 ]. Due to the fact that the interstitial 
pressure is higher in the tumor center than in the periphery, the drug 
diffusion to the tumor center is resisted, which forms a barrier for 
drug delivery. Consequently, drugs inside interstitium theoretically 
have extended retention time, which is called the enhanced perme-
ability and retention (EPR) effect favoring drug accumulation in 
tumor interstitium [ 31 ,  34 ]. Cellular mechanisms contribute a lot to 
drug resistance, which include altered activity of specifi c enzyme sys-
tems (topoisomerase activity), altered apoptosis regulation, and 
transport-based mechanisms (P-glycoprotein effl ux system), respon-
sible for the multidrug resistance (MDR) and the multidrug resis-
tance-associated  protein   (MRP) [ 35 ,  36 ]. In addition to cellular 
resistance, noncellular resistance mechanisms also exert remarkable 
infl uence on therapeutic effi cacy. As discussed earlier in this section, 
in some parts of tumor, the vascular is poorly formed, which signifi -
cantly limit the drug access to the tumor and protect cancerous cells 
from external toxic invasion. Moreover, the tumor itself can produce 
an acidic environment, which ionizes basic drug system and decreases 
the drug diffusion across the cellular membrane [ 36 ]. Hence, an 
advanced and excellent modality to deliver therapeutic drugs to 
wanted tumor cells in vivo should conquer drug resistance (both 
cellular and noncellular), have good circulation time to render drug 
accumulation in tumors, and easy clearance out of the body to 
avoid toxin accumulation. As loading vehicles,  nanoparticles   have 
many factors to infl uence the NP– tissue    interaction  , such as parti-
cle size, surface properties, and targeting ligands of nanoparticle 
therapeutics. In the following sections, we will put concentration 
on how these factors affect nanoparticle–tissue interaction in vivo. 

     Size and size   distribution are essential characteristics of  nanoparticles  , 
which closely affect not only drug loading and release, and particle 
stability, but also in vivo biological behavior, such as distribution, 

3.1  Particle Pize
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biological fate, toxic effects, and targeting ability including passive 
and active targeting. With advantages over microparticles, nano-
particles possess higher intracellular uptake and wider range of 
biological targets. The particles with average diameters ranging 
from 100 nm to 10 μm prepared from polylactic polyglycolic acid 
copolymer ( PLGA  ) were infused into the segments of intestine to 
investigate the uptake of particles in rat in situ intestinal  tissue   loop 
model [ 37 ]. The result demonstrated that small nanoparticles had 
higher advantage to penetrate throughout the submucosal layers. 
Due to small size and relative mobility, nanoparticles have the 
superior ability to nonspecifically open the tight junctions between 
endothelial cells in the brain microvasculature and thus generate a 
paracellular pathway through the  BBB  , which might provide sus-
tained delivery of drugs for difficult-to-treat diseases in brain [ 38 ]. 
Polysorbate-80 (Tween 80)-coated poly(butyl cyanoacrylate) nan-
oparticles with an average diameter of 300 nm have been shown to 
overcome the BBB effect [ 39 ]. 

 The nanoparticle  size   has close correlation with drug release 
kinetics. Smaller  nanoparticles   with larger surface area render more 
drugs near or at the nanoparticle surface, which causes fast drug 
release [ 37 ]. On the other hand, nanoparticles with larger diame-
ters can encapsulate more drugs and release them out more slowly. 
Therefore, the selection of nanoparticle size depends on the appli-
cation purpose. However, the negative effect for smaller nanopar-
ticles is the aggregation during storage, transport, and operation 
before disease treatment, which might induce blood vessel occlusion 
and make them susceptible to MPS clearance [ 40 ].  

    Surface properties   contribute to the nanoparticle’s aggregation 
tendency, ability to traverse biological. As discussed in previous 
sections, to increase the likelihood of success in drug delivery for 
 tissue   engineering, it is highly necessary to minimize the opsoniza-
tion and prolong the circulation time in blood stream once the 
nanoparticle is administered. The key point to solve this problem 
is to modify the surface properties to avoid the recognition of 
immune system. Currently, the main strategy to achieve this is to 
modify the  nanoparticles   with hydrophilic components, such as 
 polyethylene glycol   ( PEG  ), poloxamer, poloxamine, and polysorb-
ate-80 [ 41 ]. Hydrophobicity directly influences the level of blood 
components which form the bio–nano interface. Different types of 
nanoparticles including linear  polymer  ,  dendrimer  , and  PEGylated 
liposome   were employed as LHRH receptor-based targeting delivery 
on nude mice bearing A549 xenograft tumors [ 5 ,  42 ]. The results 
indicated that PEGylated liposome induced the most effective sup-
pression of tumor growth in mice model, which might result from 
reduced opsonization in vivo by  PEGylation  . Polyvinylpyrrolidone 
nanoparticles (50–60 nm) loaded with taxol were used to treat 
B16F10 murine melanoma subcutaneously transplanted in mice 
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model and showed higher advantage in inducing tumor regression 
and higher survival rates than free taxol through repeated intrave-
nous injections [ 43 ,  44 ]. Similarly, chitosan nanoparticles (100 nm) 
loaded with dextran–doxorubicin conjugates also showed higher 
efficiency than free dextran–doxorubicin conjugates in a murine 
tumor model [ 45 ]. PIBCA nanospheres coated or uncoated with 
poloxamine loaded with mitoxantrone were intravenously injected 
into B16 melanoma-bearing mice [ 46 ]. However, the results did 
not strongly indicate the effect of hydrophilic coating, poloxamine, 
on the  biodistribution   and  pharmacokinetics   because of the impor-
tant standard deviations. Similarly, polysorbate-80-coated PIBCA 
nanospheres were intravenously injected into tail vein to evaluate 
the possibility of delivery of anticancer drugs, doxorubicin, into 
the brain via overcoming  BBB   [ 47 ,  48 ]. After sacrifice of the rats, 
the biodistribution and pharmacokinetics were studied with 
HPLC, and the polysorbate-80 coating did not show significant 
influence on both biodistribution and  pharmacokinetic   parameters 
compared with uncoated PIBCA nanospheres. However, interest-
ingly the PIBCA nanospheres with polysorbate-80 coating trans-
port more doxorubicin (up to 6 μg/g) into the brain at 2–4 h post 
intravenous administration, whereas the doxorubicin concentra-
tion in plasma was only around 0.1 μg/g. 

 With development of engineered chemotherapeutic  nanopar-
ticles  , recently poly(methyl methacrylate) (PMMA) nanoparticles 
modifi ed with hydrophilic components, such as polysorbate-80, 
poloxamer 407, and poloxamine 908, were investigated in mice in 
terms of  biodistribution   for various types of tumor models, such as 
murine B16-melanoma, human breast  cancer   MaTu, and U-373 
glioblastoma. A prolonged circulation time in blood stream and an 
accumulation and retention of coated PMMA nanoparticles in 
tumors were observed due to the surface hydrophilicity [ 49 ]. 

 Even though these hydrophilic coatings improved the biological 
function and therapeutic effi cacy of  nanoparticles  , most of them 
have been linked with nanoparticles via weak interactions, such as 
van der Waals and might cause rapid desorption upon contact with 
blood components or dilution. More encouraging strategy to for-
mulate more stable linkage between nanoparticles and hydrophilic 
components is to employ covalent bonding. Unfortunately, even 
though poly(lactic acid) (PLA), polycaprolactone, and polycyano-
acrylate covalently coupled with nanoparticles have been studied 
in vitro, the in vivo investigation for  cancer   themotherapy is 
expected to be performed in the near future [ 50 – 52 ]. 

 Another property of importance is the surface charge, 
namely, represented by zeta potential. Zeta potential is the elec-
trical potential infl uenced by the material and the dispersion 
medium. Nanoparticles with high zeta potential have less chance to 
form aggregation. Cationic  polymers  , e.g., polyethylenimine (PEI) 
and its derivatives, polylysine, polyamidoamine  dendrimers  , 
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poly(beta- amino esters), and chitosan, which are water soluble, can 
induce suffi cient levels of in vivo  gene transfection   [ 5 ]. However, 
 nanoparticles   bearing surface charge, cationic or anionic, are more 
attractive to phagocytes than neutral nanoparticles with similar 
other properties and might increase nonspecifi c uptake and clear-
ance by the MPS, lowering the therapeutic effi cacy [ 53 ].  

    Targeting   includes passive targeting and active targeting [ 54 ]. 
Passive targeting is driven by minimal renal clearance and the EPR 
effect in tumor sites. As mentioned earlier in this section, due to 
rapid angiogenesis or vascularization to supply large need of nutri-
ents and oxygen, the blood vessel walls in tumors are full of defec-
tive vascular architecture compared with healthy blood vessel walls, 
which results in enhanced vascular permeability of tumor  tissues  . 
Thus, polymeric micelles, liposomes, and  dendrimers   in small  size   
(50–500 nm) can penetrate and reach tumor tissues. Anticancer 
therapeutics can be easily delivered to tumor sites by incorporating 
into these particles. However, the interstitial pressure is higher in 
the tumor center than in the periphery, so the drug diffusion to the 
tumor center is resisted, which forms a barrier for drug delivery. 
This kind of resistant effect by diffusion can be more prominent 
when the nanoparticle size is smaller (<30 nm) [ 5 ]. 

 More specifi c drug targeting has been achieved by binding 
ligands to the nanoparticle surface, namely, active targeting. The 
typical binding ligands include peptides, growth factors, antibodies 
or antibody fragments, transferring, and small compounds, such as 
 folic acid   (Table  3 ) [ 5 ,  55 ]. The binding ligand can specifi cally 
recognize receptors which are generated by  cancer   cells. LHRH 

3.3   Targeting   
Ligands

   Table 3  
  Categories of ligands binding on  nanoparticles   in active targeting application   

 Ligand type  Ligand (target, reference) 

 Antibody or antibody fragment  Herceptin (Her2/neu [ 82 ]) 
 Mabthera (CD20 [ 82 ]) 
 F19 monoclonal antibodies (fi broblast activation  protein   [ 83 ]) 
 Anti-CD19 scFv (CD19 [ 84 ]) 

 Peptide  RGD peptide (integrin αvβ3 [ 85 ,  86 ]) 
 Fibronectin-mimetic peptide (integrin α5β1 [ 87 ]) 
 APRPG peptide (neovasculature [ 88 ]) 
 CREKA peptide (fi brin–fi bronectin complexes [ 89 ]) 
 Transferrin (transferrin receptor [ 90 ]) 

 Growth factor  EGF (EGF receptor [ 91 ,  92 ]) 

 Hormone  Testosterone (androgen receptor [ 93 ]) 
 LHRH agonist (LHRH receptor [ 94 ]) 

 Small compound  Folate (folate receptor [ 95 ]) 
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receptor-based targeting delivery was investigated on nude mice 
bearing subcutaneous grown xenografts of human lung cancer cells 
and prominently enhanced the anticancer activity of drugs [ 42 ]. 
More interestingly, the adverse effects of the treatment in normal 
 tissues   were, meanwhile, reduced.

4        Strategies for Curing Malignant Tissues 

 With development of nanotechnology, there are variety of methods 
to apply  nanoparticles   for curing malignant  tissues  , which can be 
exemplifi ed as conventional delivery in which the nanoparticle only 
deliver one drug, co-delivery in which the nanoparticle can delivery 
multiple cargos,  photodynamic therapy   in which the photosensi-
tizer accumulates in tumor sites and mediates the cancerous cellu-
lar death, and widely investigated magnetic nanoparticles. 

   In conventional delivery, only single therapeutic drug is loaded 
into or onto  nanoparticles   and delivered into malignant  tissues  . It 
is classical and also the most widely investigated  drug delivery sys-
tem  , including nontargeting and targeting nanoparticles. For con-
ventional delivery, readers can refer to previous section or other 
reports for more information.  

   Advanced nanotechnology enables the fabrication of multifunc-
tional  nanoparticles   to load multiple therapeutic agents, such as 
small molecules, peptides, and  proteins  , in a single nanoparticle. 
Co-delivery of paclitaxel with an interleukin-12-encoded plasmid 
using core-shell nanoparticles suppressed  cancer   growth rate 
remarkably compared with the delivery of either paclitaxel or the 
interleukin-12-encoded plasmid in a 4T1 mouse breast cancer 
model [ 56 ]. Generally, in preclinical studies and phase II or phase 
III clinical trials, Herceptin and paclitaxel have been administered 
through separate injections to achieve synergistic antitumor effects 
[ 5 ]. However, Herceptin and paclitaxel have been loaded in a 
cationic P(MDS-co-CES) micelle, and this co-delivery approach 
shows advantages over the separated injections due to the reduc-
tion of injection times and achievement of synergistic effect. 
Paclitaxel-loaded nanoparticle/Herceptin complexes containing 
200 nM of Herceptin and 6.7 mM of paclitaxel were used to treat 
BT474 cells with high-level Her2-expression [ 57 ]. The cytotoxic-
ity data indicated that the  cell viability   with these complexes was 
only 60.2 %, while it was 92 % and 83 % for 200 nM Herceptin 
alone and paclitaxel-loaded nanoparticles, respectively. Apparently, 
this co-delivery system demonstrated a synergistic effect.  PLGA   
nanoparticles were also used as a co-delivery vehicle for a  vaccine   
[ 58 ]. In this co-delivery system, Toll-like receptor (TLR) ligand 
(7-acyl lipid A), poorly immunogenic melanoma antigen, and 
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tyrosinase-related  protein   2(TRP2) were co-encapsulated into the 
PLGA nanoparticles. Results clearly showed that activated TRP2- 
specifi c CD8 T cells could secret interferon (IFN)-γ at lymph 
nodes and spleen of the vaccinated mice. In addition, compared 
with control group, reduced levels of VEGF and increased levels of 
IL-2, IL-6, IL-12, IFN-γ, and TNF-α were found at the tumor 
microenvironment infl uenced by this co-delivery system, indicat-
ing immunostimulation.  

   Photodynamic therapy is a well-established clinical treatment 
modality for  cancer   and superfi cial tumors, such as bladder, mela-
noma, and esophagus [ 59 ]. Once the photosensitizer is adminis-
tered with a predefi ned time interval and accumulates in tumor 
sites, the irradiation of the tumor  tissues   with nonthermal light 
(635–760 nm) induces the excited photosensitizer and molecular 
oxygen, which causes the formation of singlet oxygen ( 1 O 2 ), a vital 
factor mediating cellular death [ 60 ]. An ideal photosensitizer 
should possess some characteristics, such as stable composition, 
easy synthesis and good availability, minimal self-aggregation ten-
dency, low hydrophobicity, non-toxicity in the absence of light 
exposure, photostability, absorbance in the red region of spectrum 
with high extinction molar coeffi cient, target specifi city, and quick 
clearance from the body [ 61 ]. Unfortunately, none of commer-
cially available photosensitizers have all the properties of an ideal 
photosensitizer. Most photosensitizers have poor hydrophilicity 
and easily form aggregation in aqueous media, which decreases the 
formation of singlet oxygen and solubility and inhibits biological 
properties [ 61 ]. The application of  nanoparticles   as carriers for 
photosensitizer can overcome most of those shortcomings for clas-
sic photosensitizers. According to the manner in which singlet oxy-
gen is produced, the strategies applying nanoparticles to deliver 
photosensitizers have two categories. Either non-biodegradable 
nanoparticles, in which photosensitizers are not released from 
nanoparticles, but the oxygen can diffuse in and out of nanoparti-
cles freely, or biodegradable nanoparticles (mainly  polymer  -based 
materials), from which the photosensitizers are released and gener-
ate singlet oxygen. The lipophilicity plays an important role in 
modulating photothrombic effi ciency, and chick chorioallantoic 
membrane (CAM) is generally employed as in vivo model duo to 
the fact that destruction of the neovasculature is of importance 
in eradication of some vascularized tumors by  PDT   and the well- 
vascularized membrane of CAM is readily accessible for photosen-
sitizer administration, light irradiation, optical examination, and 
fl uorescence analysis of PDT-induced vascular damage [ 62 ,  63 ]. 
Additionally, detecting the fl uorescence of the vascularized and 
non-vascularized tissues renders convenient monitoring of  biodis-
tribution   of photosensitizer in the CAM and the extent of its leakage. 
More importantly, the photodynamic activity can be evaluated 
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by observing the vascular occlusion. Poly( D,L -lactic acid) (PDLA) 
nanoparticles were used to deliver porphyrins  meso - 
tetraphenylporphyrin  (TPP),  meso -tetra-(4-carboxyphenyl)-porphyrin 
(TCPP), chlorines pheophorbide-a (Pheo-a), and chlorine e 6  (Ce 6 ) 
to perform a preclinical intercomparison study using CAM as 
in vivo model [ 64 ]. The results indicated that the dye was more 
effectively entrapped in the PDLA nanoparticles with increasing 
the degree of lipophilicity. The more lipophilic dyes (TPP and 
Pheo-a) tended to remain inside the blood vessels, whereas less 
lipophilic compounds (TCPP and Ce 6 ) extravasated more easily. 
Once exposed to irradiation with light doses from 5 to 20 J/cm 2 , 
the PDLA nanoparticle loaded with the most lipophilic molecule 
(TPP) showed the highest photothrombic effi ciency, and the vas-
cular damage was more highly induced as well, meanwhile causing 
the minimal leakage from blood vessels. The nanoparticle  size   also 
plays an essential role in photosensitizer circulation in the blood 
stream as discussed in Sect.  3.1 . Consequently, the extravasation of 
photosensitizer could be governed by the nanoparticle size.  PLGA   
nanoparticles with various particle sizes were studied using CAM 
as in vivo model [ 65 ]. It was found that smaller nanoparticle size 
showed stronger photodynamic activity.  

   Magnetic  nanoparticles   with a diameter ranging from a few nano-
meters to tens of nanometers, one of the most widely investigated 
category of nanoparticles, provide many attractive advantages over 
other nanoparticles. Due to the property of magnetic, magnetic 
nanoparticles obey Coulomb’s law and can be manipulated by an 
external magnetic fi eld. This characteristic enables them to gain 
wide application in  magnetic resonance imaging   ( MRI  ) and targeting 
drug delivery, in which the intrinsic penetrability of magnetic fi elds 
into  tissues   works with the external magnetic fi eld. In addition, the 
magnetic nanoparticles can be prepared to resonantly respond to a 
time-varying magnetic fi eld, in which the energy of the exciting 
fi eld can be transferred to the magnetic nanoparticle. This special 
function renders them a wide application in hyperthermia. So, this 
section will focus on the in vivo application of magnetic nanopar-
ticles, including MRI, magnetic drug targeting (MDT), and hyper-
thermia with magnetic ferrofl uids. 

   MRI    :  MRI-based clinical diagnostics is a popular noninvasive 
modality for diagnosing soft  tissues   and recent cartilage patholo-
gies due to the difference in the relaxation times of hydrogen 
atoms [ 66 ]. Dextran-stabilized magnetic  nanoparticles   with an 
overall  size   of ~45 nm and the  iron oxide   core of ~5 nm, after 
functionalized with HIV-Tat  proteins  , were able to be introduced 
into different cell types, such as human hematopoietic CD34 +  cells, 
mouse neural progenitor cells, mouse splenocytes, and human 
CD4 +  lymphocytes [ 67 ]. These cells could be administered  i.v.  into 
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mice and monitored via MRI in bone marrow, liver, and spleen. 
More importantly, these cells had high MRI sensitivity, and even 
single cell could be detected. Magnetic nanoparticles can also be 
used as oral contrast agents for diagnosing gastrointestinal tumors 
and the detection of other tumors [ 68 ]. 

  MDT : Previously we discussed the nanoparticle-based targeting 
drug delivery, employing binding ligands (peptides, growth fac-
tors, antibodies or antibody fragments, transferring, and small 
compounds). As an important advantage of magnetic  nanoparti-
cles  , they can deliver drugs to a specifi c site in a unique manner 
compared with binding ligand-based targeting delivery, in which 
magnetic nanoparticles can be guided by means of external mag-
netic fi eld to a specifi c location [ 66 ]. The other advantage of mag-
netic nanoparticle-based drug delivery is the maintenance of its 
location for the expected time length. Many factors can infl uence 
MDT modality, such as the physical properties, concentration, the 
amount of applied nanoparticles, and the nature of binded drugs. 
In addition, the external magnetic fi eld, such as the geometry,  size  , 
and duration, and the vascular supply of the targeted  tissues   can 
also infl uence their effect. Complete remission of experimentally 
induced VX-2 squamous cell carcinomas after intra-arterial injec-
tion of starch-coated magnetic nanoparticles functionalized with 
methotrexate in the hind limbs of rabbits was successfully achieved 
[ 69 ]. In another study, magnetic nanoparticles functionalized with 
epirubicin and coated with polymeric anhydroglucose were admin-
istered into the femoral vein of rats under the infl uence of an exter-
nal magnetic fi eld [ 70 ]. Compared with controls (no magnetic 
fi eld applied), an irreversible thrombus was formed in the capillary 
bed of the muscle at 10 min post magnet application, which 
strongly suggested that this modality could be used to induce 
microembolization of tumors. 

   Hyperthermia     with magnetic ferrofl uids : When magnetic  nanopar-
ticles   are exposed to an alternating magnetic fi eld, the induced 
oscillation of the magnetic moment inside the magnetic nanopar-
ticles converts the magnetic fi eld energy into the form of heat. 
Smaller magnetic nanoparticles generally have higher rate of spe-
cifi c absorption than larger ones [ 71 ]. Consequently, superpara-
magnetic  iron oxide   nanoparticles (SPION) with a core  size   less 
than 10 nm are widely used for hyperthermia, heating up  tissues   to 
41–46 °C [ 68 ]. In general, necrosis and coagulation or carboniza-
tion of the  tissue   will be observed when the temperature exceeds 
56 °C, which is called “thermoablation” [ 71 ]. Apparently, hyper-
thermia is a suitable strategy to treat  cancers   due to that tumor cells 
are extremely susceptible to elevated temperatures. When hyper-
thermia is applied to heat up to 41–45 °C, the tumors are irrevers-
ibly damaged, while healthy tissues are permanently damaged. 
Compared with conventional hyperthermia methods, such as 
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microwaves, radio-frequency, ultrasound, and infrared, which 
show inability to selectively induce heat formation in specifi c 
abnormal tissue, the magnetic nanoparticle-based hyperthermia 
shows encouraging advantage in heating at specifi c tumor sites, 
especially when combined with chemotherapy, they can improve 
the cell surface receptor molecules and enhance the recognition of 
immune system. Many in vivo studies were performed (mostly 
using mice model) on experimentally induced tumors. The results 
demonstrated that homogenous cell–tissue inactivation was corre-
lated well with the  biodistribution   of magnetic nanoparticles in the 
targeted tumor sites [ 71 ].  

   Multifunctional  nanoparticles   open a door for possibly combining 
diagnosis and treatment of  cancers   at the same time, the functions 
of which depend on the design. Multifunctional nanoparticles con-
quer many limits of conventional nanoparticles to meet the require-
ments of an ideal delivery system. A polyacrylamide multifunctional 
platform was synthesized to diagnose brain  cancer   due to the pres-
ence of a  magnetic resonance imaging   ( MRI  ) contrast enhancer. 
In addition, this multifunctional platform also contained a photo-
sensitizer, Photofrin ® , a polyethylene surface coating to increase 
circulation in blood stream, and a molecular targeting ligand, RGD 
peptide [ 72 ]. Therefore, this multifunctional platform was capable 
of diagnosis, enhancing nanoparticle residence time, and the recog-
nition of the tumor neovasculature. Rats bearing intracerebral 9L 
tumors were employed as in vivo model to evaluate the therapeutic 
activity of this multifunctional platform [ 61 ]. Compared with 
untreated tumor-bearing rats and those only having laser treatment, 
this multifunctional nanoparticle could induce massive regional 
necrosis, in addition to the successful monitoring of changes in 
tumor diffusion, tumor growth, and tumor load. In a similar study, 
polyacrylamide nanoparticles encapsulating Photofrin ® ,  imaging   
agents, such as fl uorescent dye and  iron oxide  , and F3 peptide as a 
targeting ligand for surface-localized vasculature, were adminis-
tered into 9L-glioma-bearing rats, followed by  PDT   treatment. 
The results showed that the survival rate was signifi cantly higher 
compared with those rats receiving nontargeted nanoparticles or 
systemic Photofrin ® . More encouragingly, 40 % of rats treated with 
F3-targeted Photofrin ® nanoparticles were found to be tumor-free 
60 days posttreatment [ 61 ].   

5    Achievements and Future Challenges 

 Nanoparticles, undoubtedly, provide opportunities for designing 
and modulating properties that are not possible for non- 
nanoparticle types of therapeutics. More and more clinical trials 
will be performed with more advanced nanoparticle-based systems, 
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and the nanoparticle system should be improved further as the 
optimal nanoparticle properties are elucidated. As discussed above, 
most of the nanoparticle-based therapy strategies are encouraging 
with promising application potentials and were demonstrated to be 
non-toxic both in vitro and in vivo. However, there are also issues 
of concern. 

 First,  nanoparticles   have also been found to be toxic for healthy 
 tissues  . The in vivo nanotoxicity is induced by oxidative stress via free 
radicals, generated by phagocytic cell response to foreign materials. 
Due to free radicals, oxidation of lipids,  proteins  , and DNA strongly 
causes damage to biological components. Oxidative stress can also 
induce or enhance  infl ammation   through regulating redox-sensitive 
transcription factors, kinases, and activator  protein  - 1 . A single and 
repeated intravenous administration of poly- isobutyl cyanoacrylate 
(PIBCA) or polystyrene (PS) nanoparticles induced a depletion of 
reduced glutathione (GSH) and oxidized glutathione (GSSG) levels 
in the liver, inhibition of superoxide dismutase (SOD) activity, and a 
slight increase in catalase activity [ 73 ]. The results indicated that 
nanoparticles were not distributed in the hepatocytes, and oxidative 
species most probably were generated by activated hepatic macro-
phages after nanoparticle phagocytosis. Consequently, it needs to be 
emphasized that long-term studies are needed to prove the safe use 
of nanoparticles, which is also our challenge to advance the clinical 
application of nanoparticle- based therapeutics. 

 Second, while the particle  size   in nanoscale can provide posi-
tive features, such as high payloads and great accommodation of 
multiple targeting ligands, it can also be detrimental [ 74 ]. Presently, 
it remains unknown how  nanoparticles   move through malignant 
 tissues   after they arrive at the tumor area. It is of importance to 
perform more studies to understand how nanoparticles function in 
humans as early claims of some nanoparticle function are now 
being called into question. For example, evidence has shown that 
the proposed Abraxane nanoparticle delivery might not be the true 
mechanism causing the enhanced amounts of drug in tumors. 

 Last but not least, important commercial and regulatory chal-
lenges need to be tackled with the emerging generation of more 
advanced  nanoparticles   due to the multicomponent nature. 
Apparently, it will be more diffi cult and expensive to manufacture 
these nanoparticles at large scale with appropriate quality. Even 
though the challenge remains, some complex nanoparticles have 
already gone to clinic. For example, CALAA-01 consisting of four 
components with targeting function and siRNA is now in clinic 
studies, which strongly shows that complex nanoparticles can be 
manufactured and satisfy regulatory requirements, at least for the 
initiation of phase I trials. However, it does not reach the market 
yet. In addition, the high cost for intellectual properties and lack of 
suffi cient fi nancial support can be another two more challenging 
issues before commercialization of complex nanoparticles. 
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 Even though some challenges put big barrier on the way that 
more therapeutic  nanoparticles   reach market, the prospective of 
nanoparticle-based system is still encouraging, and we believe that 
more and more advanced nanoparticle-based therapeutic modalities 
will be available on the huge market.     
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    Chapter 11   

 Pharmaceutics of Nanoparticles       

     Masami     Ukawa    ,     Hidenori     Ando    ,     Taro     Shimizu    , and     Tatsuhiro     Ishida       

  Abstract 

   Drug-incorporating nanoparticles (nanodrugs) have been approved for clinical use. Incorporating water- 
insoluble drugs such as anticancer agents, antimycotics, and photosensitizers into nanoparticles improves 
their bioavailability. Moreover, the essential advantage of nanodrugs is a reduction in adverse effects. This 
leads to an improvement in the quality of life (QOL) of patients. In this chapter, we focus on the pharma-
cokinetics and toxicity of clinically approved nanodrugs and of nanodrugs that are currently undergoing 
clinical trials. In addition, the preparation methods and structural features of nanodrugs are introduced.  

  Key words      PEGylated liposome    ,   Albumin-based nanoparticle technology (nab-technology)  , 
  Antitumor drugs  ,    Amphotericin B    ,   Photodynamic therapy ( PDT  )  

1      Introduction 

 Targeted, site-specifi c drug delivery using  nanoparticles   is one of 
the most promising applications of nanomaterials. By incorporat-
ing drugs within nanoparticles, it is possible to improve the  biodis-
tribution   of the drugs depending on the properties of a particular 
nanoparticle. Such an alteration in drug distribution often affects 
desirable medicinal features. Actually, numerous traditional cyto-
toxic drugs, such as anticancer drugs, antimycotics, and photosen-
sitizers, have been encapsulated in liposomes, and some of them 
have been approved for clinical use, as shown in Table  1 .

   In clinical use, drug-loaded  nanoparticles   are mainly catego-
rized into assembled macromolecules and liposomes. Assembled 
macromolecules were formed by self-assembly of macromolecule 
possessing both of hydrophilic group and hydrophobic group. 
Abraxane ®  is an example of assembled macromolecules (Fig.  1a ). 
Abraxane ®  was formed by self-assembly of paclitaxel (hydrophobic 
drug) bound to albumin (hydrophilic  protein  ).  Liposomes   were 
assemblage of lipids which have hydrophilic head group and hydro-
phobic hydrocarbon chain. Therefore, liposomes are suitable for 
incorporating either water-soluble or lipid-soluble drugs. 
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Hydrophilic drugs (vincristine and cytarabine) can be entrapped in 
the aqueous interior of liposomes (Fig.  1b ), and lipid-soluble drugs 
(verteporfi n) can be incorporated into the hydrophobic phospho-
lipid bilayer (Fig.  1c ). Even drugs without satisfactory solubility in 
either water or lipid (daunorubicin, doxorubicin, and amphoteri-
cin B) can be stably encapsulated into the liposomes by adequate 
preparation methods. Some liposomes encapsulating anticancer 
drugs are PEGylated (Doxil ® ) to promote long circulation and 
high stability (Fig.  1d ).

   Table 1  
  Clinically approved  nanoparticles     

 Ingredient  Proprietary name  Indication  Approval  Reference 

 Doxorubicin  Doxil ®  (US) 
Caelyx ®  (EU) 

 AIDS-related Kaposi’s sarcoma  1995 (USA), 2007 
(Japan) 

 [ 72 – 74 ] 

 Ovarian  cancer   (after failure of 
platinum-based chemotherapy) 

 1999 (USA), 2009 
(Japan) 

 [ 75 – 77 ] 

 Multiple myeloma  2007 (USA)  [ 78 ,  79 ] 
 Myocet ®   Metastatic breast  cancer    2004 (EU, Canada)  [ 80 ,  81 ] 

 Daunorubicin  Daunoxome ®   AIDS-related Kaposi’s sarcoma  1996 (USA)  [ 82 ,  83 ] 

 Cytarabine  Depocyt ®   Lymphomatous meningitis  1999 (USA)  [ 84 ] 

 Vincristine  Marqibo ®   Acute lymphoblastic leukemia  2012 (US)  [ 85 ] 

 Paclitaxel  Abraxane ®   Breast  cancer    2005 (USA), 2010 
(Japan) 

 [ 86 ,  87 ] 

 Non-small cell lung carcinoma  2012 (USA), 2013 
(Japan) 

 [ 88 ,  89 ] 

 Gastric  cancer    2013 (Japan)  [ 88 ] 
 Metastatic pancreatic  cancer    2013 (USA)  [ 90 ] 

 Verteporfi n  Visudyne ®   Age-related macular degeneration  2000 (USA), 2003 
(Japan) 

 [ 58 ,  91 ] 

  Amphotericin B    AmBisome ®   Fungal infection  1997 (USA), 2006 
(Japan) 

 [ 92 ,  93 ] 

  Fig. 1    Schematic representation of drug-loaded  nanoparticles  . ( a ) Assembled macromolecules. ( b )  Liposomes   
entrapping drugs in an aqueous interior. ( c ) Liposomes incorporating drugs in a hydrophobic lipid bilayer. ( d ) 
 PEGylated liposome  s       
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   This chapter introduces clinically used nanodrugs as well as 
nanodrugs currently undergoing clinical trials and preclinical 
studies.  

2    Abraxane ®  

 Albumin is emerging as a versatile  protein   carrier for improving the 
 pharmacokinetic   profi le of the drugs it is associated with. Albumin 
is the most abundant plasma protein (35–50 g/L human serum) 
with a molecular weight of 66.5 kDa. Like most plasma  proteins  , 
albumin is synthesized in the liver where it is produced at a rate of 
approximately 0.7 mg/h for every gram of liver (i.e., 10–15 g 
daily); human serum albumin (HSA) exhibits an average half-life of 
19 days. 

 Abraxane ®  (paclitaxel  protein  -bound particles for injectable 
suspension (albumin bound), also known as nab ® -paclitaxel or 
ABI-007 (Abraxis BioScience/Celgene)) was the fi rst albumin- 
based  drug delivery system  . It was approved at the beginning of 
2005 for the treatment of metastatic breast  cancer   in the USA as 
well as in Europe, China, Russia, Japan, and several other coun-
tries. Abraxane ®  was also approved by the FDA for non-small lung 
cancer (2012) and pancreatic cancer (2013). Clinical trials for the 
treatment of bladder [ 1 ] and ovarian [ 2 ] cancer are currently being 
performed. 

   Historically, the fi rst drug albumin conjugates were synthesized by 
direct coupling methods followed by the development of albumin- 
binding peptides and prodrugs that bind rapidly and selectively to the 
cysteine-34 position of exogenous and endogenous albumin [ 3 ]. 

 A unique  albumin-based nanoparticle technology (nab- 
technology)   has been developed that is ideal for encapsulating 
lipophilic drugs into  nanoparticles  . This technology appears to be 
simple: the drug is mixed with human serum albumin in an aque-
ous solvent and passed under high pressure through a jet to form 
drug albumin nanoparticles in sizes ranging between 100 and 
200 nm, which is comparable to the  size   of small liposomes. Nab- 
paclitaxel (Abraxane ® ) has an approximate diameter of 130 nm.  

   Albumin has a number of characteristics that make it an attractive 
drug vehicle. It is a natural carrier of endogenous hydrophobic 
molecules (vitamins, hormones, and other water-insoluble plasma 
substances) that are bound in a reversible noncovalent manner. 
Moreover, albumin seems to help endothelial transcytosis of plasma 
constituents principally through binding to cell surface receptors 
(albondin) such as 60-kDa glycoprotein (gp60), which bind to 
caveolin-1 (an intracellular  protein  ) with a subsequent formation 
of transcytotic vesicles (caveolae) (Fig.  2 ) [ 4 – 7 ].

2.1  Preparation 
Method

2.2  Pharmacoki-
netical Advantages

Pharmaceutics of Nanoparticles
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   Circulating albumin must extravasate from blood vessels or 
cross endothelial cells to reach tumors, and albumin reportedly 
accomplishes this in at least two ways (Fig.  2 ): receptor-mediated 
transcytosis and the enhanced permeation and retention (EPR) 
effect [ 4 ,  8 – 10 ]. According to one hypothesis, nab-paclitaxel/
Abraxane ®  may take advantage of each of these mechanisms to 
reach the tumor microenvironment [ 11 ,  12 ]. 

 Additionally,  cancer   cells are believed to consume albumin 
from the tumor microenvironment and then metabolize it, possi-
bly enhancing tumor growth [ 13 ,  14 ]. Desai et al. conducted 
experiments in tumor xenograft mouse models to determine 
whether albumin modifi cation played a role in the tumor uptake of 
paclitaxel [ 11 ]. In these experiments, paclitaxel dissolved in 
Cremophor EL (solvent-based paclitaxel, sb-paclitaxel) and 
nanoparticle albumin-bound paclitaxel (nab-paclitaxel/Abraxane ® ) 
was radioactively labeled, and the amount of labeled paclitaxel that 
eventually reached tumors could then be quantifi ed. When equal 
amounts were injected, researchers found that a third more pacli-
taxel from the nab-paclitaxel formulation (Abraxane ® ) was taken 
up by tumors. The researchers suggested that nab-paclitaxel/
Abraxane ®  reached a higher tumor accumulation vs. sb-paclitaxel 
due to both the lack of drug-sequestering Cremophor EL micelles 
and enhanced albumin-mediated transcytosis. A subsequent report 
of similar experiments suggested that nab-paclitaxel/Abraxane ®  
may achieve some degree of tumor selectivity relative to sb- 
paclitaxel, although the mechanisms responsible for this possibility 
were not characterized [ 15 ].  

   A notable advantage of Abraxane ®  is Cremophor- and ethanol-free 
preparation. Cremophor was used as the solvent for sb-paclitaxel. 
Cremophor EL may add to paclitaxel’s toxic effects by producing 
or contributing to the well-described hypersensitivity reactions 

2.3  Advantages 
in  Toxicity  

Leaky Junction Transcytosis

Blood 
Vessel

Tumor 
interstitium

Tumor

  Fig. 2    Two routes of albumin-bound drugs to reach tumor cells       
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that commonly occur during infusion, affecting 25–30 % of treated 
patients [ 16 ,  17 ]. To minimize the incidence and severity of these 
reactions, premedication with histamine 1 and 2 blockers, as well 
as glucocorticoids (usually dexamethasone), has become standard 
practice [ 18 ]. The cumulative side effects of dexamethasone used 
as a premedication may add to treatment-related morbidity and, in 
some instances, result in an early discontinuation of therapy. 
Cremophor EL may also contribute to chronic paclitaxel toxic 
effects, such as peripheral neuropathy [ 19 ]. An additional problem 
arising from the use of Cremophor and ethanol solvent is the leach-
ing of plasticizers from PVC (polyvinyl chloride) bags and infusion 
sets in routine clinical use [ 20 ]. Consequently, Taxol containing 
Cremophor EL and ethanol must be prepared and administered in 
either glass bottles or non-PVC infusion systems with in-line fi ltra-
tion. These problematic issues have spurred interest in the devel-
opment of taxanes with improved solubility in aqueous solutions 
[ 21 ]. Indeed, in phase I study, no hypersensitivity reactions were 
observed among patients who received infusions of Abraxane ® .  

   Abraxane ®  has been approved for the treatment of breast  cancer  , 
non-small lung cancer, metastatic pancreatic cancer, and metastatic 
melanoma. As mentioned above, the clinical trials for expanding 
the application are ongoing. 

 On the other hand, another albumin-utilized approach that 
 carries drugs by binding to serum albumin has been developed. For 
example, aldoxorubicin is based on a small molecule approach, in 
which thiol-binding prodrugs bind covalently to circulating albumin 
after intravenous administration. In a phase I study, aldoxorubicin 
showed a good safety profi le at doses up to 260 mg/m 2  doxorubicin 
equivalents [ 22 ]. Although not the primary endpoint of the phase I 
study, aldoxorubicin induced tumor regressions in breast  cancer  , 
small cell lung cancer, and sarcoma. Aldoxorubicin is available in the 
form of commercially viable vials, is reconstituted with lactated 
Ringer’s solution, and can be  administered as an intravenous infu-
sion over 30 min. Several clinical trials have been completed, are 
ongoing, or are being initiated.   

3    Nanoparticles Carrying Antitumor Drugs 

 The clinical use of liposomes delivering  antitumor drug   s   has been 
developed over the past 20 years. Doxil ® , the fi rst liposomal antitu-
mor drug, was marketed in 1995. Liposomal drugs loading other 
antitumor drugs such as daunorubicin, cytarabine, and vincristine 
were subsequently approved. In the following paragraphs, we 
describe liposomal doxorubicin as a representative of liposomal 
antitumor drugs. 

2.4  Future 
Perspectives

Pharmaceutics of Nanoparticles
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   Intriguingly, two types of liposomal doxorubicin have been clinically 
used to treat distinct forms of  cancer  . Doxil ®  is the fi rst FDA- 
approved nano-drug formulation of doxorubicin [ 23 ]. Due to an 
enhanced permeability and retention (EPR) effect, Doxil ®  is “pas-
sively targeted” to tumors, and its doxorubicin is released and then 
becomes available to tumor cells [ 23 ]. Higher drug levels in tumor 
 tissue   have been observed with Doxil ®  than with free doxorubicin in 
multiple cancer models [ 24 ,  25 ]. Liposomalization has clinically 
reduced cardiotoxicity, a hallmark side effect of free doxorubicin 
treatment [ 26 ,  27 ]. 

 On the other hand, another formulation liposome encapsulating 
doxorubicin, Myocet™, has also been used in the clinical setting. 
Myocet™ is doxorubicin encapsulated in a non- PEGylated lipo-
some   composed of phosphatidylcholine and cholesterol. In combi-
nation with cyclophosphamide, Myocet™ has been approved as a 
fi rst-line treatment of metastatic breast  cancer   (MBC) in both 
Europe and Canada. 

 The  pharmacokinetics   of non-PEGylated liposomal doxorubi-
cin differs from both conventional doxorubicin and PEGylated 
liposomal doxorubicin [ 28 ]. Plasma levels of total doxorubicin are 
substantially higher with non-PEGylated liposomal doxorubicin 
than with conventional doxorubicin, while the peak plasma levels 
of free doxorubicin are lower with non-PEGylated liposomal doxo-
rubicin. The clearance (5.1 ± 4.8 L/h) is much slower than that of 
conventional doxorubicin (46.7 ± 9.6 L/h) [ 29 ], but not as slow as 
with PEGylated liposomal doxorubicin. Palmar–plantar erythro-
dysesthesia (PPE) is known as a distinctive adverse effect of Doxil ® , 
but it occurs rarely, with an incidence of <0.5 % in MBC patients 
who have been treated in phase III trials. In contrast with PEGylated 
liposomal doxorubicin, non-PEGylated liposomal doxorubicin is 
phagocytosed by mononuclear phagocytes [ 29 ,  30 ].  

   The remote loading of anticancer drugs into liposomes by trans-
membrane gradients is one of the best approaches for achieving a 
drug level per liposome that is suffi cient for liposomal drugs to be 
therapeutically effi cacious. A number of methods for the loading of 
ions and drugs into liposomes, based on pH and ammonium salt 
gradients, have been developed to optimize drug loading into vesi-
cles [ 31 ,  32 ]. A remote loading procedure is available for encapsu-
lating weak bases such as anthracyclines into liposomes. A mechanism 
for the remote loading of doxorubicin into an intraliposomal aque-
ous phase via an ammonium sulfate gradient is illustrated in Fig.  3 .

      Cardiotoxicity, which is a typical adverse effect for doxorubicin, 
was suppressed in liposomal formulation. However, despite the 
overall tolerability and superiority of Doxil ®  over doxorubicin, two 
side effects that are not typical with free doxorubicin were observed 
for Doxil ® . 

3.1  Pharmacokinetic 
Differences Between 
PEGylated and Non- 
PEGylated  Liposomes  

3.2  Preparation 
Using a Remote 
Loading Method

3.3  Advantages 
in Reducing  Toxicity  
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 The fi rst and most dominant one can result in a grade 2 or 3 of 
desquamating dermatitis and is referred to as PPE, or “foot and 
hand syndrome.” The PPE was fi rst demonstrated in a study 
involving humans by Barenholz’s group [ 33 ] and was reviewed by 
Solomon and Gabizon [ 34 ]. The symptoms include redness, ten-
derness, and peeling of the skin. The prevalence of this side effect 
limits the Doxil ®  dose that can be given as compared with doxoru-
bicin in the same treatment regimen. Of note, it was reported in 
phase III clinical trials of Myocet ®  that severe (grade 3 or 4) PPE 
was not observed. The second side effect is an infusion-related 
reaction that shows up as fl ushing and a shortness of breath; it is a 
unique adverse immune phenomenon that Doxil ® , like many other 
nano-systems, can provoke. A complement activation-related 
pseudo-allergy (CARPA) has also been reported [ 35 ,  36 ]. CARPA 
is referred to as an acute hypersensitivity, or infusion reaction, 
because of the causal role in its patho-mechanism of complement 
activation instead of IgE binding. CARPA can be reduced by slow-
ing the infusion rate and by premedication with corticosteroids 
and antihistamines [ 37 ].   

4    Liposomal  Amphotericin B   

  Amphotericin B   is insoluble in aqueous solution. Thus, a vehicle 
(carrier) must be added to form a dispersion before it can be used 
clinically as an antifungal agent to treat systemic mycosis. The com-
mercial preparation of amphotericin B, Fungizone ® , is a mixture of 
amphotericin B, a detergent deoxycholate, and a buffer. When sus-
pended in a glucose solution, Fungizone ®  forms a colloidal disper-
sion suitable for intravenous injection. Amphotericin B can also be 
obtained as a dispersion by the addition of a concentrated 
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  Fig. 3    Schematic diagram for liposomal encapsulation of doxorubicin (DXR) using 
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amphotericin B solution in organic solvents and water; this preparation 
has been used in several in vitro studies on the cellular and molecu-
lar effects of amphotericin B. 

 AmBisome ®  is a liposomal formulation of amphotericin B in 
which the drug is strongly associated with the bilayer structure of 
small unilamellar liposomes. In addition to amphotericin B, 
AmBisome ®  is composed of hydrogenated soy phosphatidylcholine 
(HSPC), distearoyl phosphatidylglycerol (DSPG), and cholesterol. 

 On the other hand, another formulation of liposomal ampho-
tericin B, Fungisome™, is used in clinical settings in India. The 
benefi t of Fungisome™ compared with AmBisome ®  is a low cost. 
Efforts are ongoing to further reduce the cost by pharmaceutical 
manufacture. Compared with the acquisition cost of the marketed 
liposomal preparations in India, the cost of Fungisome™ is 8–10 
times less. Thus, Fungisome™ may be a safe and cost-effective 
option for Indian physicians. 

   In AmBisome ® , amphotericin B is integrated tightly within the 
liposomal membrane through formation of a noncovalent charge 
complex between the positively charged mycosamine in ampho-
tericin B and the negatively charged distearoyl phosphatidylglyc-
erol (DSPG) and hydrophobic interactions with the cholesterol 
components of the membrane. The lipid bilayer is made up of 
HSPC, cholesterol, DSPG, and amphotericin B in a 2:1:0.8:0.4 
molar ratio [ 38 ]. These components have a high phase-transition 
temperature and are used to make a formulation that is stable at 
37 °C. AmBisome ®  was designed as very rigid, small, unilamellar 
liposomes with mean diameters of 45–80 nm. Such small, rigid 
unilamellar liposomes are known to have long circulation times in 
the bloodstream following intravenous injection and may be 
 sterilized by fi ltration through 0.2 μm pore membrane fi lters. 
AmBisome ®  was packed in the vial as freeze-dried powder similar 
to most liposomal drugs. 

 Fungisome™ is made of soy lecithin and cholesterol. Bottled 
Fungisome™ is sonicated using a bath sonicator with a thermostat, 
to maintain an ambient temperature for 45 min in order to convert 
multilamellar vesicles (MLV) into unilamellar vesicles (ULV). The 
sonicated drug, as per the manufacturer’s instructions, must be 
used within 24 h after sonication. The particle  size   of MLV (tested 
using laser light scattering technique) is reported to be 
1.53 ± 0.329 μm [ 39 ].  

   The rigid surface of AmBisome ®  has important clinical implica-
tions. Conventional amphotericin B is believed to produce toxicity 
by binding to cholesterol in mammalian cell membranes, followed 
by membrane damage/breakage. In vitro studies have demon-
strated that Fungizone ®  at concentrations 200 μg/mL caused an 
approximate 60 % red blood cell lysis when incubated with red 
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blood cells for 24 h [ 40 ]. In contrast, red blood cell lysis caused by 
AmBisome ®  at the same concentration was as low as 6 % [ 40 ]. 

 Administration of lipid formulations of amphotericin B generally 
results in higher  tissue   concentrations compared with conventional 
amphotericin B. The highest levels of amphotericin B are present 
in the organs of elimination: liver, spleen, and kidney (Table  2 ). 
An evaluation of the toxicokinetics (plasma concentration- time 
profi les and tissue concentrations) relative to the toxicological pro-
fi les leads to a conclusion that AmBisome administration results in 
less toxicity than conventional amphotericin B.

   With conventional amphotericin B therapy, nephrotoxicity is 
the principal dose-limiting factor. In dogs, administration of con-
ventional amphotericin B resulted in large increases in urea nitro-
gen and serum creatinine concentrations. These values remained 
within normal limits or were only slightly elevated after an admin-
istration of comparable doses of AmBisome ®  (1 and 4 mg/kg, 
respectively), even though systemic amphotericin B exposure with 
AmBisome ®  administration was 56 and 93 times higher, respec-
tively, than with conventional amphotericin B. Hepatotoxicity is 
also a concern with amphotericin B administration. Although the 
indicators of hepatic toxicity were greatly elevated in dogs given 
conventional amphotericin B, these values remain within normal 
limits with AmBisome ®  administration (1 and 4 mg/kg), despite 
the large increase in systemic exposure to amphotericin B.  

   As mentioned above, injectable liposomal amphotericin B has 
achieved favorable  pharmacokinetics  . On the other hand, an oral 
formulation of amphotericin B has also been clinically used. For 
example, Halizon ®  and Fungizone ®  are available as tablets and syr-
ups and can be applied to gastrointestinal fungal infections. 
However, conventional oral drugs also have problems. One of the 
main problems is poor bioavailability. Owing to its amphipathic 
nature, amphotericin B forms aggregates in water at concentra-
tions around 2 × 10 −7  M. These aggregates were formed well below 
critical micellar concentrations (ca. 3 μM) by the  interaction   

4.3  Challenges 
to the Oral Delivery 
of  Amphotericin B    

   Table 2  
   Amphotericin B   concentrations in rodent  tissues   after administration of AmBisome and conventional 
Amphotericin B   

 Product  Dose (mg/kg) 

 Tissue concentration (μg/mL) 

 Kidney  Liver  Spleen  Lung  Brain  Reference 

 AmBisome  5  9.1 ± 0.5  374.7 ± 31.4  215.1 ± 62.3  8.2 ± 2.9  <0.5  [ 94 ] 

  Amphotericin B    1  1.5 ± 0.1  2.4 ± 0.9  5.7 ± 1.7  3.0 ± 1.4  NA  [ 95 ] 

   NA  not available  
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between neighboring polyene chains (chromophores). This may be 
the reason for a low water solubility that leads to poor gastrointes-
tinal absorption. Thus, amphotericin B has shown minimal bio-
availability when given per os [ 41 ]. 

 Several attempts have been made to enhance the oral bioavail-
ability of amphotericin B. A lipid-based self-emulsifying  drug 
delivery system   was developed and showed signifi cant antifungal 
activity in  Aspergillus fumigatus -infected rats [ 42 ].  Amphotericin 
B   was incorporated in Peceol ®  (mixture of mono- and diglycerides 
of oleic acid), which predominantly led to an increased absorption 
of the drug via the lymphatic transport mechanism. Additionally, 
the existence of amphotericin B in its native monomeric form in 
the lipidic environment, in contrast to the aggregated form in a 
conventional micellar solution, has been attributed to a signifi -
cantly lesser degree of toxicity in lipid-based formulations. 

 Apart from lipid-based  drug delivery system   s  , various other 
drug delivery systems, such as polymeric  nanoparticles   and nano-
suspension approaches, have also been utilized for the oral delivery 
of amphotericin B [ 43 – 45 ]. 

 Of note, a cochelate complex of amphotericin B, prepared by 
precipitation of a drug with phosphatidylserine and calcium cat-
ions, was under clinical trial for its oral delivery [ 46 ]. In 2009, 
BioDelivery Sciences International, Inc., announced initial results 
of a phase I study assessing the tolerability, safety, and  pharmacoki-
netics   of Bioral™ amphotericin B. The study identifi ed doses that 
were well tolerated with no meaningful changes in laboratory 
safety values including those associated with renal function. The 
preliminary  pharmacokinetic   evaluation also revealed that plasma 
concentrations were comparable to those seen in prior animal toxi-
cology studies using the same formulation. Recently, Aquarius 
Biotechonologies Inc. presented phase I results of their encochle-
ated amphotericin B.   

5    Liposomal Drugs for Photodynamic Therapy 

   Porphyrinoids form a large group of macrocyclic compounds with 
signifi cant photochemical potential for application in  photodynamic 
therapy   ( PDT  )—a medical treatment that utilizes light to activate 
photosensitizers in the presence of oxygen, leading to localized 
photodamage by formed reactive oxygen species [ 47 ,  48 ]. Many of 
the porphyrinoid photosensitizers investigated in preclinical and 
clinical studies exhibit high lipophilicity. This feature is considered 
desirable because the solubilization of a photosensitizer in the lipid 
bilayer of the cell membrane has been noted as one of the main fac-
tors of photosensitizer effi cacy. On the other hand, a hydrophobic 
nature and a lack of solubility in aqueous media were found to 
hamper the development of pharmaceutical formulations and are 
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reasons for the aggregation of these compounds, which impedes 
photochemical properties and the bioavailability of the photosensi-
tizer. Moreover, the specifi c delivery of photosensitizers to target 
cells remains a crucial challenge in photodynamic therapy. 

 The treatment of age-related macular degeneration with a  pho-
todynamic therapy   (TAP) study group reported that photodynamic 
therapy with liposomal verteporfi n (Visudyne) can reduce the risk 
of vision loss in patients with subfoveal choroidal neovasculariza-
tion (CNV) due to age-related macular degeneration. 

 Photodynamic therapy is a two-step process. The fi rst step 
requires the intravenous infusion of a photosensitive drug—in this 
case, verteporfi n. The second step is activation of the drug by non-
thermal light at the wavelength absorbed by a photosensitizer used 
and in the presence of oxygen [ 49 ] (Fig.  4 ). The activation prob-
ably results in the formation of cytotoxic oxygen species such as 
singlet oxygen and free radicals, which can damage cellular struc-
tures. This damage may lead to platelet activation and subsequent 
thrombosis and occlusion of choroidal neovasculature within the 
treated area. After studies reported that photosensitizers could be 
retained preferentially in tumors [ 50 ] and that  photodynamic ther-
apy   could lead to tumor death by occlusion of the tumor vascula-
ture and direct cytotoxic effects [ 51 ], investigators hypothesized 
that photodynamic therapy may be particularly useful in the selec-
tive destruction of CNV to confi ne the lesion from growing and 
thereby reduce the risk of progressive visual damage without caus-
ing signifi cant destruction to viable neurosensory retina overlying 
the CNV [ 52 ,  53 ]. Verteporfi n was believed to be a good photo-
sensitizer for treatment of CNV, not only because of its potential 
selectivity for neovasculature lesions, but also because of its  phar-
macokinetics  , which include rapid clearance within the fi rst 24 h 
after infusion to reduce the chances of generalized photosensitivity 
of patients after treatment.

Photosensitizer

O2 ROS

Photosensitizer
Illumination

Therapeutic
target site

Nonthermal light

  Fig. 4    Two-step process for  photodynamic therapy         
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      Visudyne ®  is the fi rst liposomal photosensitizer to be used in clinical 
practice. The lipid phase composition of Visudyne ®  is zwitterionic 
dimyristoyl phosphatidylcholine (DMPC), negatively charged egg 
phosphatidylglycerol (EPG), and benzoporphyrin derivative 
monoacid (BPD-MA) [ 54 ]. BPD-MA was derived from protopor-
phyrin IX (PpIX) dimethyl ester. The hydrophobic nature of 
BPD-MA provides a double-edged consequence. On the one 
hand, its lipophilic properties ensure its rapid cellular uptake by, 
and localization to, crucial intracellular organelles; on the other 
hand, it has the tendency to undergo self-aggregation in aqueous 
media, which can severely limit drug bioavailability [ 55 ]. Therefore, 
it is important to introduce BPD-MA into the bloodstream in its 
monomeric form. This is why, at the early stage of development, 
BPD-MA was incorporated into liposomes, which provided a vehi-
cle for intravenous delivery of the hydrophobic photosensitizer. 

 Based on preclinical studies [ 53 ,  56 ,  57 ], a phase I and II 
investigation was designed to evaluate the safety of verteporfi n 
therapy for the treatment of patients with CNV and to determine the 
effects of this therapy on fl uorescein leakage from CNV [ 58 – 60 ]. 
This investigation showed that an initial treatment of  photody-
namic therapy   with verteporfi n could cause short-term cessation of 
fl uorescein leakage from CNV without damage to retinal blood 
vessels or loss of vision [ 58 ]. In most cases, fl uorescein leakage 
from CNV became apparent by 12 weeks after this initial treat-
ment, even in subjects who had received the maximum tolerated 
light dose (in which nonselective damage to sensory retinal blood 
vessels with visual loss had occurred). The investigators suspected 
that this reappearance of leakage probably would be accompanied 
by subsequent growth of the neovascular lesion with progressive 
vision loss. Therefore, they considered evaluating a treatment 
strategy that could confi ne the neovascular lesion and reduce the 
risk of vision loss by periodically applying photodynamic therapy 
with verteporfi n to an eye with subfoveal CNV.  

   Photodynamic therapy ( PDT  ) has also shown promise in the treat-
ment of early and superfi cial tumors. There are three main mecha-
nisms by which PDT mediates tumor destruction [ 61 ]. In the fi rst, 
the reactive oxygen species (ROS) that is generated by PDT can kill 
tumor cells directly. In the second, PDT damages the tumor- 
associated vasculature, leading to tumor infarction. Finally, PDT 
can activate an  immune response   against tumor cells. These three 
mechanisms can also infl uence each other. The relative importance 
of each for the overall tumor response is yet to be defi ned. It is clear, 
however, that the combination of all these components is required 
for long-term tumor control. 

 To avoid reticuloendothelial system (RES) trapping of conven-
tional DPPC/DPPG liposomes, a long-circulating moiety, 
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PEGylated distearoylphosphatidylethanolamine (DSPE), was 
incorporated at about 2 % of the total lipid, thus leading to the 
Fospeg ®  formulation [ 62 ,  63 ]. As shown by Reddi’s group [ 63 ], 
the  PEG   layer coating can infl uence cytotoxicity and cellular uptake 
by liposomes. 

 Fospeg ®  performed better than Foscan ®  (nonliposomal photo-
sensitizer formulation), presenting superior  pharmacokinetic   prop-
erties such as a higher tumor-to-skin ratio, higher bioavailability, 
higher plasma concentrations, and earlier maximal tumor accumu-
lation in the  PDT   treatment of feline squamous cell carcinoma 
in vivo [ 64 ]. Fospeg ®  also showed a signifi cant decrease in vascular-
ity and blood volume in the same animal model [ 65 ]. 

 Meanwhile, a major, and well-known, drawback of photosensi-
tizers is prolonged photosensitivity. In order to prevent photosensi-
tivity, combination therapy with antioxidants has been reported. 
 P. halepensis  bark extract is a natural product that is rich in antioxi-
dant agents and can be injected into a tumor prior to Fospeg- 
interstitial  PDT  . In a concentration of 100 μg/mL, it totally 
eliminates the remaining photosensitivity and leaves the Fospeg- 
interstitial PDT effi cacy unaffected.   

6    Future Perspective 

 As described in this chapter, many liposomal drugs have already 
been clinically approved. On the other hand, polymeric micelles 
are still undergoing clinical trials (Table  3 ).

   Micelles have a signifi cant feature in terms of particle  size  . The 
diameter of polymeric micelles resembles that of natural viruses, 
and they can be tuned from 10 to 100 nm [ 66 ,  67 ], which reduces 
their accumulation in the organs of the RES and helps them over-
come physiological barriers such as lymphatic transport to lymph 
nodes after intradermal injection [ 68 ], extravasation, deep pene-
tration, and high accumulation in solid tumors after systemic 
injection [ 69 ]. Clinical trials have revealed that anticancer drug-
loaded polymeric micelles enhanced effi cacy and reduced side 
effects. The recent progress of NK105 and NC-6004 in phase III 
studies allows the envisioning of an imminent translation of poly-
meric micelles in the clinical setting. 

 Meanwhile, it is also noteworthy that various combination 
therapies were tried in liposomal and micellar anticancer drugs. 
Multidrug regimens have been developed to enhance anticancer 
effi cacy and suppress the emergence of drug resistance. However, 
patients receiving such multidrug regimens sometimes experience 
additional and stronger adverse effects to drugs that could neces-
sitate a discontinuation of the treatment. The utilization of 
 nanoparticles   selective to tumor  tissue   appears to be a good solution 
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for this problem. For example, the following therapeutic combinations 
of polymeric micelles and anticancer drugs exerted prominent 
therapeutic effect and low toxicity: oxaliplatin parent complex and 
epirubicin [ 70 ] or rapamycin and paclitaxel [ 71 ]. 

 Nanocarriers have improved the distribution of drugs and 
achieved improvements in therapeutic effects and in the suppres-
sion of adverse effects. Novel and pharmacologically active com-
pounds are diffi cult to discover. By altering the  pharmacokinetics   
and pharmacodynamics of conventional drugs, however, it is pos-
sible to enhance their therapeutic effect and safety and apply these 
effects to other diseases. This is a worthwhile pursuit for pharma-
ceutical companies that require life cycle management of drug 
products, as well as for patients who are unsatisfi ed with conven-
tional treatments. Nanoparticulation of conventional drugs and 
exploitation of new clinical applications of nanodrugs, mostly in 
combination with other drugs, will remain an essential strategy for 
pharmaceutical development.     

   Table 3  
  Micellar formulations under clinical or preclinical trials   

 Name  Drug 
 Block 
copolymer 

 Size 
(nm)  Company 

 Development 
phase  Indication  References 

 NK105  Paclitaxel   PEG- b  - poly 
(α,β- 
aspartic 
acid) 

 85  Nippon 
Kayaku, 
Co. 

 Phase III 
(started 
July 2012; 
breast 
 cancer)   

 Gastric 
 cancer/  
breast 
cancer 

 [ 96 ] 

 NK012  SN-38   PEG- b  - poly 
( L  -glutamic 
acid) 

 20  Nippon 
Kayaku, 
Co. 

 Phase II  Triple negative 
breast 
 cancer   

 [ 97 ] 

 NK911  Doxorubicin   PEG- b - poly 
(α,β- 
aspartic 
acid) 

 40  Nippon 
Kayaku, 
Co. 

 Phase II  Various solid 
tumors 

 [ 98 ] 

 NC- 6004   Cisplatin   PEG- b  - poly 
( L - 
GLUTAMIC  
acid) 

 20  Nanocarrier, 
Co. 

 Phase III 
(started 
2013) 

 Pancreatic 
 cancer   

 [ 99 ] 

 NC- 4016   Oxaliplatin   PEG- b  - poly 
( L  -glutamic 
acid) 

 30  Nanocarrier, 
Co. 

 Phase I  Various solid 
tumors 

 [ 70 ] 

 NC- 6300   Epirubicin   PEG- b  - poly 
(aspartate-
hydrazone) 

 60  Nanocarrier, 
Co. 

 Phase I  Various solid 
tumors 

 [ 70 ,  100 ] 

 siRNA 
micelles 

 siRNA   PEG- b  - 
polycations   

 40–60  Nanocarrier, 
Co. 

 Preclinical  –  [ 101 ,  102 ] 
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    Chapter 12   

 Pharmacokinetic Properties of Nanomaterials       

     Makiya     Nishikawa       

  Abstract 

   Nanomaterials are a class of materials with unique properties owing to their submicron size. Their possible 
application as delivery systems for bioactive compounds has been extensively studied for decades. Successful 
use depends on how well their pharmacokinetics can be controlled after administration into the body. 
There is plenty of experimental data on the tissue distribution of nanomaterials, but it is still premature to 
design nanomaterials optimally for the delivery of bioactive compounds. In this chapter, the basic pharma-
cokinetic properties of nanomaterials, including their interactions with the body, are summarized, followed 
by a description of some of the challenges for their targeted delivery.  

  Key words     Pharmacokinetics  ,   Tissue distribution  ,   Size  ,   Mononuclear phagocyte system  ,   Glomerular 
fi ltration  

1      Background 

 Low-molecular-weight drugs including aspirin, atorvastatin 
(Lipitor ® ), and oseltamivir (Tamifl u ® ) are molecules with a molec-
ular weight from several hundreds to less than a thousand 
AMU. These molecules are in the sub-nanometer range and are 
generally not categorized as nanomaterials. Molecules with a diam-
eter of about one nanometer vary in molecular weight, owing to 
their different shapes. For instance, a linear molecule and a globu-
lar molecule with an identical  size   have quite different molecular 
weights: 10 base pairs of B-form double-stranded DNA has a 
molecular weight of about 6200 AMU and is 3.4 nm in length, 
whereas serum albumin at a molecular weight of about 67,000 
AMU has a Stokes radius of about 3.5 nm. In addition, most amino 
acid  polymers   (e.g., peptides and  proteins  ), sugars (polysaccha-
rides),  nucleic acid   s   (DNA and RNA), and synthetic compounds 
(e.g.,  polyethylene glycol   [ PEG  ]) are within the nanometer range 
and materials that will be covered in this chapter. 

 Nanoparticles in the nanosize range can also be categorized as 
nanomaterials. They include liposomes, lipid emulsions, polymeric 
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micelles, and polymeric  nanoparticles  . These nanoparticles have 
been used as delivery systems for anticancer agents and other 
 bioactive compounds [ 1 – 3 ]. Recently, exosomes, cell-derived par-
ticles of about 100 nm in diameter that contain  proteins  , RNA, 
and other cell-derived molecules [ 4 ], have also been recognized as 
nanoparticles [ 5 – 7 ]. The reason why these nanoparticles are fre-
quently used as  drug delivery system   is due to the fact that the 
 tissue    distribution   of nanoparticles, especially ones with a diameter 
of less than 150 nm, is partially controllable, as described below. 

 Micron- sized   particles are also used in drug delivery, especially 
perorally [ 8 ]. Such relatively large particles are not frequently used 
in parenteral drug delivery because of their limited distribution 
after administration. An exception is Lupron Depot ® , a microcap-
sule formulation of leuprorelin acetate with a diameter of about 
20 μm [ 9 ]. Leuprorelin acetate is slowly released from poly(lactide-
co- glycolide) microparticles, and thus the plasma concentration of 
the gonadotropin-releasing hormone agonist can be maintained 
for up to 6 months [ 10 ]. These microparticles, however, are not 
discussed here since they are not considered nanomaterials.  

2     Mechanisms and Biological Processes That Determine the Pharmacokinetics 
of  Nanomaterials   

 Pharmacokinetics is the science of the rate of absorption, distribu-
tion, metabolism, and excretion of a drug after administration into 
the body. Since the intestinal absorption of nanomaterials, such as 
 polymers   and  nanoparticles  , is highly limited, nanomaterials are 
generally administered to patients via the parenteral route. 
Distribution and excretion are then the major processes that deter-
mine their pharmacodynamics. 

 From a theoretical point of view, the  pharmacokinetics   of a 
nanomaterial is determined by the summation of the numerous 
interactions it has with various biological components after admin-
istration to the body (Fig.  1 ). Factors affecting this process are the 
physicochemical properties of nanomaterials, such as molecular/
particulate  size  , electric charge, and tertiary structure, and the ana-
tomical and physiological properties of the body, such as organ 
size, blood fl ow rate, and vascular permeability [ 11 ]. For example, 
interactions between a nanomaterial and blood components, such 
as serum  proteins   and blood cells, would alter the physicochemical 
property of the nanomaterial, which would then result in signifi -
cant changes to its pharmacokinetics.

    Nanomaterials   are distributed throughout the body mainly 
through the blood. They then pass through the endothelial cell 
layer of an organ in order to access the parenchymal cells in a pro-
cess called extravasation [ 12 ]. Table  1  summarizes the type of vas-
cular endothelium found in various organs [ 13 – 15 ]. The presence 
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of a specifi c receptor or antigen that is involved in the  interaction   
with a nanomaterial will increase its binding or uptake. The physi-
cochemical and biological properties of the nanomaterial, includ-
ing the molecular/particular  size  , electric charge, tertiary structure, 
and ligand or antibody, determine the rate and extent of its interac-
tion with the body [ 11 ]. In this section, the mechanisms and pro-
cesses that determine their  pharmacokinetics   are reviewed and 
discussed, with particular focus on their interaction with body 
components.

     The passage of nanomaterials through capillaries depends both on 
their  size  /diameter and on the characteristics of the capillaries 
[ 16 ,  17 ]. Figure  2  summarizes the anatomical sizes of capillaries, 

2.1  Size-Dependent 
Tissue Distribution 
of  Nanomaterials  

Anatomical and physiological
parameters of the body

1. Organ size
2. Blood flow rate
3. Vascular permeability
4. Receptor or antigen

Physicochemical and biological
properties of nanomaterials

1. Molecular/particulate size
2. Electric charge
3. Tertiary structure
4. Ligand or antibody

Pharmacokinetics
(Tissue distribution)

Interaction

  Fig. 1    Factors that determine the  pharmacokinetics   of nanomaterials (Reproduced from Zukaidemanabu DDS 
(Japanese, 2010) with permission from Jiho Inc.)       

    Table 1  
  Structural classifi cations of vascular endothelium   

 Type  Organs  Characteristics 

 Continuous  Muscle, skin, lung, central nervous 
system (brain) 

 Basement membrane is continuous and cells are 
connected by tight junctions 

 Fenestrated  Exocrine glands, renal glomeruli, 
intestinal mucosa 

 Fenestrae in endothelium result in relatively 
high permeability 

 Discontinuous  Liver, spleen, bone marrow  Intracellular gaps and discontinuous basal lamina 
result in extremely high permeability 
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pores, and junctions, along with several micro-, nano-, and sub- 
nanomaterials of varying sizes.

   Microparticles with a diameter greater than the diameter of 
capillaries (generally about 5 μm) are trapped in the capillaries of 
fi rst-pass organs after administration [ 18 ]. Since nanomaterials are 
much smaller than the diameter of capillaries, if they do not form 
aggregates, nanomaterials can thus then be distributed to the 
whole body through the blood. Extravasation of nanomaterials 
occurs in  tissues   with discontinuous or fenestrated endothelium 
(Table  1 ).  Nanomaterials   with a diameter of about 100 nm or 
smaller can pass through the discontinuous endothelium of the 
liver and then access hepatocytes, the parenchymal cells. It is well 
accepted that solid tumors also have leaky vasculature [ 19 ,  20 ] and 
nanomaterials with diameter of 100–200 nm can extravasate into 
the interstitial space of tumor tissues. Therefore, long-circulating 
nanomaterials could be delivered to solid tumors via the enhanced 
permeability and retention (EPR) effect [ 20 – 22 ]. 

  Nanomaterials   with a diameter greater than the threshold of 
 glomerular fi ltration   of the kidneys are rarely excreted into urine 
[ 12 ,  23 ]. These include serum  proteins  , such as serum albumin, 
transferrin, and immunoglobulins (Igs), as well as  polymers   with 
molecular weights 40,000 AMU and above. These macromole-
cules remain in the systemic circulation for a long period of time if 
they are not rapidly captured by macrophages and other cells of the 
 mononuclear phagocyte system  . Macromolecules smaller than the 
glomerular fi ltration threshold are fi ltered in the glomerulus at a 
rate depending on their molecular  size   [ 24 ,  25 ]. 

 Organs with continuous endothelium, such as the heart, lung, 
skeletal muscle, and skin, are rarely reached by nanomaterials via 
the blood, because the cells of the continuous endothelium are 
joined by tight junctions and supported by an underlying base-
ment membrane [ 14 ,  15 ]. The tightest endothelium can be found 
in the brain, called as blood-brain barrier [ 26 ,  27 ]. Therefore, the 
delivery of nanomaterials to brain parenchyma requires further 
modifi cation in order to increase transport [ 28 ]. Attempts have 
been made to widen the tight junctions of endothelial cells by 
infusing a hypertonic solution of arabinose or mannitol; the esti-
mated  size   of the opening is up to 20 nm [ 29 ].  

   Interaction of nanomaterials with the components of blood, such 
as serum  proteins   and circulating blood cells, signifi cantly alter 
their physicochemical and biological properties, which then result 
in changes to  tissue    distribution   [ 30 ]. Nanoparticles, such as lipo-
somes and emulsions, are typical examples of nanomaterials whose 
distribution would be greatly affected. Generally speaking, the 
binding of serum proteins to the surface of  nanoparticles   increases 
the chance they will be recognized by professional phagocytic 
cells, such as macrophages. This process, called opsonization, 
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is responsible for increased clearance of nanoparticles from the 
blood. It was reported that the amount of large unilamellar lipo-
somes with diameters of about 100 nm cleared from the blood 
depended on the total amount of proteins bound their surfaces 
following injection [ 31 ,  32 ]. In addition, the amount of proteins 
bound to the surface of liposomes was dependent on their lipid 
composition [ 31 ,  33 ]. 

 Cationic compounds, such as cationic  polymers   and cationic lipo-
somes, can electrostatically interact with negatively charged compo-
nents, including serum albumin and red blood cells [ 34 ,  35 ]. Such 
interactions can reduce the positive charge of the  nanoparticles   and, 
possibly, increase their  size  . The  tissue    distribution   of cationic nanopar-
ticles would then be determined by the size and electric charge of the 
resulting cationic compound/blood component complex. 

 Various cationic  polymers   and  nanoparticles   have been devel-
oped and used for the in vivo delivery of  nucleic acid   drugs, includ-
ing antisense oligonucleotides, aptamer, siRNA, and plasmid DNA 
[ 36 – 39 ]. These cationic compounds form complexes with nucleic 
acid drugs via electrostatic interactions. This complex formation is 
designed to deliver nucleic acid drugs into the cytoplasm or the 
nucleus of cells. In most cases, they are positively charged to inter-
act with the negatively charged cell surface. Therefore, these com-
plexes, most of which are also nanomaterials with a diameter of 
about several hundred nm, interact with negatively charged serum 
 proteins   as well as blood cells. Sakurai et al. reported that several 
types of plasmid DNA/cationic liposome complexes were bound 
to red blood cells and this  interaction   greatly affected their trans-
genic expression after in vivo administration [ 35 ]. 

 Igs, or antibodies, are  proteins   used to identify foreign materials. 
Materials marked with Ig are recognized by immune cells and then 
cleared from the blood. Igs, such as IgG and IgM, are responsible 
for the rapid clearance of nanomaterials that have triggered their 
production. Recent studies on  PEGylated liposome  s ( PEG  - 
liposomes ) have shown that the fi rst injection of PEG-liposomes 
induces the production of PEG-specifi c IgM, which then triggers 
the rapid clearance of the second dose of PEG-liposomes by splenic 
macrophages [ 40 ,  41 ]. A key factor for this rapid clearance has been 
reported to be the dose of PEG-liposomes for the initial injection, 
and the medium-to-high doses that are used clinically rarely lead to 
the rapid clearance of repeated injections of PEG-liposomes.  

   Cells of the  mononuclear phagocyte system   are the major cells that 
remove foreign materials, including bacteria and viruses, from the 
blood. Therefore, as described above, nanomaterials marked with 
opsonins are cleared by these professional phagocytes [ 42 ]. Major 
cells responsible for their removal include Kupffer cells in the liver, 
as well as splenic macrophages. It has been reported that the physi-
cochemical properties of the  nanoparticles   are important for rec-
ognition by these cells.  

2.3  Recognition 
of  Nanomaterials   by 
the Mononuclear 
Phagocyte System
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   The discontinuous endothelium and high blood fl ow rate of the 
liver provide nanomaterials with great opportunity to interact with 
hepatocytes, the parenchymal cells of the liver. Hepatocytes are 
highly active and take up a variety of nanomaterials, depending on 
their physicochemical and/or biological properties [ 43 ,  44 ]. 
Long-circulating nanomaterials are gradually taken up by hepato-
cytes by fl uid-phase endocytosis. For example, serum albumin 
labeled with indium-111 was mainly delivered to hepatocytes after 
intravenous injection into mice [ 45 ]. 

 Hepatocytes express many receptors on their surfaces, and 
some of these receptors are specifi c to certain cells. Thus, some 
nanomaterials are selectively recognized by hepatocytes and quickly 
taken up. A typical example is the rapid removal of asialoglycopro-
teins by hepatocytes from the blood [ 46 ,  47 ], based on the recog-
nition of galactose on the nonreducing terminal of the sugar chains 
of asialoglycoproteins by asialoglycoprotein receptors. Another 
example is the transport of cholesterol to hepatocytes. High- 
density lipoproteins (HDLs) carrying cholesterol are taken up by 
hepatocytes through HDL receptors [ 48 ,  49 ]. 

 Cationic macromolecules, including poly- L -lysine, 
diethylaminoethyl- dextran, and cationized bovine serum albumin, are 
effi ciently delivered to the liver after intravenous injection into mice 
( see  Fig.  3  in Sect.  3 ). This rapid uptake is mainly mediated by hepato-
cytes and the electrostatic  interaction   between cationic macromole-
cules and the negatively charged surface of hepatocytes [ 45 ,  50 ].

3         Approaches to Control the Tissue Distribution of  Nanomaterials   

 As summarized in Sect.  2 , the physicochemical and biological 
properties of nanomaterials are major determinants for their  tissue   
 distribution  . Two major processes are important for their clearance 
from systemic circulation. One is urinary excretion, in which nano-
materials smaller than the threshold of the  glomerular fi ltration   of 
the kidney are fi ltered. The other is hepatic uptake, i.e., the uptake 
by hepatocytes, Kupffer cells, and sinusoidal endothelial cells of the 
liver. Figure  3  summarizes the relationship between the physico-
chemical properties and the tissue distribution of nanomaterials 
(macromolecules) after intravenous injection in mice, the latter of 
which is expressed using hepatic uptake (the vertical axis) and uri-
nary excretion clearance (the horizontal axis) [ 11 ]. These relation-
ships provide a reasonable framework by which to adjust the tissue 
distribution of nanomaterials by modifying their physicochemical 
and biological properties [ 51 ,  52 ]. 

   An increase in the  size   of a nanomaterial to a value greater than the 
threshold of the  glomerular fi ltration   of the kidney is a useful way to 
increase its retention time in the blood. There are several products 
that are used in clinical practice, for example, PEGylated bioactive 
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 proteins   [ 53 ,  54 ].  PEG  -interferon α-2a and -2b are derivatives of 
human interferon α, which are used in the treatment of patients with 
hepatitis virus C infection. PEG molecules with a molecular weight 
of several thousand or greater are generally used for modifi cation 
[ 55 ]. Other  polymers  , such as polyvinylpyrrolidine, dextran, and 
N-(2-hydroxypropyl) methacrylamide, exhibit similar effects on the 
 tissue    distribution   of nanomaterials [ 56 – 58 ].  

   Shielding the surface of nanomaterials that are recognized by the 
cells of the  mononuclear phagocyte system   has long been used to 
increase the circulation time of  drug delivery systems  , including 
liposomes, after systemic administration [ 59 ,  60 ]. Again,  PEG   is 
the most frequently used molecule for this purpose. Doxil ®  is a 
PEGylated liposomal formulation of doxorubicin used for patients 

3.2  Blocking 
Recognition 
of  Nanomaterials   by 
the Cells 
of the Mononuclear 
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with ovarian  cancer  , multiple myeloma, and Kaposi’s sarcoma [ 61 ]. 
PEG inhibits serum components that might attach onto the 
 nanoparticles  . 

 Polymeric micelles have relatively long circulation times after 
intravenous administration, indicating that they are not effi ciently 
recognized by the cells of the  mononuclear phagocyte system   [ 62 ]. 
They consist of block copolymers with hydrophilic and hydropho-
bic units; the most commonly used  polymer   used for the hydro-
philic unit is  PEG  . Other  polymers   have been also extensively 
examined, including poloxamer, polyvinyl alcohol, polyamino 
acids, and polysaccharide [ 63 – 66 ]. However, no polymer has been 
discovered that is better than PEG as far as nanomaterial retention 
in the blood, especially  nanoparticles  , is concerned.  

   Targeted delivery of nanomaterials occurs by using antibodies or 
ligands that are involved in specifi c intermolecular interactions. 
Monoclonal antibodies are nanomaterials that have a high affi nity 
to a specifi c antigen, and many are now in clinical use. They recog-
nize specifi c antigens and thus have been used to deliver therapeu-
tic compounds to specifi c types of cells. Yttrium-90 ibritumomab 
tiuxetan (Zevalin ® ) is a radiolabeled monoclonal antibody directed 
to the B-lymphocyte antigen CD20, which is used in the treatment 
of patients with relapsed lymphoma [ 67 ]. 

 Receptor-mediated endocytosis is another mechanism that has 
been used to deliver bioactive compounds to specifi c cells. Since 
asialoglycoprotein receptors recognize galactose and are expressed 
only on hepatocytes, galactose modifi cation has been used to 
deliver drugs to hepatocytes. A variety of molecules, including 
enzymes, genes, and small interfering RNA, have been delivered 
using galactose as a targeting ligand [ 68 – 73 ]. Since the asialogly-
coprotein receptor consists of three polypeptide subunits, each of 
which contains one carbohydrate recognition domain, the binding 
affi nity of galactose-containing nanomaterials is greatly affected by 
the number, location, and/or density of galactose moieties on the 
nanomaterials [ 74 ,  75 ]. Pharmacokinetic studies on the galactosyl-
ated  proteins   showed that the surface density of galactose on the 
 protein   is an important parameter that determines the uptake of 
galactosylated proteins by hepatocytes [ 68 ]. Recently, a trianten-
nary  N -acetyl galactosamine ligand has been used to deliver siRNA 
to hepatocytes [ 76 ].   

4    Conclusion and Perspective 

 Blockbuster drugs have shifted from  low molecular weight drugs   
like Lipitol ®  to monoclonal antibodies and other  protein  -based 
drugs, like Etanercept (Enbrel ® ), a fusion protein consisting of the 
extracellular binding domains of tumor necrosis factor receptor 
and the Fc portion of a human IgG1 antibody. In addition, the 
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number of liposomal drugs has increased since the fi rst liposomal 
drug Doxil ®  was approved by the FDA in 1995.  Nanomaterials   will 
become more important as therapeutic agents or  drug delivery 
systems   as time goes on. Therefore, further comprehensive under-
standing of their  tissue    distribution  , as well as how to control it, 
will greatly increase the importance of nanomaterials in therapeutic 
treatment of patients.     
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    Chapter 13   

 Cardiovascular Nanomedicine: Materials and Technologies       

      Anirban     Sen Gupta       

  Abstract 

   The advent of nanotechnology in the medical arena has led to unique ways of biomaterials engineering and 
device modifi cations, disease detection and treatment. To this end, the two principal nanomedicine focus 
areas are cancer and cardiovascular pathologies. The current chapter is aimed at presenting a comprehen-
sive review of nanotechnology-based strategies in cardiovascular diseases, with emphasis on targeted deliv-
ery of therapeutic payloads selectively at the disease site. The rationale for such strategies stem from the 
need of resolving the issues of (1) rapid drug clearance, (2) plasma-induced drug deactivation, (3) subop-
timal drug availability at the disease site, and (4) indiscriminate biodistribution of the drugs leading to 
harmful systemic side effects, all of which arise when drugs are administered directly in systemic circula-
tion. The most signifi cant application of nanotechnology in resolving these issues is by packaging the drugs 
within plasma-stable nanovehicles that can preferentially accumulate at the vascular disease site via passive 
uptake or bind actively to the site via antigen-specifi c ligands decorated on the vehicle surface. During past 
three decades, signifi cant advancements in understanding vascular disease-associated genomics and pro-
teomics, cellular and molecular mechanisms as well as nanoscale and microscale strategies of biomaterials 
engineering have led to several exciting nanomedicine approaches in vascular disease treatment. The chap-
ter will describe these approaches in terms of materials engineering, payload release mechanisms, bio-
chemical and biophysical design parameters of the delivery platforms, and integration of multiple design 
parameters and functionalities on single vehicle platform, along with discussing the promises and limita-
tions of such vascular nanomedicine approaches.  

  Key words      Nanotechnology    ,    Cardiovascular    ,    Targeting    ,   Drug delivery  ,    Nanomedicine    

1      Introduction 

 Vascular diseases continue to be the number one cause of  tissue   
morbidities and mortalities in the USA and globally [ 1 ,  2 ]. 
According to the recent statistical data reported by the American 
Heart Association, ~40 % of adult American adults suffer from vas-
cular diseases and the number is over 80 % in the aging (80+ years) 
population. Mortalities from vascular diseases in the USA were 
reported to be close to 800,000 (male + female) in a recent statisti-
cal report in 2010 [ 1 ]. Consequently, signifi cant research and 
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 clinical efforts are directed in prevention and treatment of these 
diseases. Vascular diseases can fall into many categories, for exam-
ple, coronary heart disease leading to unstable angina and myocar-
dial infarction, cerebrovascular disease leading to ischemia and 
stroke, atherosclerosis and peripheral arterial diseases, deep vein 
thrombosis, pulmonary and distal embolisms, restenosis following 
catheterized interventions, and congenital or acquired heart dis-
eases or hemostatic dysfunctions. Many of these disease conditions 
have common spatiotemporal cellular and molecular mechanisms, 
the most predominant of which is the formation of intravascular 
occlusive clots (thrombi) that reduce antegrade blood fl ow to vital 
 tissues   and organs, often leading to tissue morbidities and mortali-
ties. Therefore, many clinical strategies are focused on prophylac-
tic, emergent and sustained prevention of thrombo-occlusive 
events to maintain normal blood fl ow to tissues and organs. The 
prophylactic strategies mainly involve oral or systemic administra-
tion of anticoagulant (e.g., heparin) and antiplatelet (e.g., Aspirin 
and Clopidogrel) agents, the emergent strategies mainly involve 
mechanical (e.g., catheter-mediated or aspiration-based thrombec-
tomy, balloon angioplasty), surgical (e.g., aortic or coronary 
thrombus removal, bypass grafting) and fi brinolytic pharmacother-
apy (e.g., intravascular bolus administration or infusion of plas-
minogen activators like streptokinase (SK) and tissue plasminogen 
activator (tPA)) procedures, while the sustained strategies mostly 
involve post-procedural prolonged oral administration of antico-
agulant and antiplatelet drugs as well as drug-eluting stent (DES, 
releasing anticoagulant or antiproliferative drugs) placement dur-
ing catheter-based interventional procedures like balloon angio-
plasty. As evident from these descriptions, systemic (oral and 
intravascular) administration of drug molecules that prevent plate-
let activation and aggregation (antiplatelet agents), block coagula-
tion pathways (anticoagulant agents), degrade clot  proteins   
(fi brinolytic agents), or downregulate unwanted cellular prolifera-
tion (antiproliferative agents) remain a major component of clini-
cal regimen in treating occlusive vascular disease conditions. 
Systemic administration of these drugs presents several harmful 
issues [ 3 – 6 ]:

    (a)    Rapid drug washout and clearance from the target site due to 
dynamic blood fl ow   

   (b)    Plasma-induced inactivation of the drugs and reduced circula-
tion half-life   

   (c)    Systemic nonspecifi c distribution of the drugs resulting in sub-
optimal availability at target   

   (d)    Systemic nonspecifi c action of the drugs leading to harmful 
side effects like coagulopathy, neurotoxicity and nephrotoxic-
ity, and hemorrhage    
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  These issues can be potentially resolved by localizing the deliv-
ery (and action) of the drugs at the target clot sites. One way to 
achieve such site-selective delivery is by implanted devices like 
trans-arterial infusion catheters and DES. Implantation procedures 
like these are expensive, require specifi c expertise in terms person-
nel and facilities, and are not accessible by or amenable to many 
patients within required treatment windows [ 7 – 10 ]. Another way 
is to manufacture drug molecules that possess some target- 
specifi city of binding (and action) by virtue of bioconjugation of 
antibodies and other ligands directly to the drug molecules or by 
recombinant modifi cations of the drug itself to impart target- 
specifi city [ 11 – 15 ]. Direct antibody conjugation to drugs may 
affect drug activity and recombinant technologies make the resul-
tant products quite expensive for global use especially in develop-
ing countries. Therefore, in recent years, alternative drug delivery 
strategies utilizing the “nanomedicine” approach have raised sig-
nifi cant clinical interest [ 16 ]. The ideal “nanomedicine” design for 
site-selective delivery of drugs in vascular diseases should consist of 
a “carrier vehicle” that can encapsulate the drug in its core or 
embed it on the vehicle surface, protect the drug from plasma- 
induced inactivation while increasing its circulation half-life, local-
ize via passive uptake and/or active molecular mechanisms to the 
vascular disease site to ensure site-specifi c delivery of the drug pay-
load, enable controlled release of the payload via diffusion, disper-
sion, or stimuli-triggered mechanisms to allow site-selective 
therapeutic action while reducing systemic harmful side-effects, 
and biodegrade or get cleared from the body safely within a rea-
sonable time frame so as to not render long term effects. The “pay-
load” in such vehicles can not only be drug molecules, but also 
 imaging   probes that can allow detection and diagnosis of disease 
sites, and the combination of therapeutic and diagnostic payloads 
can potentially lead to “theranostic” nanomedicine systems tar-
geted to vascular disease sites. The following sections review the 
various “nanomedicine” technologies that have been developed 
and are undergoing research currently in the context of the above- 
described design, followed by a discussion of the pros and cons and 
future endeavors.  

2     Nanomedicine   Systems Without Ligand-Based Site-Specifi c Active Binding 
Mechanisms 

 Direct systemic delivery of therapeutic (and diagnostic) agents 
often leads to inactivation of the agents by various plasma compo-
nents, rapid washout from target site, and rapid clearance from 
circulation via organs like liver and kidney. Resolving these issues 
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require increasing the circulation residence time of the agents in 
active form. This is where “packaging” of the agents within carrier 
vehicles can provide a solution. The concept is derived originally 
from the “Ringsdorf Model” in the application of macromolecular 
modifi cations of  cancer   drugs (Fig.  1 ), where the drug molecules 
are conjugated to  polymers   that prevent rapid plasma clearance of 
the small drug molecules due to enhancement of overall hydrody-
namic radius by virtue of the drug– polymer   conjugates [ 17 – 19 ]. 
The conjugation of the drugs to the various polymers are mediated 
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  Fig. 1    The Ringsdorf Model of drug–macromolecule conjugates and some com-
mon nanoparticle systems utilized for vascular nanomedicine technologies       
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by chemical bonds like amide, orthoester, ester, anhydride, car-
bonate, and urethane that can be cleaved by enzymatic and/or 
pH-sensitive reaction mechanisms to release the active drug for 
subsequent action. For cardiovascular drugs, this design has been 
tried by  polyethylene glycol   ( PEG  )-based modifi cation (PEG- 
ylation) of fi brinolytic agents like tPA, SK, urokinase (uPA), and 
staphylokinase (Sak) [ 20 – 24 ]. The antiproliferative drug Paclitaxel 
(clinicaly used in DES for treatment of restenosis and intimal 
hyperplasia) has also been conjugated to polymers like polyglu-
tamic acid (PGA) to result in products like Xyotax that are under-
going clinical study for cancer treatment but may also fi nd 
cardiovascular applications. Besides drug–polymer conjugates, the 
other strategy to protect the drugs and increase circulation stability 
and residence time, is to package them in microparticulate and 
nanoparticulate vehicles. To this end, extensive research has been 
carried out using vehicles like liposomes, polymeric particles, lipo-
protein particles, micelles, engineered red blood cells (RBCs), 
quantum dots, gold particles,  dendrimers  , ultrasound-sensitive 
bubbles and  iron oxide   particles (Fig.  1 ).

   Vesicular liposomal structures, originally reported by Sir Alec 
Bangham [ 25 ,  26 ], have a lipidic (hydrophobic) shell and an aque-
ous core, thereby providing potential volume fractions for encap-
sulating both hydrophobic and hydrophilic drugs.  Liposomes   are 
formed by thermodynamically driven self-assembly of lipid-based 
amphiphilic molecules when exposed to an aqueous environment. 
Specifi cally, these molecules would need to have a  packing fraction  
( v  ×  a  −1  ×  l  −1  where “ v ” is the hydrophobic volume, “ a ” is the hydro-
philic surface area, “ l ” is hydrophobic length) equal to 1, such that 
when exposed in an aqueous environment, they would form planar 
lamellar bilayer structures that ultimately fold into spherical vesi-
cles with a bilayer lipidic shell and aqueous core. This kind of self- 
assembled vesicular structure can be unilamellar (single lamellar 
shell) or multilamellar (multiple concentric bilayer shells), and 
their  size   can range from about 50 nm to a few microns in diame-
ter. Usually by extrusion through nanoporous polycarbonate 
membranes or by exposing to high frequency ultrasound, larger 
multilamellar vesicles can be reduced to nanoscale (50–200 nm 
diameter) unilamellar vesicles. Furthermore, modifi cation of the 
liposome lamella outer surface with hydrophilic  polymers   like  PEG   
imparts a steric hindrance to opsonization (blood  protein   adsorp-
tion) and macrophagic uptake, and thereby renders a “stealth” 
property to avoid rapid clearance from circulation [ 27 ], that in 
effect enhances the circulation residence time of the encapsulated 
drug payload. The most signifi cant clinical application of liposomes 
is in the formulation of  cancer   drugs like Doxil ® , Daunosome ® , 
and Myocet ®  [ 28 ], which have made this class of vehicles a popular 
choice in studying encapsulation and delivery of drugs to other 
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diseases including cardiovascular diseases. To this end, various anti-
thrombotic agents have been encapsulated in liposomes and these 
formulations have shown enhanced circulation half-life of the 
drugs and increased therapeutic effi cacy in vitro as well as in vivo in 
small animal models [ 29 – 33 ]. Liposomes, especially with cationic 
lipid shells, have been also used to complex DNA for gene delivery 
in cardiovascular diseases [ 34 – 39 ]. Besides drugs and DNA, lipo-
somes have also been reported to encapsulate  imaging   agents like 
the  MRI   contrast agent  gadolinium   (Gd), either by direct loading 
of Gd salts or by lipid conjugation of Gd chelates, for imaging of 
vascular diseases [ 40 – 43 ]. Instead of lipidic systems, amphiphilic 
block co-polymeric systems with  packing fraction  equal to 1 can 
also be used to assemble similar vesicular structures called polymer-
somes [ 44 – 46 ]. Potentially such structures can also be used to 
package and deliver a wide variety of therapeutic agents in cardio-
vascular pathologies. Similar to liposomes, micelles are also self- 
assembled colloidal nanostructures with a hydrophobic core and a 
hydrophilic shell formed from amphiphilic molecules with packing 
parameter of ~1/3 when exposed to aqueous environment, and 
can be formed from lipid-based or  polymer  -based amphiphilic sys-
tems. These vehicles also have been extensively investigated in for-
mulation of cancer drugs, but only a limited number of reports are 
available regarding their drug delivery applications in the cardio-
vascular area. PEG-polycation micelles have been utilized for gene 
delivery to arterial disease lesions in rabbit models [ 47 ]. Potential 
micelle-based strategies that could be directed toward diseased or 
dysregulated endothelial components of atherosclerotic and 
thrombotic sites in vascular diseases have been recently reviewed 
[ 48 ,  49 ]. To this end, several micelle-based strategies have been 
studied by incorporating ligand-based active targeting, which will 
be discussed in the next section. 

 Polymer based microparticles and  nanoparticles   have been of 
great interest in vascular drug delivery for past two decades [ 7 ,  8 , 
 50 ]. Polymer-based drug-carrier particles can be formed by a wide 
variety of methods like oil/water or water/oil/water emulsion 
based solvent evaporation technique, solvent diffusion technique, 
solvent displacement technique, salting out technique, interfacial 
 polymerization   technique, and supercritical fl uid technologies 
[ 51 ]. Polymeric nanoparticle carriers based on co-polymerized sys-
tems of biocompatible  polymers   like poly-lactic- co -glycolic acid 
( PLGA  ),  polyethylene glycol   ( PEG  ), polyvinyl alcohol (PVA), etc. 
have been utilized to encapsulate and deliver anticoagulant agents 
like heparin [ 52 ], fi brinolytic agents like tPA and SK for clot dis-
solution [ 31 ,  53 ], and antiproliferative agents like probucol, 
rapamycin and paclitaxel for reducing restenosis [ 54 – 61 ]. Some 
 polymer   nanoparticle-based anti-restenotic formulations have also 
been evaluated in clinical studies [ 62 ]. Ultrasound  imaging   
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 modalities are well established in diagnosis of physiological and 
pathological  tissues  , and ultrasound contrast agent bubbles like 
Defi nity (Bristol Meyers Squibb), a perfl uoropropane/air fi lled 
lipid-shelled microbubble, have been approved in the clinic for car-
diac imaging [ 63 ]. Consequently, such bubble systems have also 
been investigated for vascular therapeutic and diagnostic applica-
tions, where the bubble not only acts as a carrier for drugs but also 
allows focused ultrasound-mediated cavitation for site-selective 
release of the drugs. For example, poly(vinyl alcohol) (PVA)-based 
bubble structures were reported that can be loaded with the vaso-
dilatory and antithrombotic bioactive gas nitric oxide (NO), for 
simultaneous imaging and NO delivery to vascular disease tissues 
[ 64 ]. Ultrasound-sensitive bubbles that allow cavitation-induced 
payload release have been reported for delivery of DNA, double 
stranded RNA and oligonucleotides, recombinant  proteins  , growth 
factors and thrombolytic agents (e.g., SK, tPA, etc.) [ 65 – 69 ]. 
Terminologies like “sonothrombolysis” has been coined to empha-
size the combined effect of ultrasound-induced mechanical cavita-
tion and site-specifi c thrombolytic drug release to enhance clot 
dissolution properties. Dendrimers are another important class of 
highly branched polymeric globular nanosystems originally devel-
oped in the 1980s by “convergent” or “divergent” chemical tech-
niques [ 70 ,  71 ], that have undergone extensive studies in the 
delivery of genes, drugs and imaging agents utilizing the  den-
drimer   core, the branching zone and the branch extremities [ 72 ]. 
Most  dendrimeric   applications in vascular drug delivery have 
involved ligand-based active targeting and will be discussed in the 
next section. 

 Among inorganic nanovehicle systems, carrier particles made 
from gold and  iron oxide   have been extensively studied in delivery 
of therapeutic and  imaging   agents in  cancer   [ 73 – 78 ]. Colloidal 
 gold nanoparticle   s   can be prepared by an array of methods that are 
mainly based on reduction of chloroauric acid in presence of a col-
loidal suspension stabilizing agent, and the methods vary mostly in 
terms of the reducing agents and reaction conditions [ 79 – 82 ]. 
Galvanic replacement methods have also been utilized to synthe-
size hollow gold nanostructures from gold salts [ 83 ,  84 ]. Gold 
 nanoparticles   and nanostructures have been studied not only as 
carrier vehicles for drug delivery and imaging, but also because of 
their plasmonic activity and near infra-red (NIR) wavelength sensi-
tivity, they have been used to render NIR-induced targeted photo-
thermal phenomena and photoacoustic imaging. To this end, gold 
nanoparticles have been recently reported in the context of cell- 
specifi c imaging as well as  image  -guided targeted drug delivery in 
the cardiovascular disease area [ 85 ,  86 ]. In a recent report, novel 
Au-based lipoprotein-coated nanoparticles (Au core coated with 
Apolipoprotein A-1 and phospholipids) were shown to be taken up 
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by atherosclerosis-relevant macrophages in ApoE−/− mice in vivo 
and hence provided a way for enhanced multispectral and multi-
modality imaging of the lesions for  characterization   of macrophage 
burden, calcifi cation and stenosis [ 87 ]. In another report, NIR-
fl uorescence- quenched gold nanoparticle based imaging probes 
were used where the particles were surface-modifi ed by a peptide 
sequence that can be specifi cally degraded by matrix metalloprote-
ases (MMPs) and also surface-modifi ed with an NIR fl uorescence 
dye, Cy5.5 [ 88 ]. MMP activity is prevalent in matrix remodeling 
and lesion progression processes in atherosclerosis, and therefore 
such nanosystems may become useful in detection and evaluation 
of vascular lesion progression. In another interesting work, the 
photothermal ablative effects of gold nanoparticles were used to 
render disruption and recanalization of atherosclerotic plaques in 
coronary arteries in human postmortem ex vivo specimens [ 89 ]. 
Iron oxide particles are usually prepared by co-precipitation meth-
ods involving addition of alkali to iron salts [ 90 ]. Superparamagnetic 
iron oxide (SPIO) particles are categorized mostly by their hydro-
dynamic diameter, e.g., Oral-SPIO (300 nm–3.5 μm), Standard- 
SPIO (SSPIO, 60–150 nm), Ultrasmall-SPIO (USPIO, 5–40 nm), 
and a subset of USPIO called monocrystalline iron oxide  NPs   
(MION). Furthermore, MIONs with a chemically cross-linked 
polysaccharide shell are termed Cross Linked Iron Oxide (CLIO) 
[ 91 ,  92 ]. Iron oxide nanoparticles have been extensively reported 
in magnetic resonance based cellular and molecular imaging of car-
diovascular diseases [ 93 – 102 ]. Incorporating therapeutic mole-
cules in such iron oxide systems can provide effi cient theranostic 
systems for cardiovascular therapies, as has been recently demon-
strated regarding delivery of antithrombotic and anticoagulant 
agents using such particles [ 103 ,  104 ]. In another interesting 
work, iron oxide nanoparticles were incorporated within  PLGA   
particles and co-loaded with paclitaxel to form drug-loaded mag-
netic nanoconstructs, which were guided by an induced magnetic 
fi eld to carotid artery sites in vivo in animal models for sustained- 
release vascular antiproliferative therapy [ 105 ]. In recent years, 
there has been signifi cant interest in engineering of multicompo-
nent nanoparticle systems for theranostic use or multimodal tar-
geted imaging applications, by combining different types of 
imaging probes and therapeutic agents on an iron oxide nanopar-
ticle platform [ 106 – 109 ]. Another class of inorganic nanostruc-
tures that have been extensively researched in targeted drug 
delivery and imaging is Quantum dots (QDs), that are semicon-
ductor nanocrystals (e.g., QD with a cadmium selenide core with 
a zinc sulfi de shell) with unique  size  - and composition-dependent 
fl uorescent properties and are also suffi ciently electron dense to 
facilitate  electron microscopy   [ 110 ]. The in vivo distribution, resi-
dence, and safety of QDs remain a matter of debate [ 111 – 114 ]. 
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Nonetheless, QDs have been investigated in vascular delivery and 
imaging applications, for example, by incorporating them in high 
density lipoprotein (HDL)-based plaque-targeting for optical 
imaging of plaques [ 115 ]. The same HDL particles, incorporated 
with  MRI   probes, have been further investigated for targeted 
imaging of atherosclerotic plaques [ 115 – 117 ]. Several QD-based 
nanosystems have also been investigated in ligand-mediated active 
targeting to vascular lesions, which will be discussed in the next 
section.  

3     Nanomedicine   Systems with Ligand-Based Site-Specifi c Active Binding 
Mechanisms 

 Many of the nanovehicle systems described in the previous section 
have also been utilized to developed “actively targeted” delivery 
devices where the particles can bind to disease sites and diseased 
cells by virtue of specifi c ligand–receptor interactions. The ligands 
in such cases can be antibodies, antibody fragments,  proteins   and 
peptides, while, the receptors are antigens and proteins either 
uniquely expressed or quantitatively upregulated at the disease site 
cells and matrix. Such active targeting is thought to help with 
selectivity and specifi city of targeting as well as with receptor- 
mediated internalization of the vehicles within diseased cells for 
intracellular delivery in some cases [ 118 – 120 ]. The ligands can be 
decorated on the nanoparticulate vehicles via non-covalent meth-
ods as well as a variety of covalent bioconjugation techniques. 

 Non-covalent adsorption methods to surface-decorate nano-
vehicles with ligands mostly involve physical (e.g., hydrophobic, 
affi nity-based, charge-based) interactions of ligand molecules with 
the surface material of the particles. For example, polystyrene par-
ticles have been reported to be coated with P-selectin and E-selectin 
targeting antibodies using adsorbed bacterial  protein   A molecules 
as spacers [ 121 ]. These selectins are often expressed on activated 
platelets, stimulated endothelial cells and monocytes at the site of 
vascular injuries and lesions, and therefore are relevant systems for 
active targeting of  drug delivery system   s   to such vascular disease 
sites. Similar techniques have also been reported for coating chito-
san particles with anti-amyloid monoclonal antibodies to target 
amyloid beta-protein deposits in cerebral vasculature of mice 
[ 122 ]. In other work, liposomes, latex beads and albumin particles 
have been non-covalently surface-modifi ed with recombinant gly-
coprotein Ib-alpha (rGPIbα) and recombinant glycoprotein Ia-IIa 
(rGPIa-IIa) to actively bind to von Willebrand Factor (vWF) and 
collagen respectively [ 123 – 125 ]. vWF is secreted and deposited 
from injured endothelial cells and activated platelets, while  collagen 
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is often exposed as the major sub-endothelial matrix protein at vas-
cular injury sites due to endothelial denudation. Therefore such 
vWF- and collagen-targeting systems can have potential applica-
tion in targeted delivery to vascular injury sites. Another interest-
ing non-covalent approach to decorate  nanoparticles   with targeting 
motifs is the use of avidin-biotin affi nity  interaction  . Avidin (and 
analogous Streptavidin) is a highly glycosylated positively charged 
protein that is uniquely stable against heat, denaturants, pH and 
proteolytic enzymes, and has high affi nity towards Biotin (Vitamin 
B6) with a dissociation constant ( K  d ) of 10 −15  M [ 126 ,  127 ]. 
Consequently particles can be surface-modifi ed with avidin and 
incubated with biotinylated ligand motifs, or vice versa, to create 
ligand-decorated actively targeted delivery systems. This approach 
has been used extensively in decorating particle surfaces with anti-
bodies and antibody fragments for targeting to  cancer  . In the area 
of targeting cardiovascular diseases, this technique has been 
employed to surface-decorate RBCs with antithrombotic mole-
cules (e.g., tPA) as well as to decorate various nanovehicle systems 
with antibodies directed to a variety of vascularly relevant cell adhe-
sion molecules (CAMs) [ 128 – 131 ]. Covalent bioconjugation 
techniques involve specifi c chemical reactions of reactive groups on 
ligand motifs to complimentary reactive groups on the nanovehicle 
surface. The most common chemical bioconjugation methods are 
amide linkages (reaction between amine and carboxyl termini), 
hydrazine-based linkages (reaction between hydrazide and alde-
hyde termini), sulfhydryl-mediated linkages (reaction between 
sulfhydryl group and maleimide, sulfone, acetamide or pyridyl 
groups) and alkyne-azide based “click” chemistry [ 132 ]. Figure  2  
shows schematic of some common bioconjugation strategies for 
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decorating nanoparticle surfaces with targeting motifs. These 
methods can be utilized to conjugate antibodies, antibody frag-
ments, aptamers,  proteins  , and peptides to a wide variety of nano-
vehicle systems either by reacting to appropriate functional groups 
on the surface of preformed particles (solid  polymer   particles, 
QDs,  dendrimers  , etc.), or by reacting to the termini of constitu-
ent molecules fi rst and then assembling the modifi ed molecules 
into particles (e.g., liposomes, micelles). Figure  3  shows the com-
monly studied cellular and noncellular targets for vascular nano-
medicine technologies.

    By utilizing the various non-covalent or covalent surface- 
modifi cation techniques stated above, a large number of actively 
targeted nanoparticle systems have been reported for site-specifi c 
delivery of drugs and  imaging   probes in vascular diseases. To this 
end, echogenic liposomes have been reported that can target 
fi brinogen, fi brin or intercellular adhesion molecule-1 (ICAM-1) 

  Fig. 3    Relevant cellular and noncellular targets utilized for active targeting of 
vascular nanomedicine systems. The targets can be cell-surface antigens as 
well as a variety of substrate  proteins   relevant to the vascular disease site.  CAMs  
cell adhesion molecules,  ADP  adenosine diphosphate,  PDGF  platelet derived 
growth factor,  FGF  fi broblast growth factor,  LDL  low density lipoproteins       
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by virtue of anti-fi brinogen, anti-fi brin, and anti-ICAM-1 antibod-
ies and allow ultrasound-induced cavitation mediated delivery of 
thrombolytic agents [ 133 – 135 ]. In another work, Gadolinium 
(Gd)-based  MRI   contrast agent delivery to atherosclerotic  tissue   
was demonstrated by using liposomes modifi ed with Gd-lipid con-
jugates and phosphatidylserine (PS) to enable preferential uptake 
by atherosclerotic site-relevant macrophages [ 41 ]. Similar strategy 
in macrophage-targeting of liposomes was also demonstrated with 
liposomes modifi ed by the ligand decadeoxyguanine, which has 
high affi nity to macrophagic scavenger receptor class A (SRA) 
[ 42 ].  Liposomes   surface-decorated with antibodies directed to low 
density lipoprotein receptors LOX-1 have been reported to enable 
atherosclerotic lesion-targeted delivery of radioimaging and MR 
imaging agents [ 136 ]. Another liposomal formulation, named 
LipoCardium, was reported for targeted delivery of anti- 
infl ammatory prostaglandins to atheroslecrotic sites using lipo-
somes surface decorated with antibodies directed to Vascular Cell 
Adhesion Molecule-1 (VCAM-1) [ 137 ]. Besides surface- 
decoration of antibodies, liposomes have also been reported to be 
surface-decorated with small peptides having targeting ability to 
vWF, collagen, activated platelet glycoprotein IIb-IIIa (GPIIb- 
IIIa) and P-selectin, all of which are suitable target molecules in 
the context of endothelial injury, endothelial denudation, platelet 
activation, and thrombosis in vascular pathologies [ 138 – 145 ]. 
Therefore these liposomal systems can have potential application in 
targeted delivery of drugs and imaging agents to various spatio-
temporal phases of vascular injury and vascular disease. Similar to 
liposomes, micelles (both lipidic and block co-polymeric) have 
been studied for actively targeted delivery to vascular disease sites. 
Micelles surface-decorated with antibodies specifi c for macrophage 
scavenger receptors (MSR) and loaded with Gd chelates or fl uores-
cent probes were shown to selectively target and accumulate at 
atherosclerotic arterial sites in ApoE−/− mice for molecular imag-
ing of the disease [ 146 ,  147 ]. Gd-loaded  PEG  -lipid micelles 
surface- modifi ed by antibodies that bind to oxidized LDL lipopro-
teins in atherosclerotic plaques, have also been reported [ 148 ]. 
Similar Gd-loaded micelles surface-decorated with anti-CD36 
antibodies were shown to target macrophages in atherosclerotic 
vessels [ 149 ]. Recently, lipid- polymer   hybrid particles (polymer 
core with lipid shell) decorated with a phage library-identifi ed pep-
tide sequence KZWXLPX (Z: hydrophobic amino acid, X: any 
amino acid) were reported as “nanoburrs” that can actively target 
exposed collagen IV at arterial injury (i.e., endothelial denudation) 
sites and deliver antiproliferative agents to modulate smooth mus-
cle cell activity [ 150 ,  151 ]. In another recent work, micelles were 
surface decorated with a 9-amino acid sequence CGNKRTRGC 
(also known as Lyp-1) that binds to p32 receptors in  atherosclerotic 
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plaques as well as with CREKA peptides that bind to fi brin- 
fi bronectin clots, and these micelles showed enhanced homing to 
atherosclerotic plaques in vivo [ 152 ,  153 ]. 

 Similar to liposomes and micelles, solid polymeric particles 
have also been studied for surface-modifi cation with ligands to 
enable targeted binding to vascular injury or vascular disease sites. 
For example,  PLGA   nanoparticles   have been loaded with thrombo-
lytic drugs like tPA and coated with Arginine-Glycine-Aspartic 
Acid (RGD)-peptide modifi ed chitosan to render targeted binding 
to clots for enhanced thrombolytic effi cacy [ 53 ]. PLGA nanopar-
ticles have also been reported to be surface-modifi ed with anti-
ICAM- 1 antibodies for specifi c immunotargeting to infl amed 
vascular endothelium in vitro and in vivo, which has relevance to 
targeting atherosclerotic plaques [ 154 ]. Similarly, poly(sebacic 
acid)-co- PEG   (PSAPEG) microparticles and nanoparticles surface- 
modifi ed with anti-VCAM-1 antibodies have been reported to 
undergo enhanced adhesion, binding and accumulation at athero-
sclerotic lesion sites in ApoE−/− mice [ 155 ]. Nanoparticles made 
from poly- l -lysine-co-poly-lactic acid copolymer (PLL-PLA), 
surface- decorated with RGD peptides have been reported to be 
able to aggregate with active platelets at the site of traumatic vas-
cular injury [ 156 ]. Similar designs of RGD-decorated or the 
fi brinogen- derived peptide sequence HHLGGAKQAGDV- 
decorated particles have also been reported using RBCs, latex 
beads or albumin particles as the carrier vehicle [ 157 – 162 ]. The 
HDL nanoparticles described in the previous section were designed 
to be naturally taken up into atherosclerotic lesions via lipoprotein 
transport mechanisms; however these same particles have also been 
reported to be modifi ed with RGD peptides to enable active tar-
geting ability to vasculature [ 163 ]. Ligand-based active targeting 
strategies have also been reported for ultrasound-sensitive bubbles 
where the bubbles were surface-decorated with antibodies directed 
against  infl ammation   and atherosclerosis relevant upregulated cell- 
surface markers like various CAMs and integrins (e.g., αVβ3), on 
leukocytes and injured endothelium, in vitro and in vivo, for tar-
geted drug delivery to and molecular  imaging   of vascular disease 
[ 164 – 166 ]. In similar work, ultrasound-sensitive bubbles were 
developed with shells bearing maleimido-4(p-phenylbutyrate)-
phospholipid, which were then surface-conjugated with platelet 
integrin GPIIb-IIIa-specifi c therapeutic antibody Abciximab 
(ReoPro by Eli Lilly, Indianapolis, Indiana), that enabled enhanced 
targeting to activated platelet-rich thrombi for molecular imaging 
applications in vitro and in vivo [ 167 ]. Dendrimers have also been 
studied for active targeting to vascular pathology sites, where bio-
degradable dendritic structures surface-modifi ed with endothelial 
αVβ3 integrin-targeting cyclic RGD peptides and loaded with 
radioactive Bromine ( 76 Br) for positron emission tomography 
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(PET), were capable of targeted molecular imaging of hindlimb 
ischemia in a mouse model [ 168 ]. Similar targeted molecular 
imaging of vascular disease-specifi c biomolecules and cellular phe-
notypes have also been demonstrated with  dendrimers   modifi ed by 
a variety of other ligands [ 169 – 171 ]. 

 The inorganic nanosystems described in the previous section 
have also undergone extensive investigation for actively targeted 
delivery to vascular disease and injury sites. Cross-linked dextran- 
coated  iron oxide   (CLIO)  nanoparticles   have also been surface- 
decorated with peptides and small molecules that can target CAMs 
and clot-associated fi brin to enable active targeting of the particles 
to infl ammatory, angiogenic and thrombotic cellular phenotypes 
and biomarkers of atherosclerosis for contrast enhanced targeted 
molecular  imaging   [ 92 ]. Iron oxide particles have also been 
reported to be surface-decorated with ligands directed towards 
VCAM-1, P-selectin and platelet integrin GPIIb-IIIa for targeted 
contrast-enhanced MR imaging of atherosclerosis and thrombosis 
in animal models [ 172 ]. In another interesting work, SPIOs were 
surface-modifi ed by Annexin V that can specifi cally interact with 
lipoproteins on the outer membrane leafl et of apoptotic cells and 
hence enabled  interaction   and selective targeting of “foam cells” in 
atheromatous plaque in rabbit models for T2-weighted MR imag-
ing [ 173 ]. QDs have also been utilized to actively bind a variety of 
CAMs (e.g., VCAM, ICAM, PECAM) using QD surface- 
decoration with anti-CAM antibodies [ 174 ,  175 ] and these facili-
tated in vivo optical imaging of atherosclerotic lesions. Other 
approaches to ligand-directed vascular disease-specifi c targeting of 
QDs for optical imaging include targeting to oxidized LDL recep-
tor CD36, phosphatidylserine-exposing cells, and plaque-relevant 
MMPs [ 176 ,  177 ]. Instead of directly targeting QDs to the vascu-
lar disease site, they have also been used as “payloads” in other 
actively targeted nanosystems to allow for concurrent optical imag-
ing modality for vascular diseases. This strategy has been utilized 
by loading QDs within paramagnetic micelles immunotargeted to 
macrophagic scavenger receptors [ 178 ] as well as within HDL 
nanoparticles [ 115 ]. In an interesting work,  gold nanoparticle   s   
were conjugated to QDs via a proetolytically degradable peptide 
sequence such that in the “bound” state the QD luminescence was 
non-radiatively suppressed, and enzymatic cleavage of the conju-
gate links signifi cantly restored luminescence [ 179 ]. Such unique 
strategies can be envisioned to be applicable in probing proteolytic 
activities (e.g., MMP activity) in atherosclerotic lesions.  
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4    Other Miscellaneous Applications of  Nanomaterials   in  Cardiovascular   Disease 
Treatment 

 As evident from the descriptions and examples provided in the pre-
vious sections, “nanotechnology” has provided an effi cient way to 
render localized or site-selective delivery of various therapeutic 
agents and  imaging   probes in vascular diseases and injuries. Such 
localized delivery can potentially overcome the issues of potency 
and narrow therapeutic window of many drug molecules by achiev-
ing greater local concentrations with lower overall dose, to maxi-
mize the effects in target  tissue   while avoiding systemic 
indiscriminate distribution and harmful side-effects. The idea of 
local delivery in the cardiovascular arena emerged about two 
decades ago in the context of using perivascular delivery systems 
successfully in animal models [ 180 ,  181 ]. In these systems, heparin- 
releasing polymeric matrix devices were placed around rat carotid 
arteries at the time of balloon angioplasty, to allow continuous 
local release of the drug for predetermined periods of time. These 
approaches were found to reduce post-procedural arterial occlu-
sion more effectively compared to systemic heparin infusion from 
pumps or from drug-releasing  polymer   matrices placed subcutane-
ously distant from the target artery site. Similar local polymeric 
systems bearing endothelial cells as a source of endogenous vaso-
regulatory agents were also shown to have enhanced effi ciency in 
reducing neointimal hyperplasia in rat and pig models of vascular 
injury [ 182 ,  183 ]. Over the past two decades, other “local deliv-
ery” systems have been developed for cardiovascular applications, 
including intraluminal, intramural and stent-based systems [ 184 ], 
all of which have proved to be much more effi cient in rendering 
therapeutic effect at the target tissue while avoiding poor distribu-
tion and harmful side-effect issues of systemic delivery. 
 Nanotechnology   has contributed to refi nement such devices. For 
example, silver  nanoparticles   have been used to modify implantable 
and intravascular devices to prevent bacterial adhesion, growth and 
biofi lm development [ 185 ]. Carbon nanotubes have been incorpo-
rated in catheters to provide mechanical versatility as well as impart 
antithrombotic and drug delivery functions [ 186 ]. Such carbon 
nanotubes have also been incorporated in stents [ 187 ]. Other 
application of nanotechnology in stents include refi ned nanofabri-
cation and nanomorphological texturing techniques to allow for 
enhanced drug loading, tissue-material interactions and drug 
release [ 188 ], as well as incorporating drug- or gene-loaded 
nanoparticles within stent coatings for sustained local delivery fol-
lowing angiopalstic procedures and stent placement [ 189 ,  190 ]. 
Nanotechnology has also been used in fabrication of artifi cial arte-
rial grafts and conduits [ 191 ], although it is too early to conclude 
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on long-term success of these designs. In the context of artifi cial 
vascular grafts, chemical nanocomposites have also been incorpo-
rated to release nitric oxide and to impart infection resistance 
[ 192 ]. 

 In recent years, another facet of nanotechnology that is raising 
signifi cant interest, especially in the context of drug delivery vehi-
cles in the vascular compartment, is the role of “physical” design 
parameters like shape,  size  , modulus, etc. Several recent reports 
have established that particles of anisotropic shapes (spheroids, 
rods, disks, etc.) have a higher probability of margination from 
fl owing blood volume towards the vascular wall [ 193 – 195 ]. 
Parallel studies have also shown that size of particles play an impor-
tant role in their extent of margination to the vascular wall [ 196 –
 198 ]. In fact a natural example of this is seen in blood platelets 
which can marginate better to the vascular wall through the RBC 
volume of fl owing blood owing to their biconvex discoid shape 
and their quiescent ~2 μm size [ 199 – 201 ]. Based on such studies, 
recent research has focused on development of particles with tai-
lored shapes and sizes to facilitate margination to the vascular wall 
[ 202 – 207 ]. Such margination-facilitating geometric parameters 
can be potentially integrated with ligand-based active targeting 
functionalities on particle platforms to create drug delivery and 
nanomedicine systems with increased site-selective localization and 
delivery effi ciency in the vascular compartment. Another impor-
tant design parameter for  drug delivery system   s   is the mechanism 
of drug release. Traditionally most particulate delivery systems 
depend upon diffusion and degradation/dissolution mediated 
mechanisms for payload release [ 208 – 210 ]. Beyond such mecha-
nisms, certain stimuli-triggered mechanisms have been investigated 
for drug delivery systems, where the payload release is induced by 
chemical and/or physical changes in the drug delivery system in 
response to internal stimuli like pH, enzyme action, temperature, 
etc., or, external triggers like NIR irradiation (e.g., for  gold 
nanoparticle   s  ), electromagnetic wave (e.g., for  iron oxide   parti-
cles), high frequency focused ultrasound (e.g., for ultrasound bub-
bles), etc. [ 211 – 216 ]. A few recent studies have utilized “shear 
forces” as a physical release trigger because of its relevance to vas-
cular thrombo-occlusive sites. In these studies using polymeric or 
lipidic particles, the increased shear forces caused by thrombo- 
occlusion have resulted in the disintegration of the carrier particles 
to release drugs like thrombolytic agents, site-selectively [ 217 , 
 218 ]. Furthermore, an interesting aspect in the context of ligand- 
mediated active targeting of drug delivery vehicles is the utilization 
of concurrent binding to multiple receptor/antigen types perti-
nent to the disease site (also known as heteromultivalent binding) 
instead of targeting to only one type of receptor. Such targeting 
approaches have shown enhanced effi cacy of anchorage of the 
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 vehicles to the target site under hemodynamic fl ow environment 
[ 142 ,  219 ], and this can potentially allow for increased target spec-
ifi city as well as retention for enhanced therapeutic release. These 
newer design parameters are continuing to add exciting properties 
to vascular nanomedicine systems, that can be tailored to act selec-
tively at disease sites by virtue of enhanced margination, enhanced 
anchorage, and enhanced drug release.  

5    Discussion 

 Localized delivery of therapeutic molecules and  imaging   probes at 
the sites of vascular disease results in enhanced treatment and 
detection effi cacy.  Nanotechnology   provides an effi cient way to 
achieve such localized delivery in the context of packaging thera-
peutic payloads within nanoparticulate vehicles that can be intrave-
nously injected and can accumulate passively or bind actively at the 
target vascular sites. The success of such approaches depend upon 
effi cient encapsulation of the payload within the  nanoparticles   to 
protect from plasma-induced deactivation, minimize pre-target 
leakage or release of the payload, maintain circulation for suffi cient 
periods of time to reach the target site, render effi cient passive or 
active binding to the target site under hemodynamic fl ow, and 
enable effi cient release of the payload by internal or external trig-
gers. Because of the need to stay retained at the target site under 
hemodynamic fl ow environment, active binding strategies may be 
more effective in vascular drug delivery, compared to passive accu-
mulation mechanisms. The delivery systems must be biocompati-
ble, in terms of minimal immunogenicity, minimal complement 
activation, minimal toxicity, and minimal carcinogenicity. The  drug 
delivery system   s   must also be either easily cleared from the body 
within a reasonable period of time, or easily biodegradable to 
resorbable or metabolizable products in the body. Additional 
design parameters to consider for the particulate vehicles are their 
margination-infl uencing shape,  size  , and morphology, their active 
targeting and anchorage-infl uencing ligand decoration chemistry 
and density, and their response to internal and external triggers. 
For effi cient clinical translation, research should also be focused on 
cost and convenience of manufacture and quality control of vascu-
lar nanomedicine technologies.     
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    Chapter 14   

 Gastrointestinal System       

     Yoshimine     Fujii      and     Shinji     Sakuma       

  Abstract 

   Nanotechnologies are currently an undoubted driving force for innovative progress in science. Particularly, 
successful development of nano-/micromaterials has largely contributed to medical innovation. Here, the 
potential of nano-/micromaterials used for the treatment and diagnosis of gastrointestinal diseases is 
described. Furthermore, the gastrointestinal system is most commonly utilized as the route of drug admin-
istration. We also discuss the potential of nano-/micromaterials as carriers that enhance oral absorption of 
drugs from the perspective of improvement of solubility and permeability.  

  Key words     Gastrointestinal disease  ,     Helicobacter pylori  infection    ,   Infl ammatory bowel disease  , 
  Ulcerative colitis  ,   Colorectal  cancer    ,   Intestinal transporter  ,   Gut-associated lymphoid  tissue    ,   Oral 
absorption enhancement  ,   Solubility improvement  ,   Permeability improvement  

1      Introduction 

 The gastrointestinal system possesses diverse functions that are 
indispensable for the maintenance of life. The primal function is 
the absorption of nutrients in the diet. For instance, carbohydrates, 
which are one of the three major nutrients, are hydrolyzed by 
digestive enzymes in the gastrointestinal tract, and the resultant 
monosaccharides are delivered to the systemic circulation via infl ux 
hexose  transporters   expressed in the apical membranes of intestinal 
epithelial cells [ 1 ]. The gastrointestinal system has another func-
tion that protects the body from unfavorable substances. Such sub-
stances taken up into intestinal epithelial cells are often excreted to 
the intestinal lumen via effl ux transporters such as P-glycoprotein 
[ 2 ]. Unfavorable substances may be inactivated inside the cells by 
cytosolic enzymes such as CYP3A4 [ 3 ]. These protective functions 
sometimes induce drug–drug and drug–food interactions. The 
gastrointestinal system also contributes to homeostasis through 
 immune response   and hormone control [ 4 ,  5 ]. 
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  Nanomaterials   have been investigated with the aim of treating 
local and systemic diseases related to the gastrointestinal system. 
The local diseases mainly include infection,  infl ammation  , and  can-
cer  . Nanomaterials are also studied as diagnostic tools for these 
diseases. Researchers have separately taken up the challenge for the 
treatment of the systemic diseases through interactions between 
nanomaterials and functional molecules at the gastrointestinal 
 mucosa  . Nanomaterials are also expected to act as drug carriers 
that enhance pharmacological activities of oral medicines through 
 solubility improve   ment  , absorption enhancement, etc. This chap-
ter describes a potential of nano-/micromaterials in the gastroin-
testinal system from the abovementioned three perspectives.  

2    Nano-/Micromaterials for the Treatment of Local Diseases 

 Nano-/micromaterials for the treatment and diagnosis of local dis-
eases in the gastrointestinal system are described in this section. We 
focused on   Helicobacter pylori (H. pylori)  infection   in the stomach, 
 ulcerative colitis  , and  colorectal cancer   diagnosis. 

    H. pylori , which is one of the gram-negative bacteria, is regarded as 
a major pathogen that causes chronic gastritis, peptic ulcers, and 
gastric  cancer   in humans [ 6 ]. Current drug therapy is a combina-
tion of antibiotics and proton pump inhibitors. As the former drug, 
clarithromycin is orally administered with either amoxicillin or 
metronidazole [ 7 ]. These antibiotics are usually given twice a day 
for 1 week. However, the standard regimen does not always  provide 
successful treatment of   H. pylori  infection   due to resistance against 
the antibiotics and poor adherence of patients. It seems that an 
extension of the dose period and an increase in the number of anti-
biotics improve the success rate of the treatment. 

 Nano-/micromaterials have been investigated with the aim of 
improving drug therapeutics for   H. pylori  infection  . The scientifi c 
basis is prolonged gastric retention of nano-/micromaterials con-
taining antibiotics and sustained drug release in the stomach [ 8 –
 10 ]. Since a couple of the abovementioned functions lead to a 
signifi cant exposure of antibiotics for  H. pylori , the pathogen is 
effectively eradicated from the stomach. On the other hand, when 
conventional pharmaceutical products, which are rapidly emptied 
from the stomach and from which antibiotics are immediately 
released, are used, the performance of antibiotics in the stomach is 
not maximized. Hao et al. evaluated a potential of metronidazole- 
loaded porous Eudragit ®  RS microparticles as a drug candidate 
used for the treatment of  H. pylori  infection [ 8 ]. Eudragit ®  RS, 
which is a water-insoluble  polymer  , was dissolved in dichlorometh-
ane with metronidazole, and the electrospray was conducted to 
prepare drug-loaded microparticles. The mean particle  size   was 

2.1  Treatment of  H. 
pylori  Infection
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about 1 μm and a porous structure was observed. When Eudragit ®  
RS concentration in the organic solvent was set to 1 %, the result-
ing microparticles fl oated in the simulated gastric fl uid of pH 1.2 
for more than 10 h. The concentration ratio of metronidazole to 
the polymer largely affected drug dissolution from microparticles. 
When the ratio was set to 3 (drug/polymer = 0.35 %/1 %), 12-h 
sustained release of metronidazole was observed in the simulated 
gastric fl uid. Gamma scintigraphy demonstrated that  131 I-labeled 
microparticles remained in the stomach of fasted New Zealand 
white rabbits even at 8 h after oral administration. Figure  1  shows 
in vitro and in vivo activities of metronidazole and metronidazole- 
loaded microparticles. An immediate reduction of  H. pylori  count 
(colony-forming unit (CFU)/mL) was observed, irrespective of 
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  Fig. 1    ( a ) In vitro antibacterial effect of free metronidazole (MTZ) and Eudragit RS (ERS) microparticles with or 
without metronidazole. Drug concentration in media was adjusted to 40 μg/mL. ( b – d ) Mice infected with 
 H. pylori  were treated with either free MTZ or MTZ-loaded microparticles for 3 days. Free drug was consecu-
tively administered once (QD) or twice (BID) a day, while microparticles were administered once a day. Each 
dose was set to 5 mg/kg/time ( b ), 15 mg/kg/time ( c ), and 25 mg/kg/time ( d ). Each fi gure represents bacterial 
counts of  H. pylori  in the stomach after the treatment (** p  < 0.01, * p  < 0.05, compared with the control group)       
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the drug type; however, the antibacterial effect of metronidazole 
loaded in microparticles seemed to be more sustainable than that 
of free drug. Mouse experiments revealed that the antibacterial 
effect of metronidazole depended on the dose and frequency of 
administration. The mean bacterial count (log of CFU per gram of 
stomach) was 8.49 ± 0.79 when medication was not performed. 
The count was signifi cantly reduced to 6.15 ± 0.73 when metro-
nidazole was orally given once a day at a dose of 5 mg/kg/time. 
A further reduction was observed as the dose was escalated. In vivo 
antibacterial effects strengthened when the number of administra-
tion was doubled, indicating that the daily dose was also doubled. 
The best regimen of free metronidazole was to be given twice a day 
at a dose of 25 mg/kg/time (the daily dose was 50 mg/kg). On 
the other hand, an equivalent antibacterial effect was observed 
when metronidazole-loaded microparticles were orally given once 
a day at a dose of 25 mg/kg/time (the daily dose was 25 mg/kg). 
This was presumably due to prolonged gastric retention of drug- 
loaded microparticles and sustained drug release in the stomach.

   Jain et al. studied the usefulness of multilayered liposomes 
encapsulating both metronidazole and amoxicillin with the same 
aim as described above [ 9 ]. The liposome core consisted of egg 
phosphatidylcholine, cholesterol, and stearylamine. The core with 
positive charges was coated with anionic poly(acrylic acid) through 
electrostatic interactions. Negatively charged liposomes obtained 
were subsequently coated with cationic poly(allylamine hydrochlo-
ride). Encapsulation effi ciencies of hydrophobic metronidazole 
and hydrophilic amoxicillin in the resulting multilayered liposomes 
were 52 % and 48 %, respectively. About 50 % of drugs were 
released from multilayered liposomes in the simulated gastric fl uid 
during a 24-h in vitro dissolution test, while more than 95 % of 
drugs were released from non-coated liposomes within 6 h. In vivo 
studies were performed using mice infected with  H. pylori . Doses 
of metronidazole and amoxicillin were set to 16.5 mg/kg and 
30 mg/kg, respectively, and drugs were orally given once a day for 
3 days consecutively. The mean bacterial count was 6.82 ± 0.13 
when medication was not performed. The count was signifi cantly 
reduced to 1.84 ± 0.24 after the treatment with free drugs. The 
count fell short of the lower limit of detection (log of CFU < 1.0) 
when the drug solution was substituted with multilayered lipo-
somes at the same dose and administration schedule as described 
above. On the other hand, a similar reduction was not observed 
when non-coated liposomes were administered. Electrostatic inter-
actions between cationic multilayered liposomes and anionic gas-
tric mucosa protected the mucosa from  H. pylori  attachment. It 
appeared that an increase in the antibacterial effect was due to the 
protection and sustained drug release.  
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   Chronic  infl ammatory bowel disease   ( IBD  ), such as  ulcerative 
 colitis  , causes severe digestive organ symptoms such as diarrhea, 
bloody stool, and abdominal pain [ 11 ]. Anti-infl ammatory drugs 
and immunosuppressive agents are currently used for the treat-
ment of IBD. The most common anti-infl ammatory drugs are sul-
fasalazine, mesalamine, olsalazine, and balsalazide [ 12 ]. These 
anti-infl ammatory drugs, which are suitable for the treatment of 
mild and moderate IBD, act directly in infl amed sites of the large 
intestine. However, since orally administered drugs are absorbed 
from the small intestine, a limited amount of drugs reaches the 
infl amed sites. Therefore, nano-/micromaterials used for the treat-
ment of IBD are primarily required to possess the targeting ability 
to infl amed sites, which is accompanied by high safety, because the 
systemic exposure of drugs is reduced and the disease is locally 
treated with a small amount of drugs. 

 Lamprecht et al. found that there was a tendency for small par-
ticles to accumulate on infl amed sites of the large intestine [ 13 ]. 
Fluorescent polystyrene particles with negative charges were orally 
administered to rats with or without trinitrobenzene sulfonic acid 
(TNBS)-induced  ulcerative colitis  . Three days after administration, 
fl uorescence in the large intestine of rats with ulcerative colitis was 
compared with that of normal rats. The former fl uorescence was 
6.5 times that of the latter fl uorescence when fl uorescent particles 
with a mean diameter of 0.1 μm were used. The fl uorescence ratio 
(rat with ulcerative colitis/colitis-free normal rat) was reduced to 5 
and 4 when the mean particle  size   was escalated to 1 μm and 
10 μm, respectively. Deposition of the fl uorescent particles in the 
colonic mucosa of the same individual with ulcerative colitis was 
subsequently evaluated. Approximately 15 % of administered par-
ticles with a mean diameter of 0.1 μm accumulated in infl amed 
sites; however, the percentage decreased with an increase in the 
particle size (approximately 9 % of particles with a diameter of 
1 μm and 5 % of particles with a diameter of 10 μm). An extreme 
increase in mucosal production in infl amed sites was observed 
when compared with normal sites. It appeared that this change 
resulted in high accumulation of particulate substances in infl amed 
sites. Nano- sized   particles might easily reach the mucus layers 
because they are relatively small. 

 The same research group also evaluated a potential of poly(lactic 
acid-co-glycolic acid) ( PLGA  )  nanoparticles   incorporating rolip-
ram, which is a phosphodiesterase IV inhibitor with anti- 
infl ammatory activities, as a drug candidate used for the treatment 
of  ulcerative colitis   [ 14 ]. One-week sustained release of rolipram 
was observed after about 30 % of the drug was initially released 
within 2 h. Figure  2  shows the change in the mean clinical activity 
score after oral administration of each formulation containing 
rolipram to rats with or without ulcerative colitis. This score 
increases as the disease becomes worse. The score exceeded 2 when 

2.2  Treatment 
of Ulcerative Colitis

Gastrointestinal System



284

rats were maintained for 3 days after TNBS administration. 
A  signifi cant reduction of the mean clinical activity was observed 
when medication was performed, irrespective of the formulation 
type. However, at 5 days after discontinuance of medication, the 
score for rats treated with drug solution returned to the high value 
observed before the drug treatment. On the other hand, the score 
was constantly low when rats were treated with nanoparticles 
incorporating rolipram. Unfavorable neurotropic actions, caused 
by the systemic exposure of rolipram (forepaw shaking and groom-
ing), were also observed when rats were treated with drug solu-
tion. The adverse effects were reduced when PLGA nanoparticles 
incorporating rolipram were used. An advantage of nanoparticles 
to solution was presumably due to the specifi c delivery of anti- 
infl ammatory drugs to infl amed sites and sustained drug release in 
the target area.

      Colorectal  cancer   is a major cause of mortality and morbidity in 
developed countries [ 15 ]. Currently, surgical removal is the  primary 
treatment of choice, and early detection and resection are indis-

2.3  Diagnosis 
of Colorectal Cancer

  Fig. 2    Change in the mean clinical activity score after oral administration of each 
formulation containing rolipram to rats with or without trinitrobenzene sulfonic 
acid (TNBS)-induced  ulcerative colitis   ( n  = 6). The intrarectal administration of 
TNBS (150 mg/kg) was followed by drug administration with a 3-day interval. 
Each formulation was orally given once a day for 5 days consecutively at a dose 
of 10 mg/kg as a rolipram equivalent ( fi lled square , normal rats;  fi lled circle , non-
treated rats with colitis (saline administered);  fi lled triangle , rats with colitis 
treated with rolipram solution;  fi lled inverted triangle , rats with colitis treated 
with rolipram- containing  PLGA    nanoparticles   (an average molecular weight of 
PLGA, 20,000);  fi lled diamond , rats with colitis treated with rolipram-containing 
PLGA nanoparticles (an average molecular weight of PLGA, 5000)). * p  < 0.05 
(compared with non-treated rats with colitis)       
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pensable for curing  colorectal cancer   [ 16 ]. Colonoscopy has been 
effectively used for screening colorectal cancer due to its  ability to 
provide a defi nitive diagnosis [ 17 ]. Colorectal cancer initially devel-
ops in the mucous membrane of the large intestine. The cancer, 
which remains in the mucous membrane or only minimally invades 
the submucosal  tissues   without vessel invasion, is often removed 
through a colonoscopy procedure. Alternatively, when the cancer is 
detected in the early stage, it can be treated by a minimally invasive 
operation, known as endoscopic mucosal resection [ 18 ]. 

 Magnifying endoscopy and novel  imaging   strategies for endos-
copy have enabled physicians to detect small changes on the muco-
sal surface of the large intestine [ 19 ]. Most  colorectal cancer   can be 
prevented through the detection and removal of premalignant pol-
ypoid lesions [ 20 ]. However, conventional endoscopy is not suit-
able for fl at and depressed neoplasms [ 21 ]. Patients with chronic 
 IBD   face increased risk of developing malignancy due to undetected 
dysplastic lesions [ 22 ]. The limitation of current endoscopic screen-
ing is due to lack of diagnosis at the molecular level as it is based on 
morphological changes visualized through a macroscopic view of 
the mucosal surface. Improved methods for detecting early changes 
in high-risk individuals are strongly required [ 23 ]. Furthermore, 
accurate detection of neoplastic mucosal changes in real time still 
remains a signifi cant challenge. Tissues that look abnormal are sam-
pled under endoscopic observation. Subsequent histological evalu-
ation of the samples is a prerequisite for a defi nitive diagnosis of the 
 cancer  . There is also a requirement for a new method that allows 
physicians to diagnose early-stage primary colon carcinoma on the 
mucosal surface in real time. 

 The  imaging   agent can become a useful diagnostic tool for 
minute tumors that are currently undetectable or diffi cult to detect 
under endoscopic observation. Sakuma et al. designed a nonab-
sorbable imaging agent capable of being administered intracoloni-
cally for the purpose of colonoscopy [ 24 – 26 ]. The imaging agent 
consists of peanut agglutinin (PNA)-immobilized polystyrene 
nanospheres with surface poly(N-vinylacetamide) (PNVA) chains 
encapsulating coumarin 6 (Fig.  3 ). The Thomsen–Friedenreich 
(TF) antigen is specifi cally expressed on the mucosal side of 
 colorectal cancer   cells [ 27 ]. Its terminal sugar is β- D -galactosyl-(1- 
3)-N-acetyl- D -galactosamine (Gal-β(1-3)GalNAc), and this sugar 
is masked by an oligosaccharide side chain extension or sialylation 
in normal cells [ 27 ]. Lectins are  proteins   that recognize and bind 
reversibly to specifi c carbohydrate residues expressed on the cell 
surface [ 28 ]. PNA, which is a typical lectin that recognizes 
 Gal- β(1-3)GalNAc, is immobilized on the nanosphere surface as a 
targeting moiety that binds to the TF antigen through sugar 
 recognition. Sakuma et al. has separately found that PNVA rarely 
adhered to the intestinal mucosa due to its strong hydrophilicity 
[ 29 ]. This  polymer   chain is localized on the nanosphere surface to 
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enhance the specifi city of PNA by reducing nonspecifi c interac-
tions between the nanospheres and normal  tissues  . Coumarin 6 is 
encapsulated into the nanosphere core as the fl uorescent dye that 
produces an endoscopically detectable fl uorescence intensity. The 
research group has successfully demonstrated that the imaging 
agent recognized millimeter- sized   colorectal tumors on the muco-
sal surface with high affi nity and specifi city in human colorectal 
 cancer   orthotopic mouse models [ 24 ]. Furthermore, as shown in 
Fig.  4 , the imaging agent, which was named nanobeacon, detected 
dynamic changes of the TF antigen in human colonic tissues from 
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  Fig. 3    Schematic representation of PNA-immobilized polystyrene nanospheres 
with surface PNVA chains encapsulating coumarin 6 (PMAA chains are used as a 
linker for the PNA immobilization)       
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patients with colorectal tumors; however, the nanobeacon did not 
bind to human colonic tissues from normal controls [ 26 ]. Data 
strongly supported the potential use of the nanobeacon for imag-
ing the TF antigen as a biomarker for the early detection and pre-
diction of the progression of colorectal cancer at a molecular level.

3         Nano-/Micromaterials for the Treatment of Systemic Diseases 

 Generally speaking, nano-/micromaterials are not absorbed 
through the gastrointestinal tract. Therefore, interactions of these 
materials with functional molecules on the gastrointestinal mucosa 
are expected to trigger off the treatment of systemic diseases. Here, 
a couple of attempts are focused: the treatment of diabetes through 
inhibition of hexose  transporters   and oral vaccination through 
association with the  gut-associated lymphoid tissue   ( GALT  ). 

   Diabetes is a metabolic disease caused by either the defi ciency of 
insulin secretion or cellular resistance to insulin, which results in 
hyperglycemia. The disease is classifi ed as insulin-dependent type I 
diabetes mellitus and non-insulin-dependent type II diabetes melli-
tus; over 90 % of diabetic patients suffer from the latter type. The aim 
of most diabetes treatments is to maintain an appropriate blood 
 glucose level [ 30 ]. It is also important to suppress the rapid increase 
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  Fig. 4    ( a ) The expression of TF antigen on human colonic  tissues   from normal controls and  cancer   patients was 
detected using PNA molecules immobilized on the surface of the nanobeacon and confi rmed by immunohis-
tochemistry. Strong fl uorescence from the cancer section was correlated to a positive signal in IHC staining of 
the consecutive slide. Exposure time in fl uorescence observation was 400 ms with magnifi cation at ×200 
each. ( b ) Representative results of Western blot (immunoblot) analysis of TF antigen expression in clinical 
human tissues with and without  colorectal cancer  . β-Actin was shown as a loading control. Molecular weights 
of TF antigen detected in human colorectal  tissue   samples were approximately 147, 84, and 77 kDa, respec-
tively. ( c ) A relative mRNA expression level of β1,3-galactosyltransferase in clinical human colorectal tissues 
with and without cancer was analyzed by qPCR ( n  = 3, * p  = 0.011)       
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in the blood glucose level after a meal [ 31 ]. Carbohydrates are 
digested completely in the gastrointestinal tract, and the resulting 
monosaccharides, mainly  D -glucose, are absorbed from the small 
intestine via infl ux hexose transporters. Sodium-dependent Na + /glu-
cose cotransporter 1 (SGLT1), which is predominantly expressed in 
the apical membranes of intestinal epithelial cells, contributes mainly 
to the apical membrane permeation of  D -glucose (1). Since the rec-
ognition of  D -glucose by SGLT1 is the fi rst step of glucose absorp-
tion, SGLT1 inhibition can be one of the most effective approaches 
to suppress the rapid increase in the blood glucose level after a meal. 

 Ikumi et al. designed polymeric conjugates bearing glucosides 
with the expectation that orally administered conjugates would bind 
to SGLT1 from the mucosal side, inhibit the glucose absorption via 
SGLT1, and consequently suppress an increase in the blood glucose 
level without systemic exposure of the conjugates [ 32 ,  33 ]. Phloridzin 
is a glucoside that inhibits  D -glucose transport competitively through 
the binding of intramolecular glucose moieties to SGLT1 [ 34 ]. 
Strong inhibition was observed through in vitro experiments; 
 however, phloridzin rarely inhibits  D -glucose transport when it was 
orally given to animals, due to removal of the glucose moieties 
through the hydrolysis of the glucoside bond by β-glucosidase 
located on the apical membranes of the intestine. Steric hindrance of 
the  polymer   chain often contributes to the stability of enzyme-sus-
ceptible chemical bonds [ 35 ]. As shown in Fig.  5 , phloridzin was 
grafted onto the polymer backbone of poly(γ-glutamic acid) 
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  Fig. 5    ( a ) Chemical structure of poly(γ-glutamic acid) bearing phloridzin (PGA-PRZ). ( b ) Scanning electron 
microscope  image   of PGA-PRZ with a phloridzin content of 15 %. ( c ) Concentration–time profi les of glucose in 
blood after oral administration of glucose. Water ( open circle ), phloridzin ( fi lled circle , 0.125 mmol/kg;  fi lled 
triangle , 0.25 mmol/kg), or PGA-PRZ with a phloridzin content of 15 % ( open square , 0.125 mmol/kg as a 
phloridzin equivalent) were given orally at 10 min before glucose administration. Data were represented as the 
change in glucose concentration from before to after glucose administration ( n  = 6, mean ± s.e.)       
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(γ-PGA). In vitro stability studies indicated that γ-PGA bearing 
phloridzin remained unchanged in the gastrointestinal tract. The 
stabilization of the glucoside bond was presumably due to the spon-
taneous self-assembly of the conjugate. This  nanostructure   pre-
vented the glucoside bond from being hydrolyzed by β-glucosidase. 
The conjugate signifi cantly suppressed an increase in the blood glu-
cose level after oral administration of  D -glucose in rats through inhi-
bition of SGLT1-mediated  D -glucose transport. The research group 
has also demonstrated that phloridzin conjugates whose polymeric 
platform was composed of  dendrimers  , which are nanometer- sized   
starburst macromolecules, possessed a similar inhibitory effect [ 33 ].

      The gastrointestinal membranes are always exposed to foreign 
antigens and pathogens present in the lumen. The  GALT  , dotted 
in the small intestine, is the largest lymphoid organ, and the GALT 
protects the bodies against invading antigens and pathogens 
through mucosal immunization. The GALT consists of both iso-
lated and aggregated lymphoid follicles [ 36 ]. Of these, Peyer’s 
patches, which are composed of aggregated lymphoid follicles sur-
rounded by the follicle-associated epithelium (FAE), form the 
interface between the GALT and the luminal microenvironment. 
Microfold (M) cells, which are specifi c epithelial cells present in the 
FAE, play an important role in the immunization at the mucosa. 
Antigens and pathogens taken up into M cells are delivered to 
antigen- presenting cells such as dendritic cells in Peyer’s patches. 
This delivery triggers off immune reactions, and the mucosal 
immunization, which is mainly composed of secreted immuno-
globulin A (sIgA), is fi nally established. It appears that the GALT 
is related to immune tolerance. 

 Oral vaccination using nano-/micromaterials as antigen carri-
ers has been investigated for the past two decades [ 37 – 45 ]. Jain 
et al. prepared block copolymers composed of poly(ethylene gly-
col) ( PEG  ) and poly(lactic acid) (PLA) and evaluated a potential of 
polymeric  nanoparticles   as carriers for hepatitis B surface antigens 
[ 41 ]. Nanoparticles prevented the antigen from being degraded by 
gastric acid and digestive enzymes. Fluorescence microphoto-
graphs suggested that nanoparticles were taken up by the  GALT   at 
the intestinal mucosa. Not only did hepatitis B surface antigens 
encapsulated into nanoparticles increase IgA secretion at the nasal, 
salivary, intestinal, and vaginal mucosa, but they induced humoral 
immunity in systemic circulation (production of serum IgG1 and 
IgG2a), when orally administered to mice, irrespective of the 
chemical structure of block copolymers. However, low production 
of antibodies was observed when the antigen carrier was substi-
tuted with PLA nanoparticles. The observation was presumably 
due to less stability of the antigens encapsulated into PLA nanopar-
ticles in the gastrointestinal tract. Free PEG chains on the nanopar-
ticle surface possibly contributed to the stabilization. 

3.2  Oral Vaccination
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 Particulate carriers incorporating antigen-encoded DNA 
 vaccines have also been studied as oral vaccinations [ 42 – 45 ]. It 
appears that such system enables the DNA to deliver effi ciently to 
lymphoid organs in the intestinal membranes. He et al. reported 
that  PLGA   microparticles encapsulating hepatitis B virus antigen- 
encoded plasmid DNA was capable of inducing both humoral and 
cellular immunities when administered orally to mice [ 45 ]. Recent 
studies demonstrated that transcytotic receptors, such as the com-
plement 5a receptor, glycoprotein 2, toll-like receptor-2/toll-like 
receptor-4, and platelet-activating factor receptor, were expressed 
on the apical surface of M cells [ 46 – 48 ]. Several previous reports 
revealed that these receptors seemed to contribute to the cellular 
uptake of antigens. Nano-/micromaterials that recognize the 
receptors with high affi nity and specifi city may induce mucosal 
immunity more effectively.   

4    Nano-/Micromaterials as Drug Carriers 

 Most oral medicines are absorbed passively from the intestine, 
although drugs whose chemical structures are analogous to those 
of nutrients are sometimes absorbed actively via infl ux  transporters   
[ 1 ,  2 ,  49 ,  50 ]. Table  1  summarizes factors that affect drug 
 absorption from the gastrointestinal tract. Water solubility and 
intestinal membrane permeability mainly infl uence oral absorption 
of drugs [ 51 ]. Drugs with high solubility and high permeability are 
highly absorbed from the intestine [ 52 ]. Interactions between 
drugs and components in the gastrointestinal tract such as diges-
tive enzymes/ fl uids   and foods often attribute to an elevation or 
reduction of drug absorption [ 53 ,  54 ]. Here, nano-/micromateri-
als as carriers that enhance oral  absorption   of drugs are discussed.

   Table 1  
  Factors that affect drug absorption from the gastrointestinal tract   

 Solubility 
 Solubility 
 Dissolution rate 

 Permeability  Membrane permeability on the basis of 
lipophilicity 

 Infl ux transporter-mediated uptake 
 Effl ux transporter-mediated excretion 
 Metabolism in intestinal epithelial cells 

 Interactions with 
components in the 
gastrointestinal tract 

 Increase/decrease in solubility induced by 
interactions with the components 

 Degradation by gastric acid/digestive enzymes 
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     Oral  absorption   of drugs with low solubility and high permeability 
can be enhanced by pharmaceutical approaches that increase their 
solubility and/or the dissolution rate. The available approaches 
include a reduction of the particle  size   of drugs [ 56 ,  57 ], lipid- 
based formulations [ 58 ,  59 ], and solid dispersions containing 
amorphous drugs [ 60 ]. A combination of these pharmaceutical 
technologies has also been studied [ 61 ,  62 ]. 

 An increase in the dissolution rate of drugs is observed when 
their particle  size   is reduced. This is due to an increase in the sur-
face area, while the solubility remains unchanged. Elan 
Pharmaceuticals has developed NanoCrystal ®  technology, which is 
based on wet milling. Submicron- sized   particles are obtained when 
drugs are milled by this technology [ 56 ,  57 ]. Such particles easily 
aggregate; however, NanoCrystal ®  technology prevents the parti-
cles from aggregating through their coating with adequate disper-
sants such as surfactants and hydrophilic  polymers  . Commercial 
products to which this technology is applied are listed in Table  2 . 
Wu et al. reported that oral absorption of aprepitant (MK-0869), 
whose solubility is 3–7 μg/mL in the pH range that corresponded 
to the gastrointestinal tract, was improved by NanoCrystal ®  tech-
nology [ 57 ]. Aprepitant with a mean diameter of 0.12 μm was 
prepared by this technology, and its oral absorption was compared 
with that of conventional powders with a mean diameter of 5.5 μm. 
The dissolution rate of aprepitant from the former was extremely 
higher than that from the latter because there was a 40-fold increase 
in the surface area through the treatment of the drug by 
NanoCrystal ®  technology. As shown in Fig.  6 , when submicron- 
sized aprepitant was used, a clear elevation of drug absorption was 
observed in fasted dogs. It is also known that drug absorption via 
the gastrointestinal tract is often affected by the timing of drug 
administration in relation to meals [ 53 ,  54 ]. NanoCrystal ®  tech-
nology also reduced food–drug interactions (Fig.  6 ).

    The self-micro-/nano-emulsifying  drug delivery system   
(SMEDDS/SNEDDS) improves both solubility and dissolution 
rates. In this system, drugs are formulated with oil, surfactants, 
and cosurfactants [ 58 ]. The components fi lled into capsules are 
self- assembled when they are mixed with water. SMEDDS and 
SNEDDS form thermodynamically stable microemulsions and 
nano- sized   emulsions with good dispersibility, respectively. 
Table  2  summarizes commercial products to which SMEDDS/
SNEDDS is applied. Neoral ®  has been developed to improve 
inter- and intraindividual variation of oral absorption of cyclospo-
rine from Sandimmune ® , which has been clinically used prior to 
the launch of Neoral ® . Micro-sized mixed micelles are formed 
when oily Sandimmune ®  is mixed with water containing bile acids 
and pancreatic enzymes. However, the micelles are too unstable 
to obtain stable bioavailability because the amount of the intesti-
nal components is not constant. As shown in Table  3 , less  variation 

4.1  Improvement 
of Solubility
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of  pharmacokinetic   parameters was observed when Neoral ®  was 
administered to humans when compared with Sandimmune ® . 
Food effects on cyclosporine absorption were also improved 
through substitution of Neoral ®  to Sandimmune ®  [ 59 ].

      Generally, there are few risks associated with the administration of 
drugs with high membrane permeability via the oral route. To the 
contrary, invasive routes such as injections are essential to obtain 
therapeutic effects of drugs with low membrane permeability. A 
large number of drugs, mainly peptides,  proteins  , antibodies, and 
 nucleic acid   s  , which are called bio-drugs, belong to this category. 
Many researchers have taken up the challenge using medicinal 
chemistry-based and pharmaceutical technology-based approaches 

4.2  Improvement 
of Permeability

    Table 2  
  Commercial products to which technologies for  solubility improve   ment   are applied   

 Product name  Drug  Dosage form  Company 

  NanoCrystal Technologies  

 Rapamune  Sirolimus  Tablet  Wyeth Pharmaceuticals 

 Tricor  Fenofi brate  Tablet  Abbott Laboratories 

 Triglide  Fenofi brate  Tablet  Sciele Pharma 

 Emend  Aprepitant  Capsule  Merck & Company 

 Zanafl ex  Tizanidine HCl  Capsule  Acorda 

 Megace ES  Megestrol acetate  Suspension  Par Pharmaceutical 

  Self-micro-/nano-emulsifying    drug delivery system     (SMEDDS/SNEDDS)  

 Neoral  Cyclosporine A  Soft gelatin capsule  Novartis 

 Norvir  Ritonavir  Soft gelatin capsule  Abbott 

 Fortovase  Saquinavir  Soft gelatin capsule  Roche 

 Agenerase  Amprenavir  Soft gelatin capsule  GlaxoSmithKline 

 Convulex  Valproic acid  Soft gelatin capsule  Pharmacia 

 Rocaltrol  Calcitriol  Soft gelatin capsule  Roche 

 Targretin  Bexarotene  Soft gelatin capsule  Novartis 

 Vesanoid  Tretinoin  Soft gelatin capsule  Roche 

 Accutane  Isotretionin  Soft gelatin capsule  Roche 

 Aptivus  Tipranavir  Soft gelatin capsule  Boehringer Ingelheim 

 Gengraf  Cyclosporine A  Hard gelatin capsule  Abbott 

 Lipirex  Fenofi brate  Hard gelatin capsule  Sanofi -Aventis 

 Kaletra  Lopinavir/ritonavir  Solution  Abbott 
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with the aim of improving the oral absorption of poorly membrane- 
permeable drugs. Prodrug, which is the typical former approach, is 
currently the most practical strategy. Drugs with increased lipophi-
licity, such as bacampicillin which is a prodrug of ampicillin [ 63 ], 
and drugs absorbed via the H + /peptide cotransporter, such as vala-
cyclovir which is a prodrug of aciclovir (2), are typically successful 
cases. 

 Prodrug is effective for organic compounds with low molecu-
lar weight; however, there has been no success with bio-drugs. 
Conjugation with cell-penetrating peptides, which are taken up 
into cells via macropinocytosis, is one of the most promising 
approaches that enhance membrane permeation of bio-drugs 
applied to the mucosa [ 64 ]. Nano-/micromaterials, which are cat-
egorized into the pharmaceutical technology-based approaches, 

   Table 3  
  Pharmacokinetic parameters after oral administration of Neoral ®  
(180 mg/man) and Sandimmune ®  (300 mg/man)   

 Sandimmune ®   Neoral ®  

 AUC (ng · h/mL)  3076 ± 1099  3514 ± 878 

  C  max  (ng · mL)  645 ± 248  1011 ± 192 

  t  max  (h)  2.5 ± 0.9  1.5 ± 0.4 
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  Fig. 6    Plasma concentration–time profi les of MK-0869 after oral administrations 
of a conventional suspension ( fi lled circle , fasted;  open circle , fed) and a 
NanoCrystal ®  dispersion formulation ( fi lled inverted triangle , fasted;  open 
inverted triangle , fed) at a dose of 2 mg/kg in beagle dogs ( n  = 5, mean ± s.e.)       
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have been also investigated with the expectation that they would 
deliver bio-drugs into systemic circulation after oral administration 
[ 29 ,  65 ,  66 ]. There are a couple of hurdles that should be over-
come to develop oral bio-drugs: instability of enzyme-susceptible 
bio-drugs in the gastrointestinal tract and low membrane permea-
bility of bio-drugs based on their hydrophilicity and/or high 
molecular weights. Sakuma et al. evaluated a potential of novel 
polymeric  nanoparticles   as carriers for oral peptide delivery [ 29 ]. 
As shown in Fig.  7 , the nanoparticles were composed of graft 
copolymers having a hydrophobic polystyrene backbone and 
hydrophilic polyvinyl branches. The particle  size   was about 
500 nm, and a hydrophobic polystyrene core was covered with 
hydrophilic polyvinyl chains. The research group studied effects of 

  Fig. 7    ( a ) Chemical structure of  nanoparticles   composed of graft copolymers having a polystyrene backbone 
and various polyvinyl branches. ( b ) Scanning electron microscope  image   of nanoparticles having poly(N- 
isopropylacrylamide) (PNIPAAm) chains on their surface. ( c ) Concentration–time profi les of ionized calcium in 
blood after oral administration of sCT aqueous solution ( fi lled circle ), a mixture of sCT and poly(methacrylic 
acid) (PMAA) nanoparticles ( open circle ), a mixture of sCT and PNIPAAm nanoparticles ( open triangle ), and a 
mixture of sCT and poly(vinylamine) (PVAm) nanoparticles ( open square ) in rats (0.25 mg sCT/2.5 mL dosing 
solution/kg rat). The nanoparticle concentration in the dosing solution was 10 mg/mL. Each value represents 
the mean ± s.e       
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the surface structure of nanoparticles on oral absorption of salmon 
calcitonin (sCT) in rats and found that sCT absorption was 
enhanced most strongly by nanoparticles having poly(N- 
isopropylacrylamide) (PNIPAAm) chains on their surface [ 29 ]. 
Various in vitro/in vivo studies indicated that the absorption 
enhancement of sCT by nanoparticles resulted from both mucoad-
hesion of nanoparticles incorporating sCT to the intestinal mucosa 
and an increase in stability of sCT against digestive enzymes [ 26 , 
 67 ]. A large amount of sCT was accumulated in the vicinity of the 
intestinal mucosa, and membrane permeation of sCT was enhanced 
on the basis of Fick’s diffusion law [ 26 ,  67 ,  68 ]. Their successive 
research on absorption enhancement demonstrated that nanopar-
ticles having surface PNIPAAm and cationic poly(vinylamine) 
(PVAm) chains at a ratio of 3:1 as a unit equivalent were superior 
to those having each chain solely [ 69 ].

   Tight junctions are established between intestinal epithelial 
cells. The average  size   of aqueous pores made by tight junctions is 
approximately 7–9 Å at the jejunum, 3–4 Å at the ileum, and 8–9 Å 
at the colon in humans [ 70 ]. The aqueous pores have been studied 
as one of the pathways that would deliver bio-drugs into systemic 
circulation. However, the pore size is so narrow that the mem-
brane permeation of bio-drugs is rate limited by their diffusion 
through the aqueous pores. Furthermore, since only less than 1 % 
of the mucosal surface is occupied with the pores, the systemic 
delivery of bio-drugs through this pathway is severely limited. 
Rekha et al. evaluated a potential of  nanoparticles   composed of 
either native chitosan or lauryl succinyl chitosan as carriers for oral 
peptide delivery [ 71 ]. Native chitosan nanoparticles were posi-
tively charged in neutral solution, and their mean particle size was 
270 nm, while the charge and size of lauryl succinyl chitosan 
nanoparticles were negative and 650 nm, respectively. Insulin 
loaded into the respective nanoparticles was orally administered to 
diabetic rats, and the blood glucose level was monitored (Fig.  8 ). 
The glucose level was clearly reduced when insulin-loaded native 
chitosan nanoparticles were given orally. Further reduction was 
observed when the nanoparticles were replaced with insulin-loaded 
lauryl succinyl chitosan nanoparticles. No glucose reduction was 
observed after oral administration of either insulin solution or 
insulin-free nanoparticles. In vitro cell studies demonstrated that 
the integrity of tight junctions (TEER) was reduced to 70 % and 
54 % of the initial value in the presence of native chitosan nanopar-
ticles and lauryl succinyl chitosan nanoparticles, respectively. In 
vitro dissolution revealed that less than 10 % of insulin was released 
from drug-loaded lauryl succinyl chitosan nanoparticles in acidic 
solution of pH 1.2 during 2 h, while more than 60 % of insulin was 
released from drug-loaded native chitosan nanoparticles under the 
same conditions. It seemed that a difference in pharmacological 
effects of insulin in animal studies was mainly due to stabilization 
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of insulin in the stomach through loading into lauryl succinyl chi-
tosan nanoparticles. The stability possibly resulted from a differ-
ence in the surface charge of each of nanoparticles.

      Drug absorption is often increased when patients take a drug after 
a meal (positive food effect), but in other cases, drugs show poor 
absorption when they are administered after a meal (negative food 
effect) [ 54 ,  55 ]. One of the typical drugs in the latter case is 
bisphosphonates used for the treatment of  osteoporosis   such as 
risedronate sodium hydrate and alendronate sodium hydrate [ 72 ]. 
Since oral bioavailability of them in the fed state is less than 
 one- tenth of that in the fasted state, they must be taken about 1 h 
before the fi rst food or beverage in the day. Digestive enzymes 
such as bile acids also affect the drug absorption. DX-9065, which 
Daiichi Pharmaceuticals has found to be an inhibitor of factor Xa, 
is one of the compounds whose oral bioavailability is reduced 
through interactions with bile acids [ 73 ]. The factor Xa accelerates 
the conversion of prothrombin to thrombin. Electrostatic interac-
tions between the amidino group of this compound and the car-
boxyl group of bile acids result in insoluble complex. Fujii et al. 
hypothesized that DX-9065 absorption would be enhanced when 
this cationic drug candidate was free from the complex through its 
replacement with other cationic substances [ 74 ]. Cholestyramine, 
which is clinically used as a cholesterol-lowering agent, is a 
 microparticle with a positive charge. In vitro studies revealed that 

4.3  Reduction 
of Interactions 
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and Components 
in the Gastrointestinal 
Tract
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cholestyramine dramatically prevented DX-9065 from interacting 
with chenodeoxycholic acid, which is a typical bile acid. Animal 
studies showed that bioavailability of DX-9065 administered with 
cholestyramine was 2–3 times that of DX-9065 administered solely. 
A cholestyramine-based dry syrup formulation was designed, and 
the clinical trial was performed. A 1.3-fold increase in bioavailabil-
ity of DX-9065 was observed when the dry syrup was administered 
to fasted humans. The research group demonstrated that DX-9065 
absorption was enhanced when the drug was administered with 
cationic additives; however, the absorption-enhancing function of 
cholestyramine largely depended on its dose. It appeared that the 
dose escalation of cholestyramine was a prerequisite for the signifi -
cant improvement of DX-9065 absorption in humans.   

5    Conclusions 

 In the fi eld of the gastrointestinal system, many researchers have 
endeavored to develop nano-/micromaterials used for the treat-
ment of  gastrointestinal disease   s   and the materials as carriers that 
enhance oral  absorption   of drugs. However, successful cases are 
largely limited except for nano-/micromaterials with solubilization 
abilities. This chapter is closed with the expectation that innovative 
technologies are being developed in the near future.     
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Chapter 15

Respiratory System

Kohsaku Kawakami

Abstract

The potential therapeutic benefits of drug molecules can be maximized by well-designed delivery technology. 
Improvements in nanotechnology have facilitated innovations in pulmonary drug delivery, because inhala-
tion is a drug administration route for which the size of particles in the formulation has an extensive effect on 
the fate of the drug molecules after administration. Deposition site of the drug in the lung is determined 
by the aerodynamic size of the inhaled particles, and the absorption and clearance processes after deposi-
tion also are influenced by particle size. Inhalation of a nanoparticulate drug is the simplest idea to apply 
nanotechnology in this field, but it is not technically easy because nanoparticulate drugs are prone to 
aggregate. Thus, various efforts have been made to prevent aggregation for exerting advantages of nanopar-
ticles. This chapter describes various efforts for utilizing nanotechnology for pulmonary drug delivery.

Key words Nanoparticles, Inhalation, Deposition site, Aerodynamic diameter, Mucociliary clearance, 
Poly(dl-lactide-co-glycolide) (PLGA)

1  Introduction

Inhalation is an effective method for systemic as well as local drug 
delivery [1–3]. Drugs can be administered either in the liquid or 
solid state, but much attention has been paid to dry powder inhala-
tion because of the high stability and low administration volumes 
required for dry powder formulations. However, both inhalation 
devices and formulation technology still require development to 
achieve effective pulmonary drug delivery. Particle size is one of 
the most important factors in determining the deposition site of 
the formulation in the lung [4–8]. Several deposition models are 
available for predicting efficiency of delivery of the particles as a 
function of their aerodynamic diameter. The most famous one is 
the ICRP (International Commission on Radiological Protection) 
model [9], which was developed after experimental observa-
tions and model calculations that considered lung morphology. 
Figure 1 shows particle distribution after aspiration of the particles 
as a function of their aerodynamic size based on this model. 
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Particles smaller than 100 nm are effectively deposited in the alveolar 
region, from which the most effective systemic drug delivery can 
be expected. However, because particles smaller than 100 nm are 
difficult to manufacture and handle with current powder technol-
ogy, micron-sized particles are regarded as the best practical option 
for pulmonary drug delivery.

Efficient deposition is not the only advantage of the nanopar-
ticles. They can escape from mucociliary clearance after deposition 
[10]. Macrophage clearance has been shown to be minimized as 
well [11]. Rapid dissolution and/or permeation across biological 
membranes are also great advantages. Moreover, size reduction 
below 200 nm enables sterile filtration in the manufacturing pro-
cess. Nanoparticles can be delivered in a mist when nebulizers are 
used, although this is not possible for microparticles [12].

This chapter examines various efforts to use nanotechnology 
for pulmonary drug delivery. “Nanomaterials” are usually defined 
as a material in which at least one dimension has the length below 
100 nm. Although the US Food and Drug Administration (FDA) 
employs the same definition [13], exceptions are accepted if the 
material exerts size effect. Thus, this chapter also deals with parti-
cles with physical size exceeding 100 nm.

2  Nanosizing of Active Pharmaceutical Ingredients

Nanosizing of active pharmaceutical ingredients has various 
advantages. Notably, it may improve the oral bioavailability of 
poorly soluble drugs [14, 15]. An increase in the surface area 
plays a dominant role in increasing the dissolution rate, because 
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they are inversely related. The solubility per se may increase, as shown 
by the Ostwald–Freundlich equation, although this advantage is 
usually marginal. Exposure of the highly energetic surface of the 
drug crystals may enhance the dissolution process. These advan-
tages may also be applicable to the pulmonary delivery of poorly 
soluble drugs.

Nanoparticles for pulmonary drug delivery can be manufac-
tured in the same manner as those intended for oral formulations. 
The top-down procedures that are commonly employed in industry 
include media milling and high-pressure homogenization [10]. 
Although reducing the particle size to the nanoscale is not difficult, it 
is challenging to prevent aggregation during the storage [15]. 
Bottom-up methods such as preparation via solvent evaporation and 
anti-solvent crystallization have also been actively investigated [10].

In oral formulations, excipients that increase dispersion effi-
ciency can be added to promote the formulation’s disintegration 
via mechanical stress in the gastrointestinal tract. However, dry 
powder formulations for pulmonary drug delivery must disinte-
grate following only the weak stress introduced during aspiration, 
which is challenging for nanoparticle formulations. To date, the 
number of reported in vivo inhalation studies of solid nanoparticles 
has been limited. Ali et al. employed a lactose carrier for adminis-
tration of atropine sulfate nanoparticles to healthy volunteers using 
a dry powder inhaler [16]. The drug’s rapid action due to its 
prompt absorption from the lung, followed by sustained action 
due to absorption from the gastrointestinal tract, indicated the 
potential of a nanoparticulate formulation as a replacement for the 
injectable formulation.

3  Nanosuspensions

Nebulizers usually produce micron-sized droplets that may 
accommodate nanoparticles. A frequently reported benefit of the 
nanosuspensions in clinical and animal studies has been a decrease 
in side effects. Shrewsbury et al. administered a budesonide nano-
suspension to healthy volunteers using a jet nebulizer and observed 
more rapid absorption and a decrease in the absorbed amount 
relative to those from a commercially available suspension [17]. 
The time to maximum plasma concentration (Tmax) for the com-
mercial budesonide formulation was 9.1 min, but it decreased to 
3.1–4.5 min for the nanosuspension. Although the maximum 
plasma concentration (Cmax) also increased following administra-
tion of the nanosuspension, the area under the plasma drug con-
centration–time curve (AUC) decreased because of the rapid 
absorption. Consequently, higher efficacy and safety were expected 
for the nanosuspension formulation. Chiang et al. observed simi-
lar effects in a fluticasone propionate nanosuspension [18].

Respiratory System
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Encapsulation of drug molecules in polymeric nanoparticles 
has also been of great interest. Notably, poly(dl-lactide-co- 
glycolide) (PLGA) has been the most actively investigated material 
for encapsulation because of its biodegradable property [19]. 
Pandey et al. administered rifampicin, isoniazid, and pyrazinamide 
encapsulated in PLGA nanoparticles using a jet nebulizer to achieve 
increases in both the mean residence time (MRT) and bioavailability 
for all these drugs (Table 1) [20]. Decoration of the particle sur-
face using lectin resulted in further increases in efficacy because 
lectin is recognized by epithelial cell receptors [21]. Yamamoto 
et al. decorated PLGA nanoparticles using chitosan to improve 
pulmonary absorption of the peptide drug, elcatonin [12]. The 
chitosan-decorated PLGA nanoparticles reduced blood calcium 
levels to 80 % of the initial concentration. Moreover, the pharma-
cological efficacy was maintained for 24 h, which was explained by 
mucoadhesive properties and the tight junction opening effect of 
chitosan. In addition, polymeric nanoparticles are also regarded as 
promising vehicles for gene delivery [22].

Liposomes have also been investigated as nanoparticulate carriers 
because of their advantages that include biocompatibility, good dis-
persion efficiency, ease of surface decoration, and suitability for both 
hydrophilic and lipophilic drugs. Liposomes may be formulated 
either as powders [23, 24] or suspensions [25, 26]. Although the 
former have advantages such as higher stability and portability 
(because nebulizers are required for administration of suspensions), 
majority of the researches have been on the latter use. Chono et al. 
administered insulin using liposome carriers and found that dipalmi-
toylphosphatidylcholine was effective as a constituent for improving 
absorption behavior, but similar effects were not observed for dilau-
royl, dimyristoyl, distearoyl, and dioleoyl liposomes [25]. Hydrophilic 
drugs are usually entrapped into liposomes only with low entrapment 
efficiency. The efficiency is apparently improved if the free drug is 
removed. However, it makes the production process very compli-
cated, which is not acceptable from an industrial viewpoint. In some 
cases, coexistence of free and liposome- encapsulated drugs offers an 
advantage. In the case of a fentanyl formulation, their coexistence 
provided rapid and prolonged action [26].

4  Nanoparticle Aggregates

If nanoparticles are spray-dried under optimized conditions, hol-
low particles may be obtained [27, 28]. The formation of the hol-
low structure can be explained by considering the mass transport 
of each component in the radial direction during the drying 
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process [29, 30]. Peclet number, Pe, is a convenient parameter to 
describe this process and is described by the following equation:

 
Pe d=

R
Di

2

t  
(1)

where Rd, τ, and Di are the radius of the droplet, the drying time, 
and the diffusion coefficient of the component i, respectively. If the 
component cannot catch up with the shrinkage of the droplets, Pe 
has a large value (>>1), and the component is likely to accumulate 
on the surface of the spray-dried particle. This process is described in 
Fig. 2. In contrast, a small Pe (<<1) means that the diffusion of the 
component is sufficiently rapid to catch up with the shrinkage of 
the droplets, and one would expect homogeneous distribution of the 
component within the particle. The hollow aggregates, termed 
PNAPs (porous nanoparticle-aggregate particles) [31], may be suit-
able for pulmonary drug delivery because of their low density.

Sung et al. entrapped rifampicin in PLGA nanoparticles, fol-
lowed by spray-drying to form PNAPs [32]. Although the phar-
macokinetic parameters obtained after pulmonary administration 
of PNAPs were comparable with those of the solution, the drug 
concentrations in the lung tissue and bronchoalveolar lavage com-
ponents were significantly higher than those after administration of 
the solution (Fig. 3). Yang et al. employed PNAPs for pulmonary 
delivery of a peptide drug, octreotide acetate [33]. Plasma aspar-
tate aminotransferase levels for the PNAP formulation was signifi-
cantly higher compared to the clinically used formulation injected 
subcutaneously.

TechnosphereⓇ, which is known as a formulation technology 
applied to an inhalable insulin formulation, uses aggregates of fuma-
ryl diketopiperazine nanocrystals [34]. In the case of the insulin for-
mulation (AfrezzaⓇ), insulin molecules are adsorbed on the 
aggregates to form microparticles that have an aerodynamic diame-
ter of 2.5 μm. The insulin molecules are adsorbed in a monomeric 
form, and it offers more rapid action (Tmax, 12–14 min) than that of 
the injectable formulation (Tmax, 45–60 min), which contains insulin 

Droplets

Nanoparticles

Evaporation of solvent

Spontaneous formation of
hollow aggregates

Fig. 2 The process of formation of hollow aggregates composed of nanoparticles
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in a hexameric form. This formulation was approved by FDA in June 
2014. Although it is difficult to prevent aggregation of the nanopar-
ticles, certain nanoparticle aggregates are also promising for pulmo-
nary drug delivery as demonstrated by this example.

5  Nanoparticle-Containing Microparticles

Entrapment of nanoparticles in a microparticulate matrix elimi-
nates the problem of aggregation. In this case, distribution of the 
particles in the lung after inhalation follows that of microparticles. 
Nevertheless, other effects specific for nanoparticles including 
avoidance of mucociliary clearance and efficient absorption after 
deposition should be maintained. Ohashi et al. entrapped 
rifampicin- containing PLGA nanoparticles in mannitol micro-
spheres in one step using a 4-fluid nozzle spray drier [35]. Uptake 
of rifampicin by macrophages was increased by using the micro-
spheres. Their imaging study revealed that PLGA nanoparticles 
administered in mannitol microparticles were effectively retained 
in the lung, although microparticulate PLGA was found to be 
eliminated rapidly from the lung. Ungaro et al. entrapped tobra-
mycin in nanoparticles composed of PLGA and another polymer, 
which was included in the lactose microsphere, to investigate the 
effects of the composition of nanoparticles on the formulation per-
formance [36]. Poly(vinyl alcohol) (PVA)-modified alginate/
PLGA nanoparticles were found to reach deep in the lung, while 

Fig. 3 Rifampicin concentration in homogenized lung tissue and the bronchoal-
veolar lavage (BAL) components in guinea pigs. BAL pellets were obtained by 
centrifuging BAL fluid. Dry powder formulations were administered via intratra-
cheal insufflation at a dose of 2.5 mg/kg, and the drug concentrations were 
determined 8 h after administration. The formulations were prepared using 
l-leucine as an excipient. The nanoparticles were composed of rifampicin and 
PLGA. PP, spray-dried porous powder; PNAP40, the formulation containing 40 % 
nanoparticles; PNAP80, the formulation containing 80 % nanoparticles

Respiratory System
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PVA-modified chitosan/PLGA nanoparticles were mainly found in 
the upper airways. Thus, modifications of the surface properties 
and sizes of the nanoparticles, although they were incorporated in 
the lactose microparticles, were shown to significantly influence 
the performance of the nanoparticles after deposition.

6  Future Prospects

This chapter focused on formulation technologies for pulmonary 
drug delivery based on nanotechnologies. However, another 
important challenging issue in the field of pulmonary drug delivery 
is the development of inhalation devices. In addition to the 
aerodynamic diameter of particles in the formulation, how the 
formulation is inhaled also influences its deposition site. Thus, 
attention is required as well on the development of an inhalation 
device that maximizes the efficacy of the formulation.

Future drug treatments will greatly depend on biopharmaceu-
ticals, which are currently administered by injection. The lungs are 
a promising portal for systemic delivery of biopharmaceuticals, 
because the oral route is almost useless for high-molecular weight 
drugs. Withdrawal of ExuberaⓇ, the first inhalable product for sys-
temic administration of a peptide drug, from the market indicated 
that significant effort is still required before the lung can be used 
for systemic drug delivery. Nanotechnology is still in development 
and may promote innovation in pulmonary drug delivery for more 
patient-friendly administration of biopharmaceuticals.
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    Chapter 16   

 Depot Microcapsules Containing Biologic Nanoparticles 
and Cytoplasm-Responsive Nanocarriers for Nucleotides       

     Hiroaki     Okada       

  Abstract 

   Insulin is synthesized in the rough endoplasmic reticulum as proinsulin, converted and packed into 
secretory granules as 200-nm insulin nanoparticles after Golgi processing, and secreted from pancreatic 
β-cells followed by signaling of blood glucose elevation. Lupron Depot ®  injectable microcapsules contain-
ing nanoparticles of leuprorelin (a superagonist of luteinizing hormone-releasing hormone), encapsulated 
with a biodegradable polymer, can persistently release peptides for a long time (1, 3, and 6 months) for 
treating hormone-dependent diseases such as prostate cancer, breast cancer, and endometriosis. Arginine- 
rich cell-penetrating peptides (CPPs) involved in the uptake of large molecules such as proteins, nucleo-
tides, and even nanoparticles are expected to be nonviral carriers for nucleotides. The cytoplasm-responsive 
CPP—CH 2 R 4 H 2 C (C, cysteine; H, histamine; R, arginine)—was synthesized and conjugated with stearic 
acid for local administration or with methoxy poly(ethylene glycol)-block-poly(ε-caprolactone) for sys-
temic administration. Nucleotides were shielded rigidly on the surface of nanomicelles by the intramolecu-
lar and intermolecular disulfi de linkages of 2 cysteine residues, and protected against nucleases in blood, 
and were defi nitely released in the reductive environment of the cytoplasm. In this chapter, leuprorelin 
depot microcapsules using biodegradable polymers for long-term release and cytoplasm-responsive nano-
carriers using functional CPP for siRNA transfection are described.  

  Key words     Leuprorelin-injectable microcapsules  ,   Peptide nanocores  ,   Chemical castration  ,    siRNA 
silencing    ,   Functional cell-penetrating peptides  ,   Cytoplasm-responsive nanocarriers  

1      Introduction 

 Two historic innovations in drug discovery were made in 2012, 
i.e., development of the gene therapy Glybera ®  [ 1 ] and stem cell 
therapy Prochymal ®  [ 2 ]. Glybera ®  (alipogene tiparvovec) is the 
fi rst gene therapy for lipoprotein lipase defi ciency (familial hyper-
chylomicronemia) and was developed by UniQure (Amsterdam, 
the Netherlands). In this agent, the unique adeno-associated virus 
(AAV) is used as a gene carrier. Prochymal is the fi rst system using 
human mesenchymal stem cells for treating graft-versus-host dis-
ease and has been developed by Osiris Therapeutics (Columbia, 
MD, USA). 
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 These epoch-making medicines could usher a new era for the 
development of biologic agents. Furthermore, several novel 
 biologics and biological materials such as diabodies, functional 
peptide sequences of endogenous  proteins  , micro-ribonucleic acid 
(miRNA) molecules, short interfering RNA (siRNA) molecules, 
and DNA vaccines are under clinical study. 

 In the human body, there are many autocrine, paracrine, and 
endocrine factors. These include peptides,  proteins  , and nucleo-
tides that constitute hormones and cytokines. Hormones and cyto-
kines regulate numerous biological events and maintain circadian 
rhythm and homeostasis [ 3 – 6 ]. They also protect the body against 
foreign invaders (e.g., bacteria, viruses) to prevent many diseases 
[ 7 ,  8 ]. Most proteins in eukaryotic cells are synthesized and 
excreted from cells. They exert physiological activities on the sur-
face and milieu of cells or target  tissue   after circulation in blood. 
For example, in healthy individuals, insulin is synthesized in the 
β-cells of pancreatic islets and secreted into blood after elevation of 
blood glucose level, and subsequently glucose metabolism is main-
tained at an appropriate level. Figure  1  shows the rapid synthesis of 
proinsulin in the rough endoplasmic reticulum, processing in the 
Golgi apparatus (conversion from proinsulin to insulin), as well as 
condensation and storage in secretory granules. Granule contents 
spill into the extracellular space via exocytosis from β-cells and dif-
fuse into blood vessels. Surprisingly, insulin is released from β-cells 
as nanosized particles with a diameter of 200 nm (Fig.  1 ) [ 9 ].

   Our research team developed a long-term sustained-release sys-
tem for a superactive analog of luteinizing hormone-releasing hor-
mone (LH-RH) to suppress the endocrine system to treat 
hormone- dependent diseases [ 10 – 20 ]. This preparation is not a 
stimulus-responsive system like a cell, but can persistently suppress 
the normal hormone response and achieve strong “ chemical castra-
tion  .” Thereafter, we developed a microcapsule (mcp) system con-
taining siRNA/polyethylenimine (PEI) nanolipoplexes for treating 
 cancer   via inhibition of neovascularization and induction of apopto-
sis and for treating peripheral arterial disease via induction of angio-
genesis by sustained release of siRNA nanomaterials [ 21 – 23 ]. 

 Recently, miRNAs and siRNAs have also been studied for 
clinical application. More than 20 projects for clinical study are 
underway for the treatment of  cancer  , infection, asthma, macular 
degeneration, and common metabolic diseases [ 24 ,  25 ]. However, 
half of these siRNA clinical studies have only limited local applica-
tions, while few others have been investigated for systemic delivery 
(mainly using liposomes), and the progress of these trials has been 
very slow. Outstanding  drug delivery system   s   (DDSs) to safely 
achieve maximum therapeutic effi cacy using siRNAs are required 
urgently. 

 Kim et al. actively investigated the development of bioreducible 
poly(disulfi de amine)s for gene delivery with high effi ciency and 
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low cytotoxicity [ 26 – 38 ]. Cystamine bisacrylamide-based 
SS-poly(amido amine)s (PAAs) were developed, and Arg [ 30 ,  31 , 
 37 ] as well as guanidine [ 33 ,  38 ] was grafted to PAA to enhance 
transfection effi ciency. Self-assembly of DNA with template disul-
fi de  polymerization   of peptides and di-Cys-nuclear localizing sig-
nals (CGYGPKKKRKVGGC) have been investigated as carriers for 
transfection with low cytotoxicity into cells [ 39 ]. Furthermore, 
other reducible polycationic peptides based on CH 6 K 3 H 6 C [ 40 ], 
fusion peptide KALA [ 41 ], C(D-R) 9 C [ 42 – 45 ], and CHR 6 HC 
[ 46 ] have been developed as effective cytoplasm-responsive peptide 
carriers for nucleotides. In most of these studies, treatments have 
been also carried out after local administration of these agents. 
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Cell membrane (exocytosis and endocytosis)

Recycling of cell membrane
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  Fig. 1    Biosynthesis of insulin in β-cells of pancreatic islets and the stimuli-responsive exocytosis pathway of 
insulin  nanoparticles   from excretory granules       
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 Our research team [ 47 – 52 ] focused on a cell-penetrating 
peptide (CPP) and several artifi cial peptides were synthesized and 
conjugated with stearic acid or methoxy poly(ethylene glycol)-
block-poly(ε-caprolactone) (MPEG-PCL) to enhance transfec-
tion. These peptide carriers self-assembled and were polymerized 
by disulfi de bonding via oxidization in air in nanosized micelles 
after mixing with siRNAs. Complex formation of nucleotides with 
these nanocarriers afforded less cytotoxicity and higher  gene trans-
fection   effi ciency. This was because of high shielding and protec-
tion of nucleotides from degradation by nucleases and from 
binding to plasma  proteins  . 

 These long-term, sustained-release injectable mcps containing 
 nanoparticles   of peptides or nanopolyplexes of siRNA using biode-
gradable  polymers   are described in the fi rst half of this chapter. 
Then, two types of nanomicelles using cytoplasm-responsive 
CPPs complexed with siRNA are described with regard to cellular 
transfection ability and antitumor effects after local and systemic 
administration.  

2    Sustained-Release mcps Containing Biological Nanoparticles 

   Lupron Depot injection (marketed under the name “Leuplin” in 
Japan) consists of injectable mcps (“polynuclear microcapsules”) 
containing numerous very fi ne  nanoparticles   (“nanocores”) of the 
peptide leuprorelin (like insulin in pancreatic β-cells). Leuprorelin 
(i.e., Des-Gly 10 -(D-Leu 6 )-LH-RH ethylamide) is a synthetic nona-
peptide analog of LH-RH and the acetate salt is used for prepara-
tion. This analog is the fi rst superactive agonist to exhibit biological 
activity >10- to 100-fold the biological activity of natural 
LH-RH. This peptide is highly water soluble and has a high molec-
ular weight (MW; 1269.47); therefore, the bioavailability by oral 
administration is very low owing to poor membrane permeability 
and degradation by gastrointestinal enzymes. The peptide is 
extremely stable in water but is unstable in blood and body fl uids 
owing to enzymatic degradation and is excreted rapidly from the 
body soon after injection. Therefore, daily injection over a pro-
longed period is needed for therapeutic effi cacy. To overcome these 
disadvantages, we focused on developing a sustained-release depot 
injection using biodegradable  polymers  . Depot-injectable formula-
tions were prepared using our in-water drying method (1983) 
[ 11 ]. A reconstituted mcp suspension was injected using a fi ne 
needle (23–26G), because the particles have an average diameter 
of <20 μm. The wall of 1-month depot mcp encapsulated nanopar-
ticles of the peptide is comprised of the biodegradable  polymer  , 
 PLGA   (75/25)-14,000 [poly( DL -lactic and glycolic acid), and 
lactic/glycolic acid ratio of 75/25, MW of 14,000]. Three-month 
depot mcp wall is comprised of PLA-15,000 [poly(lactic acid) 

2.1  Lupron Depot ®  
 Injection  

Hiroaki Okada



315

having a MW of 15,000]. The peptide are released continuously 
after dissolution and diffusion through the hydrated polymer fol-
lowing biodegradation in body fl uids. 

  Leuprorelin   acetate is an agonistic analog of LH-RH. It 
induces sexual maturation and ovulation by stimulating gonado-
tropin (LH and follicle-stimulating hormone [FSH]) secretion in 
the pituitary gland as well as steroidogenesis of estradiol (females) 
and testosterone (males) in the genital organs. However, if admin-
istered chronically at a relatively high dose, paradoxically it exerts 
antagonistic inhibitory effects on gonadotropin secretion from the 
pituitary gland and testicular/ovarian steroidogenesis:  chemical 
castration  . These effects are attributed to downregulation of the 
expression of LH-RH receptors in the pituitary gland owing to 
chronic stimulation by the stronger pharmacological potency of 
leuprorelin acetate as compared with native LH-RH. 

 Chronic administration of 1-month depot mcp has been shown 
to markedly inhibit blood levels of gonadotropin and sex hormones 
in rats and dogs over 4 weeks [ 12 – 16 ]. Persistent suppression of 
the growth of genital organs such as the testis, prostate gland, and 
seminal vesicles in male rats, as well as the ovary and uterus in female 
rats, was obtained even with a single injection of mcp. These inhibi-
tory effects have been used to treat sex hormone- dependent diseases 
such as tumors in the prostate gland, breast tumors, endometriosis, 
uterine fi broids, and  central   precocious puberty without serious side 
effects or the need for surgical castration. 

   The in-water drying method is based on a novel W 1 /O/W 2  dual- 
emulsion technique for water-soluble peptides devised originally by 
Okada et al. [ 11 ]. The method for preparing 1-month depot mcps 
on a laboratory scale is shown schematically in Fig.  2 . In brief, the 
peptide and gelatin are dissolved in a small amount of distilled water 
(W 1 ) at about 60 °C. The peptide solution is homogenized vigor-
ously with  PLGA  -dichloromethane (DCM) solution (O) by using a 
Polytron homogenizer (PT3100; Kinematica AG, Littau, 
Switzerland) and cooled to 15–18 °C to stabilize the W 1 /O emul-
sion. Then, the emulsion is infused into a large volume of 0.25 % 
polyvinyl alcohol (PVA) solution using a glass injector with a long, 
narrow needle, just under the agitating blades, while homogenizing 
in a turbine-shaped homogenizer at >6000 rpm. The resulting dual 
emulsion is stirred gently for 3 h in a fume hood to remove the 
organic solvent. These semi-dried mcps are sieved through 74-μm 
apertures to remove larger particles and washed twice with water 
using gentle centrifugation. The sedimented mcp pellet is re-dis-
persed in mannitol solution and lyophilized to remove residual 
organic solvent and water. This procedure affords much higher 
trapping effi ciency of a water-soluble compound in the mcps owing 
to the stability of the emulsion during the  interaction   between 
the nanosized-cationic drug cores and anionic  polymer   (Fig.  2 ). 

2.1.1  Preparation 
of Depot mcps
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This procedure results in rigid micelle-like nanodomains of the 
drug surrounded by polymeric alkyl chains.

   The rigid structure of mcps can also provide very long-term, 
continuous drug release in the body because of bioerosion of the 
 polymer  , which is attributed to its micelle-like  nanostructure  . 
The change in the remaining amount of the peptide at the injection 
site after subcutaneous injection in rats is dependent on bioerosion 
of the polymer in the mcp with different types of polymer (Fig.  3 ). 
Thus, release of peptides from the mcp prepared with a rapid- 
erosion polymer ( PLGA  [75/25]-15,800: around 1-month depot) 
was rapid and that with a slow-erosion polymer (PLA-18,200: 
around 3-month depot) was slow.

PLGA Biodegradable
Barrier

Positive
Drug Core

Dichloromethane
Gelatin soln. 0.5 ml

Leuprorelin
acetate 450 mg

PLGA

PLGA

Microspheres
ca. 20 mm

Drug

4 g

W/O emulsion

W/O/W emulsion0.25% PVA aq. soln.
1000 ml

(cross section)

evaporate organic solvent
& freeze-dry

5 ml

  Fig. 2    Preparation procedure for 1-month depot  PLGA   microspheres of leuprorelin acetate using a W/O/W 
dual-emulsion- solvent evaporation method and schematic entrapment of micelle-like nanocores of the water- 
soluble peptide with  polymer   for sustained release       
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   Three-month release mcps of leuprorelin are prepared using a 
similar in-water drying method, with minor modifi cations to the 
volumes of solvent used [ 17 ,  18 ]. We have also achieved a 6-month 
depot preparation of leuprorelin using PLA-30,000, which was 
synthesized by a ring-opening method and hydrolyzed by 1 N 
NaOH to reveal free carboxylic acids at the  polymer   ends. In the 
absence of these free anions, encapsulation effi ciency was low and 
the initial burst large. This is the most important point of this 
methodology. Gelatin was eliminated from the inner drug solution 
in the 1-month depot preparation when bovine spongiform 
encephalopathy was prevalent worldwide.  

   Drug-release profi les during setting up of the fi nal formulation 
were assessed by the peptide remaining at the injection site using 
high-performance liquid chromatography (HPLC) after subcuta-
neous injection in rats (Fig.  3 ). Serum drug levels were determined 
using our radioimmunoassay (RIA) system after injection of the 
mcp, which recently can be easily assayed by liquid chromatography- 
tandem mass spectrometry (LC/MS/MS). Serum levels of the 
peptide were maintained over 4 weeks in rats, dogs, and humans 
(Fig.  4 ) to similar extents after a single subcutaneous or intramus-
cular injection of the 1-month depot formulation [ 14 ]. Serum leu-
prorelin levels in rats and dogs after subcutaneous or intramuscular 
injection of the 3-month depot msp preparation were stable over 
13 weeks after a short-lived initial elevation [ 19 ].

        Strong suppression of serum levels of estradiol, testosterone, LH, 
and FSH for 6 weeks following initial elevation of levels of these 
hormones following an agonistic activity was induced in male and 
female rats as well as dogs by single injection of the 1-month depot 

2.1.2  Drug Release 
from mcps

2.1.3  Pharmacological 
Activities in Animals

 Suppression 
of Steroidogenesis

  Fig. 3    Remaining amount of leuprorelin at the injection site in microcapsules prepared by several types of 
biodegradable  polymer   and a photograph of microcapsules wrapped by a thin fi lm of collagen with neovascu-
larization after subcutaneous injection in rats. Dose = 0.9 mg, mean ± SE,  n  = 5       
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formulation [ 12 – 15 ]. The initial fl are-up of serum testosterone 
disappeared completely after 3 days in rats and after 2 weeks in dogs 
and humans. With multiple injections, little fl are-up was observed 
after the second and subsequent injections as long as  chemical cas-
tration   was maintained [ 15 ]. Growth of the genital organs was 
obviously inhibited in rats within 2 weeks and lasted for >6 weeks 
following a single injection at the dose of over 100 μg/kg/day 
[ 14 ]. Serum estradiol levels were suppressed for 6 weeks after 
injection without an initial fl are-up. 

 Serum testosterone was strongly suppressed for >16 weeks 
after a single intramuscular injection of the 3-month depot in male 
rats at 1–100 μg/kg/day (Fig.  5 ) [ 19 ]. Strong suppression of 
growth of the genital organs (including the testis, seminal vesicles, 
and prostate gland) was observed. This suppression served as a 
indication of suppression of hormone-dependent tumors of the 
prostate gland. This growth suppression occurred at 100 μg/kg/day 
for >16 weeks.

   A periodic challenge test with a peptide solution (100 μg) 
revealed that single injection of the mcp caused dramatic suppression 
of the ability of the pituitary-gonadal system to secrete gonadotro-
pin and testosterone. This effect lasted for >5 weeks with the 
1-month depot and for >15 weeks with the 3-month depot [ 15 ,  19 ]. 
Complete recovery of these functions was observed 10 weeks after 
injection of the 1-month depot, showing it to be a temporary form 
of  chemical castration  . Cytological examination of vaginal smears 
after injection of the mcp in female rats also showed reversible and 
sustained inhibition of the estrous cycle. The cycle was arrested in 
diestrus for 6 weeks after injection and recovered 8–10 weeks later 

  Fig. 4    Mean plasma concentration of leuprorelin in patients suffering from prostate  cancer   after intramuscular 
injection of 1-month sustained-release injection, Lupron Depot 7.5 mg       
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[ 15 ]. This recovery of function of the ovary is desirable, resulting 
in the possible induction of fertility. It is very benefi cial, especially 
for young women.  

   Ichikawa et al. [ 53 ] reported that single injection of a depot prepa-
ration of leuprorelin (10 mg/kg/month) suppressed tumor 
growth in the Dunning rat R3327 prostatic tumor model much 
more robustly than did daily injection of the peptide (333 μg/kg/
day) solution at the same dose. Antitumor effects were potentiated 
if the dose was divided and administered twice a day. The depot 
formulation had the greatest effect of all the treatments and was 
almost equal to that of surgical castration. These results clearly 
indicated that the depot formulation could produce potent antitu-
mor activity by providing persistent levels of the peptide in blood.  

   Endometriosis is caused by the growth of an aberrant or ectopic 
endometrium at various locations within the pelvic cavity, including 
the ovaries, uterine ligaments, rectovaginal septum, and pelvic peri-
toneum. We examined the effect of the 1-month depot on endome-
triosis in a Jones experimental endometriosis model in female rats 
[ 12 ]. Single injection of the mcp at 100 μg/kg/day signifi cantly 
decreased endometrial explants (94 % regression and 54 % disap-
pearance) 3 weeks after injection, which was comparable with that 
achieved by surgical ovariectomy. Daily intermittent subcutaneous 
injection of the peptide at 100 μg/kg signifi cantly suppressed the 
growth of all explants (though they remained visible).   

 Inhibition in a Prostate 
Tumor Model

 Treatment in a Model 
of Endometriosis

  Fig. 5    Serum testosterone and weight change of genital organs in rats after intramuscular injection of a 3-month 
depot of leuprorelin. Dose: 100 ( open circle ), 30 ( fi lled circle ), 10 ( open square ), 1 ( fi lled square ) μg/kg/day 
(mean ± SE,  n  = 5)       
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     Incidence rates of prostate  cancer   have increased signifi cantly over 
the past 35 years. This phenomenon is probably a result of early 
detection of the tumor due to the increased availability of prostate- 
specifi c antigen (PSA) screening. Over 80 % of these  cancers   are 
endocrine dependent, tend to grow slowly, and can metastasize in 
>50 % of patients. Treatment of stage D prostate cancer focuses on 
hormonal therapies to reduce androgen levels or to block their 
effects and includes surgical (orchiectomy) and chemical (diethyl-
stilbestrol, LH-RH agonist, and antiandrogens) castration. Depot 
formulation of LH-RH agonists, which is effective and without 
serious adverse effects, is now the “gold standard” for treating 
stage D prostate cancer. 

 In a study fi rst carried out in patients with stage D2 prostate 
 cancer   in the USA,  plateau  serum levels of leuprorelin persisted for 
>4 weeks after single injection of the mcp (Fig.  4 ). Dramatic sup-
pression of serum testosterone to below castration levels was 
achieved after 4-week repeated injection at 7.5 mg (corresponding 
to 1/4 the dose used with peptide solution). These results agree 
well with preclinical animal studies. In worldwide studies, a satis-
factory objective response (no progression) in 88–98 % of patients 
treated with 3.75-mg and 7.5-mg depots was observed. Overall, 
50–60 % of patients had complete or partial responses. Rapid relief 
from bone pain (80–90 % of patients), signifi cant improvement of 
nocturnal problems (dysuria, 60–80 %), and general well-being 
were also reported. In clinical studies of the 3-month depot, safety 
and effi cacy of Lupron Depot (3-month) (22.5 mg) similar to that 
of the original daily subcutaneous injection and monthly depot 
formulation were achieved during the initial 24 weeks of treat-
ment. About 60 % of patients experienced hot fl ashes/sweats, and 
other mild side effects such as gynecomastia (16 %), nausea, vomit-
ing (13 %), and diarrhea (2 %) were also observed.  

   Endometriosis occurs in about 10 % of all women of reproductive 
age and is a common cause of chronic pelvic pain and/or infertility. 
In the USA, the safety and effi cacy of Lupron Depot (3.75 mg) in 
patients with endometriosis was fi rst assessed using six injections 
every 4 weeks. Estradiol levels decreased signifi cantly to meno-
pausal levels (<30 pg/mL) and menses were suppressed com-
pletely. In a double-blind randomized clinical trial of depot 
formulation versus danazol in 270 patients, Lupron Depot caused 
more rapid and profound suppression of estradiol than danazol 
and was similarly effective in decreasing the extent of endometrio-
sis as assessed by laparoscopy. In addition, dysmenorrhea (99 %), 
pelvic pain (55 %), and tenderness (73 %) were improved by the 
end of treatment. Common side effects of the depot formulation 
were hot fl ashes (84 %) and vasomotor symptoms (91 %), headache 
(35 %), vaginitis (29 %), insomnia (17 %), emotional liability 
(16 %), nausea (13 %), weight gain (13 %), nervousness (13 %), 

2.1.4  Clinical Studies

 Prostate Cancer

 Endometriosis
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decreased libido (13 %), acne (11 %), depression (11 %), and dizziness 
(10 %). The leuprorelin group showed a greater mean loss of bone 
mineral density than the danazol group. Most bone loss caused by 
treatment with LH-RH agonists was reversible, but strategic 
approaches to avoid such bone loss should be considered (especially 
for young women).    

   We are investigating rational delivery systems for siRNAs that inhibit 
expression of a specifi c DNA by cleaving the complementary 
sequence in mRNA (“gene silencing”). siRNAs are synthesized 
easily, and a small dose specifi cally inhibits the disease-related gene. 
siRNAs are expected to be major biomaterials for molecular- 
targeted medicines without serious side effects. 

 The focus for our siRNA studies is inhibition of gene expres-
sion of vascular endothelial growth factor (VEGF), which regulates 
tumor angiogenesis and is an important factor in tumor growth 
[ 21 ]. However, siRNAs are readily hydrolyzed by RNAse in body 
fl uids and are poorly permeable in cells and organs. Therefore, an 
effi cient transfection carrier for siRNAs within cells is required to 
achieve potency. siRNAs can inhibit translation of mRNA by 
repeatedly degrading mRNA enzymatically for 5–7 days by single 
transfection (which is more prolonged than that by antisense 
nucleotides). However, if sustained silencing for long-term therapy 
is required, a form that can produce sustained dose release is essen-
tial for disease suppression. Thus, we investigated preparation of 
depot  PLGA  (75/25)-14,000 mcp encapsulating anti-VEGF 
siRNA (siVEGF) complexes with branched PEI in an in-water dry-
ing method to attain continuous silencing and antitumor activities 
[ 21 ]. The encapsulation effi ciency of siRNA increased if arginine 
or PEI was added to the inner water phase of the W 1 /O emulsion. 
After single intratumoral injection, the siRNA PLGA mcp persis-
tently inhibited VEGF secretion from tumor cells and suppressed 
tumor growth for >4 weeks in mice bearing S-180 tumors (Fig.  6 ). 
Antitumor activity was strongest upon combination therapy with 
anti-angiogenesis by siVEGF and induction of apoptosis by sic-
FLIP (anti-cFLIP [cellular FLICE-inhibitory  protein  ] siRNA). 
FLICE is a FADD-like IL-1β-converting enzyme, and FADD is a 
Fas-associated protein with a death domain. These results indicate 
that long-term, controlled release of siRNA by a delivery system 
can be effective. They also serve as an example for potentiating the 
medical usefulness of a biomaterial by matching the drug and 
intensive DDS (e.g., long-term depot formulations).

   We have also developed a depot-injectable mcp containing 
siRNA/PEI nanosized complexes (N/P ratio, 15) for treating 
arteriosclerosis obliterans (ASO) and intermittent claudication 
[ 22 ,  23 ]. Anti-Int6 RNA/DNA chimera siRNA (siInt6, Alphagen, 
Yokohama, Japan) was used for inducing neovascularization 
around the avascular zone by ASO. Integration site 6 (Int6) is an 

2.2  Mcps Containing 
Nanocomplexes 
of siRNAs
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inhibitor of hypoxia-inducible factor (HIF)-2α, which is an angio-
genesis factor to increase levels of erythropoietin (EPO) and 
VEGF. The mcp containing siInt6/PEI nanocomplexes had a 
diameter of 34 μm, could release nanosized complexes from 
 PLGA  (75/25)-14,000 mcp for 2 weeks, and induced neovascular-
ization by single injection of 10.5 μg siInt6 at the avascular zone 
on femoral muscle developed following ligation of the femoral 
arterial vein. The neovascular capillaries observed by microscopy 
were comparable with daily injection of a siInt6 (1.5 μg)/PEI 
complex solution and could detect many neocapillaries at the 
 injection site after immunostaining endothelial cells with anti-rat 
CD31 (cluster of differentiation 31, a marker of endothelial cells) 
antibody 2 weeks after surgery and treatment. Hence, sustained 
release of siRNAs can achieve continuous silencing and promote 
the pharmacological effect of siRNAs.   

3    Cytoplasm-Responsive CPP Nanocarriers 

   Glutathione tripeptide (GSH; γ-glutamyl-cysteinyl-glycine) is the 
most abundant biological thiol, and GSH/glutathione disulfi de 
(GSSG) is the major redox couple in animal cells [ 54 ]. In body 
fl uids, blood, and the extracellular matrix,  proteins   are rich in 
stabilizing disulfi des due to a low concentration of GSH (2–20 μM) 
(Fig.  7 ). Within cells, the GSH concentration is about 1000-times 
higher (0.5–10 mM), which is kept reduced by NADPH and 
glutathione reductase, thereby maintaining a highly reducing envi-
ronment inside cells. The large difference in reducing potential 

3.1  Mechanism 
of Cytoplasm- 
Responsive Gene 
Carriers

  Fig. 6    Antitumor effects of siRNA microcapsules after single intratumoral injec-
tion in mice bearing S-180 sarcoma cells. PBS ( diamond ),  PLGA   msp ( fi lled 
square ), siVEGF mcp (12.6 μg,  fi lled triangle ), sicFLIP mcp (12.6 μg, ×), and 
combination mcp (sicFLIP 18.5 μg, siVEGF 9.0 μg,  fi lled circle ) (mean ± SE,  n  = 5, 
*  p  < 0.05; **  p  < 0.01, Student’s  t -test)       
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between intracellular and extracellular environments can be 
exploited for triggering intracellular delivery of various bioactive 
molecules [ 55 ]. Also of particular interest is that tumor  tissues   are 
highly reducing and hypoxic compared with normal tissues, with at 
least fourfold higher concentrations of GSH in tumor tissues than 
normal tissues [ 56 ]. The disulfi de-linked complexes of nucleotides 
with cationic nanocarriers are very stable in blood, but complexes 
are easily cleaved and can release the nucleotides inside the cells 
effi ciently.

      To develop a new gene carrier with higher effi cacy of cellular uptake 
and greater intracellular release of nucleotides, we synthesized a 
new cytoplasm-responsive carrier peptide, stearoyl (STR)-
CH 2 R 4 H 2 C (OK-102). Four Arg (R) residues and the STR moiety 
can induce endocytosis of the nucleotide complexes, and 4 His (H) 
residues and STR can promote early endosomal escape by the 
“proton sponge effect” and membrane fusion. Moreover, this 
carrier peptide can form rigid complexes with nucleotides not only 
through ionic interactions of negatively charged nucleotides with 
positively charged Arg moieties but also through trapping inside 
a CPP network of intermolecular and intramolecular disulfi de 
cross- linkages between two Cys (C) residues in non-reducing envi-
ronments (e.g., extracellular space and blood), which results in 

3.2  Local Delivery 
of Genes

  Fig. 7    Endocytosis and intracellular traffi cking of cytoplasm-responsive CPP nanocarriers and MPEG-PCL- 
CH 2 R 4 H 2 C (OK-103)/siRNA complexes in cells (schematic) [ 25 ]       
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effective protection of nucleotides against nucleases. Subsequently, 
nucleotides can be released readily in the reducing environment 
inside the cell, which promotes the cleavage of disulfi de linkages 
following higher uptake by target cells through endocytosis trig-
gered by oligoarginine. This cellular uptake and intracellular traf-
fi cking also occurred in MPEG-PCL-CH 2 R 4 H 2 C (OK-103) 
(Fig.  7 ). Furthermore, we elucidated the effi cacy of OK-102 as a 
carrier for siRNA [ 47 ] and pDNA [ 48 ]. 

   OK-102/siRNA complexes (N/P ratio, 10) have a diameter of 
about 100 nm and zeta potential of 18.2 mV, which indicate that 
Arg and His in the  polymer   appear on the surface of the complexes 
[ 47 ]. The shielding of 85–95 % siRNAs with this carrier was 
approved at an N/P ratio of 1–10, indicating rigid trapping in 
nanocarriers using the SYBR Green exclusion assay. The remaining 
thiol groups in the complexes (N/P ratio, 10) were determined by 
Elman’s test. The non-oxidated thiol groups decreased to 60 % 
after 2-h air oxidation at room temperature and reached a  plateau  
of about 40 % after 8 h. This fi nding indicated that the carrier 
could rapidly condense and physically shield siRNA via charge 
 interaction   and netlike disulfi de cross-linking of double Cys in the 
peptide carrier. 

 The sequence-specifi c silencing effects by these carrier com-
plexes of anti-VEGF siRNA (siVEGF) were evaluated by VEGF 
secretion in S-180 sarcoma cells using an enzyme-linked immuno-
sorbent assay (ELISA) [ 47 ]. Increasing the N/P ratio of  OK-102/
siVEGF enhanced suppression of VEGF secretion. This complex 
exhibited distinctly greater inhibition on VEGF secretion than did 
siVEGF/STR-GH 2 R 4 H 2 G (no disulfi de-binding carrier) and com-
parable inhibition with siVEGF/CH 2 R 4 H 2 C (no STR carrier) or 
LipoTrust (commercial cationic liposome vector) complexes in this 
in vitro study (Fig.  8 ). Naked siVEGF and non-silencing mock 
siRNA (siCont)/OK-102 did not show gene inhibition compara-
ble with siVEGF/OK-102, suggesting that siVEGF can suppress 
VEGF expression in  cancer   cells in a highly sequence-specifi c man-
ner. These pharmacological activities coincided with cellular uptake 
of siVEGF [ 47 ]. OK-102 complexes at any N/P ratio had higher 
cellular viability in the WST-8 assays in comparison to untreated 
cells. These results indicate that OK-102 may serve as a highly 
effi cient and safe carrier of siRNA for local injection and mucosal 
application.

   OK-102/siVEGF complexes were evaluated for in vivo thera-
peutic activity by determination of effi cacy after intratumoral injec-
tion in mice subcutaneously inoculated with S-180 sarcoma cells 
[ 47 ]. Increased suppression of tumor growth by OK-102/siVEGF 
was achieved in comparison to complexation with a commercial 
vector. Naked siVEGF did not show suppression of tumor growth 
in this mouse model (Fig.  9 ).

3.2.1  Pharmacological 
Effects of Nanocomplexes
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       To obtain nucleotide delivery systems with high stability in blood 
and high transfection effi ciency to the target organ, a systemic 
delivery system for siRNAs using  polymer   micelles comprising 
amphiphilic block copolymers of MPEG and poly(ε-caprolactone), 
MPEG-PCL, conjugated with the Tat analog [ 51 ] and an artifi cial 
CPP, CH 2 R 4 H 2 C (OK-103) [ 52 ], was investigated. 

 The physical and chemical  characterization   of OK-103/siRNA 
complexes was evaluated [ 52 ]. OK-103/siVEGF complexes could 
be condensed effectively at N/P ratios >5, and the carrier had con-
siderably higher compaction to physically shield siRNAs (Fig.  10a ). 
Polymer-CPP carrier/siVEGF complexes at high N/P ratios of 
5–20 were approximately 30–70 nm in diameter, and their zeta 
potential was positive (Fig.  10b ). Formation of a complex of this 
 polymer   micelle with an artifi cial CPP (N/P ratio, 20) increased its 
RNAse resistance (Fig.  10c ).

3.3  Nanocarriers 
for Systemic Injection

  Fig. 8    Cellular uptake of siRNA and silencing effects by STR-CH 2 R 4 H 2 C (OK-102)/siVEGF in S-180 cells. ( a ) FAM- 
siRNA (1 μg) complexes with CH 2 R 4 H 2 C-based carriers (N/P ratio, 10) were transfected into S-180 cells. After 
4-h incubation, cellular uptake of FAM-siRNA was determined by fl ow cytometry. ( b ) siVEGF (1 μg) complexes 
with OK-102 (N/P ratio, 10) were transfected into S-180 cells for 12 h. After 48-h incubation, VEGF secretion in 
the culture medium was determined by ELISA (mean ± SD,  n  = 3, ***  p  < 0.001, Student’s  t -test)       
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   The cellular uptake of complexes with an N/P ratio of 20 was 
higher than the uptake of CH 2 R 4 H 2 C complexes [ 52 ]. Furthermore, 
the cellular uptake of CH 2 R 4 H 2 C complexes decreased signifi cantly 
in the presence of serum, while cellular uptake of OK-103 com-
plexes remained unaffected. These results suggest that the  PEG   
chain provides resistance against interactions with serum  proteins   
and enzymatic attack in the blood. We hypothesized that our 
micelles form a “V” shape that exposes CH 2 R 4 H 2 C and the PEG 
chain on the surface of the micelle, which allows each moiety to 
exert its respective function (Fig.  7 ) [ 25 ]. 

 PEI has strong ionic  interaction   with nucleotides, so PEI is 
taken into cells effectively. However, the release and transfection of 
the nucleotide is insuffi cient because of very strong ionic interac-
tions, which also produces higher cytotoxicity. siRNAs in our car-
rier complexes could be released easily from the rigid complex after 
cleavage of disulfi de linkages in the reductive environment of the 
cytoplasm. 

 Although tumor growth in mice treated with naked siVEGF and 
siCont (nonsense sequence control oligonucleotide) was not affected 
as well as untreated control mice, the tumor growth in tumor-bear-
ing mice injected intravenously with the OK-103/siVEGF complex 
was suppressed signifi cantly (Fig.  11 ) [ 52 ]. The ELISA assay revealed 
that VEGF secretion in tumor  tissue   after intravenous injection of 
the complex was suppressed signifi cantly compared with that in mice 
treated with naked siVEGF and in untreated controls.

  Fig. 9    Antitumor effect after intratumoral injection of OK-102/siVEGF complexes 
into mice bearing S-180 cells. When tumors reached approximately 50 mm 3 , mice 
received an injection siVEGF (5 μg) on days 0, 5, and 10, and tumor volumes were 
measured every day (mean ± SE,  n  = 5, ***  p  < 0.001, Student’s  t -test)       
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  Fig. 10    Condensation by disulfi de bonding and particle  size  /charge of siVEGF 
complexes with OK-103 and RNAse resistance of siVEGF. ( a ) Complexes were 
prepared at several N/P ratios by incubation at room temperature for 30 min. 
Fluorescence was measured using a microplate reader after labeling with SYBR 
Green. ( b ) Particle diameter (bar) and zeta potential (point) were measured using 
a dynamic light scattering and particle-sizing system, respectively. ( c ) RNAse A 
(RNAse A/siVEGF, 10 ng/μg) was added to naked siVEGF and the OK-103/siVEGF 
complex (N/P ratio, 20) solution and kept at room temperature until determination 
of intact siVEGF (mean ± SD,  n  = 3)       
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4        Conclusion 

 Lupron Depot preparations (leuprorelin sustained-release  injectable   
mcps with biodegradable  PLGA   and PLA) were found to exert per-
sistent suppression of steroidogenesis and hormone- dependent dis-
eases (e.g., prostate tumors, breast tumors, endometriosis, and 
precocious puberty) for 1 and 3 months by single injection, respec-
tively. Mcps can encapsulate numerous  peptide nanocores   inside a 
 polymer   matrix. They have a rigid alkyl chain as a “diffusion barrier” 
and can release peptides as insulin  nanoparticles   inside small secre-
tory granules of pancreatic β-cells. Thus, peptides can be released at 
a steady rate for a long time at the injection site. In this investigation, 
the novel microencapsulation method of in-water drying through 
the use of a stable W/O/W emulsion for water-soluble peptides was 
devised by our research team, resulting in the launch of a commer-
cial product in the USA. These depot formulations have undoubt-
edly improved the quality of life and medication compliance of 
patients (90 % for those with prostate  cancer  ) and have enhanced the 
medical usefulness of leuprorelin acetate dramatically. However, to 
achieve a more rational approach for most therapeutic peptides 
and  proteins  , DDSs providing more complex control of release 
(e.g., stimulus-mediated or biosensor- controlled) will be necessary. 
For example, we could treat diseases more precisely by taking into 
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  Fig. 11    Antitumor effect after intravenous injections of OK-103/siVEGF complexes 
in tumor-bearing mice. Tumor  size   was determined after intravenous injection of 
OK-103/siVEGF (25 μg) complexes every other day into S-180 tumor-bearing mice 
(mean ± SE,  n  = 5, ** p  < 0.01: Student’s  t -test versus untreated control). Untreated 
control ( fi lled triangle ), naked siVEGF ( fi lled square ), OK-103/siCont ( diamond ), 
OK-103/siVEGF ( fi lled circle )       
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account circadian rhythms or disease symptoms using intelligent 
materials responsive to external stimuli. 

 Two  functional CPP   s  , Tat analog and the artifi cial CPP, 
CH 2 R 4 H 2 C, were conjugated with STR for local administration 
and MPEG-PCL for systemic injection. STR-CH 2 R 4 H 2 C (OK- 
102) promoted the delivery of siRNAs for treating rat tumors by 
direct intratumoral injection. Moreover, a novel diblock copolymer 
conjugated with a functional CPP, MPEG-PCL-CH 2 R 4 H 2 C (OK-
103), safely promoted the delivery of siRNAs into tumor cells after 
intravenous injection in an in vivo study. OK-103/siRNA nanomi-
celles are very stable in blood of oxidative conditions after intrave-
nous injection, because of complete physical shielding by 2 Cys in 
the CPP peptide network. These nanomicelles are delivered effi -
ciently into tumor  tissue   by stabilizing the siRNA against nucleases, 
avoiding uptake by the reticuloendothelial system, and localizing by 
the enhanced permeability and retention effect (EPR effect). 
Therefore, these CPP carrier/siRNA complexes increase uptake by 
tumor cells (via Arg clusters on the surface of  polymer   micelles that 
promote endocytosis), ensure rapid escape from early endosomes 
(proton sponge effect by His residues), and achieve effi cient release 
by decompaction of CPP nanocarrier complexes in the cytoplasm 
(cleavage of disulfi de linkages by the reducing cytosol environment: 
“ cytoplasm-responsive nanocarrier   s  ”) and may effi ciently exert 
persistent silencing effect and strong therapeutic effects.     
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    Chapter 17   

 Nanoparticulate Drug Delivery Systems 
to Overcome the Blood–Brain Barrier       

     Tatsuaki     Tagami    ,     Moeko     Taki    , and     Tetsuya     Ozeki       

  Abstract 

   Nanomedicine, the term used to describe the combination of nanotechnology (or nanoparticles) with 
medicine, is now being used in the medical fi eld worldwide. Researchers in the fi eld of nanomedicine have 
been developing drug delivery strategies to overcome the blood–brain barrier (BBB) and have been inves-
tigating methods for penetrating the BBB for decades. However, effective nanoparticle-based formulations 
that successfully penetrate the BBB and reach the target site (e.g., brain cancer) in the brain have not yet 
been developed. In contrast, several drug-loaded nanoparticle formulations delivered via the systemic 
route have been approved by the FDA to treat various types of cancers. This review fi rst discusses FDA- 
approved nanomedicines, including liposomal formulations of Doxil ®  and the albumin-based drug 
Abraxane ® . Their characteristics are discussed, as are the challenging issues in the development of nano-
medicine. Subsequently, recent progress toward nanoparticle-based formulations that have succeeded in 
delivering drugs to the brain is reviewed. The approaches used to overcome the BBB, including receptor- 
mediated transcytosis and other attractive strategies, are discussed. This information can be useful in 
understanding nanoparticle-based drug delivery to brain tissue and can provide hints for next-generation 
nanoparticle-based drug delivery systems and the future of personalized therapy.  

  Key words      Nanoparticle  -based drug  delivery    ,   Blood–brain barrier  ,    Receptor-mediated transcytosis    , 
   Nanomedicine    

1      Introduction 

 The  blood–brain barrier   ( BBB  ) is the most important mechanism 
developed during the course of evolution to protect the central 
nervous system from invasion by foreign material. The tightly 
assembled endothelial cells comprising the BBB can exclude most 
of the substances present in the circulation, including useful sub-
stances such as drugs. Therefore, a variety of methods have been 
tested over the decades to transport drugs into the brain. 

  Nanoparticle  -based drug  delivery   systems have been devel-
oped for treating systemic diseases. An overview of nanoparticulate 
 drug delivery systems   designed to overcome the  BBB   is shown 
in Fig.  1 . Various drug nanocarriers have been developed and 
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investigated for brain-specifi c drug delivery [ 1 ,  2 ]. Nanoparticles 
can deliver drugs at high concentrations into the targeted  tissues   
with less non-specifi c drug distribution to other organs compared 
to other carrier systems. Controlled drug release from these parti-
cles is also feasible. However,  nanoparticles   are large compared to 
a typical drug molecule, which hinders their transport across the 
BBB. One promising strategy for overcoming this drawback is to 
use the endothelial receptors and transporters, which transport 
essential substances such as nutrients through the BBB.

   In this review, we fi rst look at the characteristics of nanoparticle- 
based drug delivery nanomedicines approved by the FDA. Next, 
we discuss strategies for delivering  nanoparticles   to brain  tissue  . 
Several formulations for systemic administration have been devel-
oped and one or more could be adapted to deliver drugs to the 
brain. Several methods for delivering nanoparticle-based drugs to 
the brain using receptors and transporters are reviewed (summa-
rized in Table  1 ), and methods for preparing drug-loaded nanopar-
ticles are briefl y described on a case-by-case basis. Finally, several 
attractive approaches, in addition to the use of receptors and trans-
porters, are described.

2       FDA-Approved Nanomedicines 

     Liposomes   are among the best characterized and established drug 
nanocarriers. Liposomes are composed of lipids that are nonim-
munogenic. Both water-soluble and poorly water- soluble drugs 
can be encapsulated in liposomes, including large molecules such 
as  proteins   and  nucleic acids  . Doxil, which consists of  PEGylated 
liposome  s containing doxorubicin, is the first nanoparticle-based 

2.1  A Liposomal 
Drug Formulation: 
DOXIL ® 

Brain

Blood

Paracellular route

Receptor-mediated
transcytosis

Transporter-mediated
transcytosis Adsorptive

transcytosis

Nanoparticle transport by physical
power (CED, focused ultrasound)

Permeation of
lipophilic drugs

  Fig. 1    Overview of nanoparticulate  drug delivery systems   to overcome the brain–blood barrier       
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drug approved by the FDA and is used to treat recurrent ovarian 
 cancer   and Kaposi sarcoma. Non-PEGylated liposomal formula-
tions that have been approved by the FDA, such as Daunosome ®  
and Marquibo ® , have been summarized in another review [ 3 ]. 
Two major technologies have contributed to the development of 
Doxil:  PEGylation   and active drug loading [ 4 ]. PEGylation coats 
the liposome with  polyethylene glycol   ( PEG  ), allowing water to be 
trapped and form a layer around the liposome. This allows the 
liposome to escape recognition and phagocytosis by the  mononu-
clear phagocyte system   (MPS). Furthermore, PEGylation alters 
the form of the liposome and can help retain the drug in the lipo-
some. Because they escape MPS, PEGylated liposomes can have a 
longer blood circulation time, allowing them to accumulate in 
solid tumor  tissue  . This is called the enhanced permeability and 
retention (EPR) effect [ 5 ]. New tumor blood vessels are leaky 
compared with normal, rigid blood vessels, and macromolecules 
can enter the tumor tissue by extravasation. The EPR effect is 
dependent upon the  size   of the macromolecule. Liposomes 
approximately 100 nm in diameter can accumulate in solid tumors. 

 The second major technology used to manufacture liposomal 
drug formulations is the active drug-loading method, which is also 
called the remote loading method. This method is used with pH- 
dependent basic drugs and acidic drugs. Due to the pH gradient 
between the inside and the outside of the liposome, a nonionic 
drug can migrate from the exterior membrane of the liposome to 
the interior membrane of the liposome and there assumes an ionic 
form. The drug interacts with salts in the liposome interior and 
sometimes precipitates. This drug-loading process is an equilibra-
tion reaction and the drugs are actively loaded into the liposome, 
resulting in almost 100 % of the drug being loaded into the 
 liposome. This method is cost effective but is suitable only for 
 pH- dependent drugs and its application is therefore limited. The 
effi cacy of drug loading is dependent on the solubility, pKa, molec-
ular weight, and other characteristics of both the liposomes and 
especially the drug. Specifi cally, the drug-loading effi ciency is 
dependent on the physicochemical properties of the drug; a quan-
titative structural property relationship model to predict the effi cacy 
has been proposed [ 6 ]. Methods using other gradients, such as 
polyphosphate [ 7 ], sucroseoctasulfate [ 8 ], and a metal ion gradient 
[ 9 ], are being developed. 

 The development of liposomes using these major technologies 
has allowed the passive targeting of  PEGylated liposome  s into 
tumor  tissue  . PEGylated liposomes can dramatically reduce the 
side effects of anticancer drugs. Cardiotoxicity, which is an irre-
versible effect of doxorubicin, has been greatly reduced with Doxil. 
However, the maximum tolerated dosage of Doxil is similar to 
that of the free formulation of doxorubicin. The doxorubicin 
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concentration in the skin is increased by the administration of 
Doxil and incidents of hand–foot syndrome have been reported. 
Additionally, the low bioavailability of Doxil in tumor tissue is a 
challenging issue: the drug is not effi ciently released from the lipo-
somes after they reach the tumor tissue. Doxil as a treatment for 
glioblastoma is being investigated in clinical trials [ 10 – 12 ]. 

 Strategies to move beyond Doxil and improve the bioavailability 
of liposome-entrapped drugs in tumor  tissue   are under develop-
ment. The major strategy is active targeting and triggered release. 
Active targeting is a strategy that uses therapeutic molecules that 
home in on tumor cells and/or other components of the tumor 
tissue, such as blood vessels [ 13 ,  14 ]. Antibodies that recognize 
specifi c tumor tissue (antibody, Fab fragment, and bi-specifi c anti-
body) and ligands are commonly conjugated to liposomes at the 
end of the  PEG  –lipid molecule. Although this strategy is straight-
forward and novel liposome formulations are being developed, 
effective therapeutic results have not been demonstrated in clinical 
studies, although many studies have been conducted in animal 
models. Triggered release is a strategy to deliver the therapeutic 
drug at the target site. Physical power (heating, ultrasound, and 
light), endogenous reaction (pH and enzymatic reaction), or a 
combination of these methods are used to release the drug from 
the liposomes. Thermosensitive liposomes are among the best 
characterized of the triggered release liposomes and are used under 
conditions of mild hyperthermia [ 15 ,  16 ]. ThermoDOX, currently 
undergoing clinical trials, is used to treat liver cancer.  

   Abraxane, comprising paclitaxel/albumin  nanoparticles  , is an 
FDA-approved nanomedicine and is used to treat metastatic breast 
 cancer   and non-small-cell lung cancer. Abraxane addresses several 
of the problems associated with paclitaxel [ 17 ]. Paclitaxel is a 
poorly water-soluble drug and an organic solvent is necessary to 
dissolve the drug. Taxol, which is a paclitaxel formulation dissolved 
in Cremophor and ethanol, can induce hypersensitivity; thus, the 
patient must be pretreated with steroids and antihistamine drugs. 
Abraxane does not contain alcohol, so no pretreatment is neces-
sary. The infusion time of paclitaxel is a few hours, whereas that of 
Abraxane is 30 min. Other paclitaxel-loaded nanoparticles aside 
from Abraxane have been extensively investigated and several 
formulations are in clinical trials (please see review [ 18 ]). 

 The Abraxane nanoparticle is approximately 130 nm in diameter. 
After administration, Abraxane disintegrates into small paclitaxel/
albumin complexes. Some of the Abraxane circulates in the blood 
and reaches the tumor  tissues  ; subsequently, the albumin- 
conjugated Abraxane permeates through the endothelial cells by 
gp60 receptor-mediated transcytosis [ 19 ]. Transcytosis is related 
to caveolae [ 20 ] and results in increased binding and permeation 
through endothelial cells. Increased paclitaxel concentrations and 
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therapeutic accumulation in tumors have been reported following 
administration of Abraxane [ 21 ]. Few investigations of the effi cacy 
of Abraxane to treat brain  cancer   have been conducted to date but 
several paclitaxel nanoparticulate formulations and drug formula-
tions which utilize albumin binding (e.g., aldoxorubicin) are under 
development for treating brain diseases such as glioblastoma [ 22 ].   

3    Transporter- and Ligand-Mediated  Nanoparticle   Delivery to Brain Tissue 

 As described in the Introduction, the use of transporter- and 
receptor-mediated nanoparticle delivery is one of the most promis-
ing strategies to overcome the  BBB  . There are many different 
transporters and receptors in endothelial cells for transporting 
essential substances to brain  tissue  . Transferrin receptor, insulin 
receptor, low-density lipoprotein (LDL) receptor (LDLR), and 
LDL receptor- related  protein   (LRP) all hold promise and have 
been investigated. In this review, other targets, such as lactoferrin 
and glutathione, are described. Please see Table  1  for a summary of 
recent articles introduced in this review. 

   Actively targeting transferrin receptor is one of the most studied 
approaches and is an attractive option for guiding drug-loaded 
 nanoparticles   into brain  tissue  . Transferrin or anti-transferrin recep-
tor antibodies have been conjugated with drug carriers and charac-
terized. Kreuter’s group developed nanoparticles that are composed 
of human serum albumin (HSA)/transferrin or HSA/transferrin 
receptor antibodies (OX26) [ 23 ]. The HSA/transferrin and HSA/
OX26 conjugates were made using NHS– PEG  –maleimide, a heter-
obifunctional crosslinker. Loperamide was included in HAS/conju-
gate nanoparticles. Kreuter’s group focused on the synthetic strategy 
for generating the nanoparticles and did not investigate the  biodis-
tribution   of the nanoparticles. The tail- fl ick test, used to evaluate the 
analgesic effect of loperamide, revealed that HSA/transferrin and 
HSA/OX26 nanoparticles induce an analgesic effect. The same 
group developed insulin/HSA and anti-insulin receptor antibody/
HSA nanoparticles loaded with loperamide and evaluated the 
effi cacy of the nanoparticles, again using the tail-fl ick test [ 24 ]. 

 Sharma et al. developed Tf-cell penetrating peptide liposomes 
with a dual function [ 25 ]. In an in vitro study of endothelial perme-
ability, Tf-Penetratin liposomes exhibited better permeation prop-
erties (14.9 %, after 8 h) than single ligand liposomes. This liposome 
formulation accumulated in the brain  tissue   (3.67 % per gram of 
tissue) in vivo, although accumulation in other organs was also 
detected. 

 Bickel’s group prepared biotin– PEG  –polyethylenimine (PEI) 
that was used as a carrier of NF-kB decoy, an anti-infl ammatory 
oligonucleotide (ODN) [ 26 ]. This construct was fi rst used to 

3.1  Transferrin 
Receptor

Tatsuaki Tagami et al.



339

investigate adsorption-mediated endocytosis, and then they 
synthesized a conjugate of 8D3 antibody (anti-mouse Tf receptor 
antibody) and PEG–PEI for receptor-mediated endocytosis. 
Neither complex exhibited cytotoxicity in vitro and exhibited an 
anti- infl ammatory effect by reducing the mRNA level of VCAM-1, 
ICAM-1, and other genes targeting endothelial cells. Bickel’s 
group also used liposomes to encapsulate ODN/PEI complexes 
[ 27 ] both to protect ODN from degradation by nucleases and to 
aid its systemic delivery. They conjugated the 8D3 antibody to the 
end of a PEG–lipid using the streptavidin–biotin reaction and then 
prepared immunoliposomes. The immunoliposomes produced a 
remarkable nearly tenfold accumulation of radiolabeled ODN in 
the brain  tissue   of mice.  

   LRP is a multiligand receptor; many kinds of  proteins   can interact 
with LRP, such as apolipoprotein E, alpha2 macroglobulin,  tissue   
plasminogen activator, and plasminogen activator inhibitor-1 [ 28 ]. 
Angiopep-2 peptide has received considerable attention recently. 
Angiopep-2 is a novel brain ligand that can enter brain tissue via 
LRP-1-mediated transcytosis [ 29 ]. Angiopep-2 was conjugated 
with neurotensin, which has an antalgic effect. This peptide conju-
gate (10 mg peptide/kg and 20 mg peptide/kg, via intravenous 
injection) exhibited antalgic effects in the hot-plate and tail-fl ick 
assays, which are in vivo acute pain models in mice [ 30 ]. Lu et al. 
developed angiopep-2-conjugated  PEG  –PLA micelles [ 31 ] and 
investigated their  biodistribution   using radioisotope-labeled ver-
sions of the micelles. These studies revealed that angiopep-2- 
conjugated micellar formulations accumulated remarkably in brain 
tissue compared with the control PEG–PLA micelles. 

 LDL contains several apolipoproteins that can be recognized by 
the LDLR, which is expressed on neuronal and glial cells. Spencer 
et al. prepared a lentiviral vector that can be used to express the 
ApoB/LDLR binding domain conjugate. The conjugate acts as a 
ligand for LDLR and a fl uorescent marker  protein  , GFP [ 32 ]. The 
lentiviral vector was intraperitoneally injected into mice. The 
expressed protein was primarily distributed in the liver and other 
 tissues  . Their report discussed that the liver acts as a depot for the 
expressed protein and that the protein can be sustainably released 
into the brain  tissue  . This group applied the same strategy to prepare 
a fusion protein of the ApoB/LDLR binding domain and neprilysin, 
a metalo-peptidase targeting amyloid beta peptide [ 33 ]. Peritoneal 
injection of this vector into amyloid protein precursor peptide (APP) 
transgenic mice, a model of Alzheimer’s disease, resulted in a reduc-
tion in the amount of amyloid beta in the brain, but the vector did 
not reduce the synaptic protein level to that of non-transgenic 
(healthy) mice. In contrast, another group prepared an adeno-
associated virus vector that can express neprilysin alone. This vector 
exhibited a therapeutic effect in APP transgenic mice [ 34 ]. 

3.2  LRP and LDLR
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 A peptide containing the LDLR-binding site derived from 
ApoB-100 was incorporated into doxorubicin-loaded liposomes, 
and its ability to cross the  BBB   was investigated in vitro using 
the hCMEC/D3 coculture cell model in transwell plates [ 35 ]. 
The use of simvastatin enhanced drug permeability. The authors 
demonstrated that statins induce NO via the Rho A/Rho A 
kinase pathway and that the NO can enhance permeation of the 
drug through the BBB. The reduction in cholesterol induced by 
the statin may enhance drug permeability in vivo via the paracel-
lular route.  

   Lactoferrin is a cationic iron-binding glycoprotein belonging to 
the transferrin family. It exhibits strong binding with LRP and con-
ducts receptor-mediated transcytosis through the  BBB   [ 36 ]. 
Pang’s group created a rat model for impaired learning and mem-
ory by microinjecting amyloid β into the hippocampus and then 
studied the effects of a neuroprotective peptide as a therapeutic 
compound [ 37 ]. Humanin is a 24-amino-acid peptide. The S14G 
variant exhibits 1000-fold higher effi cacy than humanin in block-
ing Alzheimer’s disease-related apoptosis and was used in the study. 
S14G-humanin was loaded into  PEG  – PLGA   polymersomes. 
Polymersomes are prepared using asymmetric diblock  polymers   
that self-assemble to form supermolecules in aqueous solution. 
Polymersomes are less permeable than liposomes and are amenable 
to active drug loading, described in the above section on lipo-
somes. They conducted pH-gradient active loading of S14G- 
humanin into the polymersomes. S14G-humanin peptide is larger 
than conventional basic drugs typically loaded into liposomes, so 
they used 1,4-dioxane to improve the permeability of the polymer-
somes toward S14G-humanin. S14G-humanin was loaded for 
30 min at 37 °C but the encapsulation effi ciency was low (21.78 %), 
suggesting that S14-humanin cannot enter polymersomes effi -
ciently and that the peptide may stay in the outer layer of the poly-
mersome. The S14G-humanin peptide-loaded lactoferrin 
polymersome (HNG-Lf-POS) exhibited increased cellular uptake 
into brain capillary endothelial cells, providing an increased con-
centration of lactoferrin. The accumulation of Lf-POS (using cou-
marin as a marker) was comparable with that of other ligand 
(Tf)-conjugated polymersomes. Pang’s group previously deter-
mined that 101 molecules of Lf per polymersome particle are opti-
mal for brain delivery [ 38 ], and this was confi rmed in their cellular 
uptake study. This group previously used another peptide (urocor-
tin) against another disease (Parkinson’s disease) using similar 
Lf-conjugated PEG–PLGA  nanoparticles   [ 39 ] and showed a ther-
apeutic effect. The  biodistribution   and  pharmacokinetics   parame-
ters of Lf-conjugated PEG–PLGA nanoparticles were different from 
those of unconjugated PEG–PLGA nanoparticles. Lf nanoparticles 
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signifi cantly accumulated in the brain, heart, and spleen  tissues  . 
Another group used Lf-conjugated (and PEG-conjugated) iron 
nanoparticles for monitoring the delivery of nanoparticles into 
the brain  tissue   [ 40 ]. The nanoparticles were approximately 50 nm 
in diameter, and on average 14.4 molecules of Lf were conjugated 
onto each nanoparticle. The nanoparticles accumulated in the 
brain tissue (thalamus, brain stem, and frontal cortex) as demon-
strated by a decrease in T2 values during  MRI   monitoring.  

   Glutathione is a tripeptide comprising glutamic acid, cysteine, and 
glycine. The main function of glutathione is as an antioxidant. 
Glutathione can bind various compounds, including transmitter 
compounds and toxic substances, and is involved in moving com-
pounds out of cells. Kannan et al. reported that glutathione can be 
transported through cerebrovascular endothelial cells [ 41 ]. 

 Glutathione-conjugated  PEGylated liposome   formulations 
were developed to deliver compounds into the brain  tissue  . A thio-
ether bond is formed between maleimide groups conjugated with 
 PEG  –lipids and the thiol group of glutathione. The resulting glu-
tathione–PEG–lipid micelle is then mixed with a liposome suspen-
sion and penetrates the liposomal membrane upon heating; this is 
called the post-insertion method. Glutathione PEGylated lipo-
somes containing doxorubicin showed a plasma elimination profi le 
and  biodistribution   very similar to that of PEGylated liposomes 
[ 42 ], but the doxorubicin concentration in the brain tissue 96 h 
after glutathione PEGylated liposome injection was higher than 
that after PEGylated liposome delivery. As a result, the glutathione 
PEGylated liposome signifi cantly inhibited tumor growth in exper-
imental mouse brain tumor models and prolonged the survival of 
the mice compared with conventional PEGylated liposomes. In 
another study, Birngruber et al. reported a method to determine 
the doxorubicin concentration in the extracellular fl uid of the brain 
using cerebral open fl ow microperfusion (cOFM) in rats [ 43 ]. 
OFM allows more ready determination of the concentration of a 
compound, regardless of its lipophilicity or molecular weight, 
than the microdialysis method. Sodium fl uorescein was used to 
show that the  BBB   was intact after implantation of the cOFM 
probe. Brain–plasma ratios of AUC after the administration of glu-
tathione PEGylated liposomes were signifi cantly higher (4.8-fold) 
than those after the administration of PEGylated liposomes. In 
their previous report, methylprednisolone-loaded glutathione 
PEGylated liposomes were prepared for the treatment of experi-
mental autoimmune encephalomyelitis (EAE), a model of multiple 
sclerosis, in rat [ 44 ]. Methylprednisolone hemisuccinate, a pro-
drug of methylprednisolone, was actively loaded using a calcium 
acetate gradient between the exterior and interior of the liposomal 
bilayer membrane. The glutathione PEGylated liposomes containing 

3.4  Glutathione

Nanoparticulate Drug Delivery Systems to Overcome the Blood–Brain Barrier



342

methylprednisolone exhibited an improved therapeutic effect com-
pared to free methylprednisolone, using the EAE clinical scores as 
an index of the therapeutic effect. Other groups reported that non-
ligand liposome formulations (PEGylated liposomes) containing 
tempamine, which has anti-oxidative and antiapoptotic effects, 
could treat EAE model mice after intravenous injection [ 45 ]. They 
showed that the amount of PEGylated liposome accumulated in 
EAE mice was higher than that in healthy mice.  

   Capillary endothelial cells have a region enriched in clathrin-coated 
pits and vesicles that is negatively charged. Thus, positively charged 
compounds combined with drugs can be used to bind the nega-
tively charged luminal surface of endothelial cells for drug delivery. 
A review reported the possibility [ 46 ] that the adsorbed cationic 
compounds may be taken up into endothelial cells by caveolae- 
mediated transcytosis, and/or the compounds may be endocy-
tosed by clathrin-coated pits. Then, the uncoated vesicles may fuse 
with transcytotic endosomes, and the compound may move to the 
opposite abluminal membrane. Cationic compounds, including 
cationic albumin and cell penetrating peptides, have already been 
investigated. Brain-targeted peptides are summarized in another 
review [ 47 ]. For example, TAT peptide, which is derived from 
HIV virus, was conjugated with Bcl-xL, which has antiapoptotic 
effects [ 48 ]. The Bcl-xL-TAT fusion  protein   inhibited the apopto-
sis of primary cultured cortical neurons in vitro and protected 
against focal ischemic infarction in mice.   

4    Other Strategies, Miscellaneous 

   Convection-enhanced delivery (CED), a method of local injection 
into the brain  tissue  , is accepted in clinical settings of neurooncol-
ogy and neurodegenerative disease. This method can bypass the 
 BBB   with minimal mechanical stress and a wide drug distribution 
within the brain can be obtained. The combination of CED and 
 nanoparticles   has been reported by many groups. Bankiewicz’s 
group conducted a series of investigations using liposomes with 
CED and reviewed their studies [ 49 ].  PEGylated liposome   formu-
lations can be distributed in the brain tissue by CED. In contrast, 
free doxorubicin solution was localized around the injected site. 
The co-encapsulation of  MRI   contrast agent can report on drug 
distribution and can monitor drug administration using 
CED. Remarkably, the free drug disappeared within hours, whereas 
liposomal formulations delivered using CED remained in the brain 
tissue for 12 days (small dose) or 50 days (high dose), resulting in 
prolonged survival. Therefore, the combination of CED and 
nanoparticles may be a practical method to deliver nanoparticles. 

3.5  Adsorptive 
Transcytosis by 
Cationic Substances
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 Kenny et al. prepared multifunctional  nanoparticles   for CED 
[ 50 ]. They used LPD nanoparticles which can encapsulate 
pDNA. Thus, LPD has been used in potential gene therapy 
approaches. Peptides that target neurotensin- and  gadolinium  - 
conjugated  lipids for  MRI   monitoring have also been encapsulated 
in LPDs. They compared anionic and cationic LPDs and found 
that anionic LPDs can distribute widely in the rat brain with a 
transfection effi cacy similar to that of cationic LPDs.  

   The  BBB   is intact under normal conditions, but may collapse 
under pathogenic conditions. In these circumstances, conventional 
 PEGylated liposome  s and ligand- and site specifi c antibody-spiked 
liposomes can be useful. Oku’s group used an asialo- erythropoietin 
(AEPO)-conjugated PEGylated formulation for targeted delivery to 
cerebral ischemia–reperfusion model rats [ 51 ]. AEPO can bind with 
erythropoietin receptors on neuronal cells. AEPO-conjugated 
PEGylated liposomes were prepared by conjugating DSPE- PEG  -
NHS with AEPO. Approximately 100 nm diameter PEGylated lipo-
somes accumulated signifi cantly in the cerebral ischemia–reperfusion 
region. The same group used conventional PEGylated liposomes 
containing FK506, an immunosuppressive drug [ 52 ]. PEGylated 
liposomes containing FK506 exhibited neuroprotective effects in 
rats with transient middle cerebral artery occlusion. 

 Tomizawa et al. developed an immunoliposome formulation 
that targeted anti-EGFR antibody to glioma membranes [ 53 ]. 
Anti- EGFR antibody was conjugated with the adaptor ZZ (IgG 
Fc-binding motif). Since ZZ chelates nickel, ZZ was conjugated 
with nickel lipid (DOTG-NTA-Ni). This liposome was PEGylated 
by the incorporation of PEGylated lipid and sodium borocaptate for 
boron neutron capture therapy. The liposomal formulation exhib-
ited remarkable  10 B uptake in glioma cells in vitro and  10 B accumula-
tion in a brain tumor model in mice. In contrast, the liposomal 
formulation did not accumulate in the normal brain, i.e., the brain 
 tissue   in healthy mice. They further improved the immunoliposomal 
formulation in a subsequent study [ 54 ]. The antibody was conju-
gated with ZZ adaptor-luciferase  protein   and the protein was then 
thiolated and conjugated with maleimide– PEG   lipid. The accumula-
tion of the immunoliposomal formulation in tumor tissue could be 
monitored by bioluminescence  imaging  .  

   Transient  BBB   disruption by the combination of microbubbles 
and focused ultrasound has been investigated. Ultrasound can 
compromise the integrity of the BBB and enhance the EPR effect 
described in Sect.  2.1 . The compromised integrity of the BBB is 
reversible (within a few hours), making this a relatively safe method. 
Liu et al. combined magnetic  nanoparticles   with focused ultra-
sound for effective  MRI   monitoring [ 55 ]. This novel therapy 
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combined with  image  -guided drug delivery, along with the physical 
device used to deliver the drug, is called “theranostics.” Numerous 
theranostics studies have recently been conducted (please see 
reviews [ 56 – 58 ]).  

   An interesting strategy to deliver drugs into the brain  tissue   uses 
cells (monocytes and neutrophils) as drug transporters [ 59 ]. Non- 
PEGylated  liposome  s were administered to rats. Most of the drug- 
loaded liposomes were trapped in the  mononuclear phagocyte 
system  , but the drug concentration in the brain was twofold higher 
than that after the administration of free drug. Depletion of the 
drug in the mononuclear phagocyte system did not lead to the 
accumulation of fl uorescent liposomes in the brain tissue. 
Therefore, these results indirectly suggested that monocytes, which 
induce phagocytosis, act as transporters across the  BBB   and into 
brain tissue. Although the bioavailability of the drug in the brain 
tissue was unclear from the results of the study and more delivery 
effi cacy is necessary to achieve a therapeutic effect, this strategy 
may hold promise for transporting drugs across the BBB.   

5    Conclusion 

 Many kinds of drug-loaded nanoparticle formulations targeting 
the  BBB   described in this review exhibited a therapeutic effect, 
with increased accumulation of drugs in the brains of animal mod-
els. The therapeutic effi cacy and drug delivery effi ciency are depen-
dent on multiple factors, including carrier design, drug properties, 
and the pathogenic condition. Further studies, including investiga-
tions assessing the safety with respect to other  tissues   and the trans-
port mechanism, will be necessary. The technologies used to 
develop nanomedicines and  imaging   technologies will be useful for 
the development of future brain-targeted nanomedicines as 
personalized therapies.     
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    Chapter 18   

 Transcutaneous Immunization Using Nano-sized 
Drug Carriers       

     Momoko     Kitaoka     and     Masahiro     Goto      

  Abstract 

   Growing knowledge about the immune system in the skin and recent advances in the preparation of nano- 
sized particles have encouraged research into the induction of an adaptive immune response via the trans-
cutaneous route. Because the skin is abundant in dendritic cell subsets, vaccine administration through the 
transcutaneous route has promise for simple and effi cient immunization and immunotherapy methods, 
which would provide a welcome alternative to the conventional injection technique. Strategies using a 
nanoparticle-based protein delivery into the skin depend on the types of nanoparticles, such as soft vesicu-
lar nanoparticles, hard inorganic and polymer nanoparticles, and surfactant-coated solid-in-oil nanoparti-
cles. Here, we discuss the skin structure and the immune system in the skin, as well as the types of 
nanoparticles, routes of administration, and effects of adjuvants. In addition, a detailed description of the 
preparation and characteristics of solid-in-oil nanoparticles is provided for the future development of an 
effi cient transcutaneous immunization system.  

  Key words     Transcutaneous immunization  ,   Transdermal drug delivery  ,   Solid-in-oil nanodispersion  , 
  Vaccine  

1      Introduction 

   The skin consists of three main layers, namely, the epidermis, dermis, 
and subcutaneous  tissue  . The epidermis is the outermost layer, and 
the human epidermis is 50–200 μm in thickness varying through-
out the body [ 1 ,  2 ]. The epidermis is further comprised of fi ve 
strata (Fig.  1 ), from outer to inner: stratum corneum (SC), stra-
tum lucidum, stratum granulosum, stratum spinosum, and stratum 
basale [ 3 ]. The SC is a hydrophobic layer (15 μm thick in human) 
in which 10–20 layers of fl attened corneocytes [ 4 ,  5 ] are embed-
ded in lipid lamellae composed of phospholipids, cholesterols, tri-
glycerides, and other lipid elements [ 6 ]. The corneocytes contain 
more keratin than other cells, and the SC layer functions as a 
primary barrier to the invasion of pathogens and foreign  chemicals, 
or to water loss by evaporation. The moisture content of the SC is 

1.1  Skin Structure 
and Functions
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10–25 %; however, it gradually increases from the outer to inner 
layers and becomes 70 % at the bottom of the epidermis and at the 
dermis [ 7 ,  8 ]. In the stratum granulosum, cells are rigidly bound 
with membrane  proteins  , which form tight junctions and limit the 
infi ltration of microorganisms and endotoxins [ 9 ,  10 ]. Tight junc-
tions act as the second physical barrier in the skin. Beneath the SC, 
keratinocytes, melanocytes, Langerhans cells (LCs), and Merkel 
cells exist in the epidermis [ 3 ]. The dermis is the layer between the 
epidermis and subcutaneous  tissues  . In humans, the dermis is 
approximately 2 mm thick and is composed of collagen and elastin 
fi bers, capillary blood vessels, lymph vessels, and nerves. Dermal 
dendritic cells (dDCs), mast cells, and fi broblasts are located in the 
dermis. A transdermal delivery system aims to deliver drug com-
pounds to the blood vessels in the dermis from which they could 
enter systemic circulation.

   The term “transcutaneous delivery” denotes the delivery of 
drug compounds beneath the SC, specifi cally to the epidermis, 
whereas “transdermal delivery” indicates the delivery of a drug 
through the skin for systemic distribution [ 11 – 13 ]. The routes of 
 transdermal drug delivery   are classifi ed into three main types: (1) 
through the sweat glands and hair follicles associated with seba-
ceous glands for large molecules, such as  proteins  , and across the 
SC layer by (2) intercellular or (3) transcellular routes for smaller 
compounds (Fig.  2 ). Most molecules permeate through the inter-
cellular spaces, which are fi lled with multiple lipid bilayers, and 
thus hydrophobic substances dissolved or dispersed in oil vehicles 
are prone to permeate more easily into the skin [ 14 ]. Hydrophilic 
molecules of low molecular weights are capable of permeating the 
skin; however, the degree of permeability drops an order of magnitude 
when the molecular weight is over 500 Da [ 14 ,  15 ].

  Fig. 1    Illustration of the epidermis and dermis       
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      The skin permeation enhancers ideally are nonirritating and do not 
cause allergic reactions. However, because the outermost layer in 
the skin is composed of a lipid bilayer, most skin permeation 
enhancers act to disorder the lipid bilayer and increase the lipid 
fl uidity. To date, several compounds are known as skin permeation 
enhancers, such as water, alcohols, lipids, and surfactants [ 16 ]. 
Short-chain alcohols, such as ethanol and isopropanol, are often 
employed as transcutaneous drug delivery enhancers [ 17 – 20 ]. 
Ethanol disorders the lipid matrix and increases the fl uidity of lip-
ids in the SC layer. However, short-chain alcohols are volatile, and 
their effect as skin permeation enhancers is limited to a short period 
following administration to the skin. Long-chain alcohols also 
enhance the permeation of drugs into the skin. Previous research 
found that alcohol with a carbon length of 10 showed the highest 
permeation-enhancing ability [ 21 ]. Moreover, those compounds 
containing one or two unsaturated bonds showed higher skin 
permeation effects [ 22 ]. Oleic acid was also demonstrated to 
enhance the skin permeability of drugs [ 23 ]. Oleic acid in  cis  form 
is considered to disorder the lipid bilayer in the SC, presumably 
because this form of oleic acid is capable of being packed rather 
than distributed in the skin lipids [ 24 ,  25 ]. Anionic and cationic 
surfactants have the ability to accelerate permeation of drugs; how-
ever, many of them cause skin irritation and damage. Nonionic 
surfactants are less irritating and enhance skin permeability of drug 
molecules by disrupting skin lipids. Water molecules are known to 
hydrate the skin, which enhances the permeability of hydrophilic 
drug compounds. Therefore, occlusive patches are used to exploit 
this feature of water molecules. 

 Recently, peptides composed of cationic or amphipathic amino 
acids were used as skin penetration enhancers. These peptides are 
called cell-penetrating peptides (CPP) or  protein   transduction 
domains and are able to penetrate the cell membrane [ 26 ]. Some 
CPP, such as oligoarginine, interact with tight junction  proteins   

1.2  Skin Permeation 
Enhancers

  Fig. 2    Representative routes of  transdermal drug delivery         
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and facilitate permeation of drug compounds through the skin. 
Another report found that the inhibition of toll-like receptor 2, 
which is able to activate tight junctions, facilitated drug permeation. 
They also found that lipolanthionine peptide was able to enhance 
drug delivery into the skin [ 27 ].  

   In addition to providing a physical barrier, the skin has a unique 
immune system that defends the underlying  tissues   from the inva-
sion of microorganisms. Therefore, an effi cient immunization can 
be expected by the subcutaneous route [ 28 – 30 ]. The epidermis 
and dermis are abundant in dendritic cells, such as LCs and dDCs, 
compared with the subcutaneous tissues and muscles [ 31 ]. LCs 
reside at the bottom of the stratum spinosum and form a network 
with the dendrites in keratinocytes. An LC is demonstrated to 
migrate to the skin-draining lymph node when it captures an extra-
neous antigen compound and then stimulate naïve T cells [ 32 ,  33 ]. 
However, recent reports revealed that the migration of LCs is slow 
compared with that of dDCs [ 34 ]. The dDCs are also assumed to 
capture extraneous compounds and migrate to skin-draining lymph 
nodes at the initiation of antigen-specifi c  immune response   s   [ 35 ]. 
There are multiple dDC subsets; however, their exact contributions 
in the skin’s immune system are still unclear. Some dDC subsets are 
reported to promote a T helper type 1 (Th1-type) immune response, 
while the others promote a T helper type 2 (Th2-type) immune 
response [ 36 ]. Because attaining a long- lasting immunization is 
possible through the skin’s adaptive immune response, studies 
investigating transcutaneous  vaccine   delivery are currently focused 
on the enhancement of antigen uptake by DCs using adjuvants, as 
well as on overcoming the physical skin barrier.  

   Ex vivo studies have indicated that the particle  size   of drug carriers 
infl uences the type of  immune response   s   [ 37 ,  38 ]. In one report, 
antigens were conjugated with carboxyl-modifi ed polystyrene 
beads and applied to splenocytes. They found that  nanoparticles   of 
40–50 nm induced interferon (IFN)-γ cytokines from CD8 +  T 
cells, whereas those of 90–120 nm stimulated CD4 +  T cells to 
induce interleukin (IL)-4 [ 39 ,  40 ]. In another report using macro-
phage cell lines, nanoparticles (200–600 nm) were taken up by 
macrophages; however, larger particles (2–8 μm) were more likely 
to be attached to the surface of macrophages [ 41 ]. In addition, an 
increased induction of IFN-γ was observed when antigen-bound 
nanoparticles of 200 nm were administered to mice, and antigen- 
bound microparticles induced a higher level of IL-4 cytokine. 
In an in vivo experiment where polystyrene particles labeled with 
fl uorescent dyes were administered to mice by injection, large 
particles of 500–2000 nm were only found in dendritic cells at the 
site where the particles were administered; however, small nanopar-
ticles (20–200 nm) were also found in dendritic cells in the lymph 

1.3  Immune System 
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nodes and in macrophages, indicating that small particles may 
drain to lymph nodes [ 42 ]. These results indicate that small 
nanoparticles whose sizes correspond to those of viruses (<200 nm) 
are preferentially taken up by dendritic cells via endocytosis and 
induce a Th1-type immune response, while larger particles, such as 
microparticles (whose sizes correspond to that of bacteria), are 
prone to uptake by macrophages and elicit a Th2-type immune 
response. Consequently, their size allows nanoparticles to be used 
as adjuvants [ 43 ].  

   Transdermal drug delivery has advantages over the conventional 
subcutaneous delivery using needles and syringes. It can reduce the 
pain inherent in the injection method and the poor patient compli-
ance caused by that pain, as well as reduce the risks of needlestick-
related injuries and transmission of blood-borne infectious diseases 
[ 13 ,  44 ]. Transcutaneous administrations using simple systems, 
such as patches or ointments, are advantageous because they do not 
require medically trained personnel, and self- administration of 
medicines/vaccines would be possible. The use of the patch would 
also decrease the amount of sharp waste produced by injections. In 
addition, the transdermal route of delivery avoids the fi rst-pass 
effect on the liver, which also occurs during oral drug delivery. 
Compared with the injection method, the delivery of drug com-
pounds is relatively slow in the transdermal route. However, the 
long-lasting administration could be useful in cases where the drug 
level in blood needs to be controlled. Slow drug delivery is also 
favorable when administering vaccines that have the potential to 
cause serious side effects, such as anaphylaxis. To deliver medically 
active compounds to the systemic circulation, these compounds 
must diffuse in the dermis and then penetrate capillary blood 
 vessels. Because of the protective functions of the skin, however, 
the amount of drugs that could be approved for practical use is 
limited to small molecules, e.g., scopolamine, fentanyl, nicotine, 
and hormones. To help overcome this issue,  transdermal drug 
deliveries   administered by physical permeation-enhancing equipment 
were invented, such as electroporation and iontophoresis methods, 
ultrasonication methods,  jet- injection methods, and microneedle 
methods [ 45 ]. In contrast,  transcutaneous immunization  s will be 
possible when vaccines can be permeated through the epidermis, 
and recent research has aimed to develop effi cient transcutaneous 
immunization methods.   

2    Transdermal  Drug Delivery   Using Nano- sized   Carriers 

 Transdermal drug delivery methods are categorized into two main 
types: the physically facilitated techniques and the techniques using 
chemical permeation enhancers. The physical techniques use 

1.5  Advantages 
and Disadvantages 
of Transdermal  Drug 
Delivery  

Transdermal Delivery of Proteins and Vaccines Using Nanocarriers



354

microneedles, electroporations, ultrasound, and jet injections and 
can effi ciently deliver drugs to the dermis and epidermis. However, 
some devices may induce pain when delivering active compounds 
to the dermis, where nerve terminals lay, and the simplicity and 
convenience of transdermal administration might be lost when 
using electrical equipment. Chemical techniques, such as lipid-, 
surfactant-, and  polymer  -based  nanoparticles  , inorganic com-
pounds, hydrogel patches, and microemulsions, are expected to 
allow a simple and noninvasive transcutaneous drug delivery. 
Permeation of inorganic nanoparticles through the skin has been 
tested; however, particles larger than 20 nm did not penetrate the 
skin because they were unable to pass through pores smaller than 
10 nm between corneocytes in the SC layer [ 46 – 49 ]. The particles 
accumulated in hair follicles, and the follicular canals acted as res-
ervoirs. In contrast, some soft nanoparticles are thought to pene-
trate into the epidermis. 

    Liposomes   are composed of a phospholipid bilayer which resembles 
the cell membrane and are capable of entrapping both hydrophilic 
and hydrophobic molecules [ 50 – 52 ]. Several derivations of 
liposomes containing some additional compounds, such as sur-
factants, alcohols, and amphiphiles, have been developed to enhance 
the permeation of active compounds into the skin [ 53 – 55 ]. 
Transfersomes, which are elastic liposomes composed of phospho-
lipid and sodium cholate, accelerated the transdermal delivery of 
insulin in mouse models and in clinical trials [ 56 – 60 ]. The ultra-
deformable transfersome vesicles can squeeze into the nano- sized   
pores between the cells in the skin and pass through the skin barrier 
without changing the vesicle  size   [ 61 ]. The surfactants and/or 
short-chain alcohols (edge-active molecules) composing the bilay-
ers of vesicles localize in the vesicles and shape smaller spherical 
aggregates, thus enabling stable permeation through a narrow 
intercellular pore. 

 Other liposome derivatives likely permeate into the skin by a 
similar mechanism. Exemplifi ed are ethosomes which are com-
posed of lipids and ethanol. Transcutaneous immunization using 
ethosomes containing hepatitis B virus induced comparable levels 
of IgG and higher levels of IgA compared to those induced by the 
injection method [ 62 ,  63 ]. Other liposome derivatives are cationic 
liposomes which were investigated for the transcutaneous delivery 
of DNA vaccines. A cationic liposome composed of lipids and octa-
decylamine induced production of IFN-γ, a Th1-type cytokine 
[ 64 ]. Conversely, a cationic liposome composed of lipids and 
1,2-dioleoyl-3-trimethylammonium-propane induced IgG1 and 
IgE, indicating that a Th2-type  immune response   was induced. 
These fi ndings suggest the possibility of manipulating the Th1/Th2 
balance of the immune response [ 65 ]. Vesosome, in which a 
cationic liposome is encapsulated in the lipid bilayer, successfully 
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demonstrated  transcutaneous immunization   using tetanus toxoid 
(molecular weight, 150 kDa) [ 66 ]. SECosomes, surfactant-
ethanol- cholesterol-osomes, are fl exible nanosomes that have 
shown high transfection effi ciencies with siRNA [ 67 ].  

   Niosomes are composed of nonionic surfactants and cholesterols 
and may contain charge-inducing agents [ 68 – 71 ]. The vesicles can 
be stored stably and prepared at low costs. Niosomes have similar 
physical characteristics to liposomes and are capable of delivering 
hydrophilic and hydrophobic compounds. Niosomes prepared with 
Span 85 and cholesterol and contained a tetanus toxoid were able 
to induce rat serum IgG. Even higher levels of rat serum IgG were 
elicited by BSA-loaded niosomes prepared with Span 60 or Span 85 
combined with cholesterol and stearylamine, which were coated 
with O-palmitoyl mannan to effi ciently target them to Langerhans 
cells [ 72 ]. The Th2-predominant immune balance did not change 
regardless of the administration method, either intramuscular injec-
tion or topical administration. Like liposomes, niosomes can be 
used to deliver DNA vaccines. Transcutaneous administration of 
DNA encoding hepatitis surface antigen (HBsAg) loaded in nio-
somes induced high levels of HBsAg-specifi c antibody, IL-2, and 
IFN-γ, which were comparable to those induced by the same DNA 
 vaccine   administered in liposome carriers [ 73 ].  

   Polylactic acid (PLA) and poly(lactide-co-glycolic acid) ( PLGA  ) 
 nanoparticles   are the most common and well-investigated nanopar-
ticle carriers for transcutaneous vaccines [ 74 – 76 ]. The  polymers   
are biodegradable and biocompatible, and their constituents, lactic 
acid and glycolic acid, are excreted from the body after degrada-
tion of the  polymer   [ 77 ]. In one study, PLA nanoparticles (approx-
imately 150 nm in  size  ) loaded with ovalbumin (OVA) or with 
fl uorescence-labeled albumin were prepared and transcutaneously 
administered to mice [ 78 ]. As a result, permeation of PLA nanopar-
ticles via hair follicles was observed in fl uorescence microscopy 
images. Although induction of anti-OVA IgG titer by the transfol-
licular administration of PLA nanoparticles was limited, the 
nanoparticles induced high levels of IFN-γ and IL-2 in the pres-
ence of cholera toxin, indicating that the PLA nanoparticle could 
act as an adjuvant to elicit a Th1-type  immune response  . 

 Another study revealed that the follicular uptake of OVA was 
increased more than twofold by encapsulation of the antigen in 
chitosan-coated  PLGA    nanoparticles  , and that induction of the 
 immune response   was possible [ 79 ]. Chitosan is a biopolymer of 
cationic polysaccharides consisting of glucosamine monomers that 
is applied as a carrier for transcutaneous drug delivery [ 80 ,  81 ]. 
Chitosan derivatives interact with keratin in the SC and increase 
the SC water content [ 82 ]. Moreover, chitosan-tripolyphosphate 
complex was recently applied to nanoparticle-based  transcutaneous 
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immunization   to enhance the permeation of nanoparticles by 
interacting with negatively charged cell membranes and increasing 
drug entrapment inside the nanoparticles [ 83 ]. OVA-loaded chito-
san nanoparticles administered to intact the skin induced a high 
level of OVA-specifi c IgG, comparable to that induced by injected 
OVA [ 84 ]. The antigen uptake by antigen-presenting cells was 
increased by using nanoparticles, and the chitosan nanoparticles 
containing melanocyte-associated antigen, gp100, suppressed 
tumor growth, indicating that these particles have a potential for an 
antitumor immunotherapy use [ 85 ]. As particle modifi ers, other 
natural  polymers  , such as guar gum [ 86 ], hyaluronic acid [ 87 ,  88 ], 
and their derivatives, can be employed.  

   It is known that small (<10 nm) metal  nanoparticles   are capable of 
permeating the skin. Huang et al. investigated the effect of  gold 
nanoparticle   s   (Au- NPs  ) having a mean particle  size   of 5 nm on 
 transcutaneous immunization   [ 89 ]. They found that coadministra-
tion of Au-NPs enhanced both the permeation of OVA through-
out the skin and the induction of anti-OVA IgG.  

   Viruslike particles are composed of virus-derived capsid  protein   
without DNA/RNA and, hence, do not have the ability to repli-
cate. They can provide an adjuvant effect and carry specifi c anti-
gens when fused by genetic engineering [ 90 ,  91 ]. In one study, 
when approximately 40 nm of viruslike particles derived from  rab-
bit hemorrhagic disease virus  (VP60) were transcutaneously admin-
istered to mice in conjunction with CpG oligodeoxynucleotide 
and cholera toxin, they induced antigen-specifi c antibody and 
cytokine responses [ 92 ].  

   Patches are also used for the topical application of vaccines. Occlusive 
patches prevent evaporation of water from the vehicle and hydrate 
the skin. It is theorized that a high-concentration antigen layer 
emerges between the vehicle and the skin as a result of the formation 
of an antigen concentration gradient in the vehicle, leading to an 
accelerated permeation of antigens when the patch system is applied. 
The simple application of hydrogel patches was demonstrated to 
induce effective  immune response   s   to OVA [ 93 ,  94 ].   

3    Solid-in-Oil Nanodispersions 

 Solid-in-oil (S/O) nanodispersions are nano- sized   particles com-
posed of hydrophobic surfactant and hydrophilic medically active 
macromolecules (i.e.,  proteins  ) that are dispersed in oil vehicles 
[ 95 ]. The fi rst report of an  S/O nanodispersion   system employed 
a nonirritating organic solvent, soybean oil, as a vehicle [ 96 ]. 
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In that report, insulin was dispersed in an oil vehicle and orally 
administered to rat models of diabetes to reduce serum glucose 
levels. Application of an S/O nanodispersion system to  transder-
mal drug delivery   was fi rst performed by Piao et al. [ 97 ]. They 
successfully delivered a small hydrophilic compound, diclofenac 
sodium, to the Yucatan micropig skin. Thereafter, S/O nanodis-
persion systems were applied to transcutaneous administration of 
vitamin C [ 98 ], insulin [ 99 ], and OVA [ 100 ]. 

   The preparation of  S/O nanodispersion   s   occurs as follows: An aque-
ous solution of  proteins   and a cyclohexane solution of surfactants are 
mixed using a Polytron homogenizer to allow the formation of a 
white-colored water-in-oil emulsion (Fig.  3 ). The emulsion is quickly 
frozen in liquid nitrogen and then lyophilized for 12 h. After the 
water and cyclohexane are sublimed, a solid- state  protein   surrounded 
by surfactants can be obtained. Then, the surfactant-protein complex 
is dispersed in skin-permeable oil  vehicles, such as isopropyl myristate 
(IPM), to yield a “solid-in-oil” nanodispersion. Proteins are encapsu-
lated in the S/O  nanoparticles   without loss, and the particles are 
dispersed homogeneously in an oil vehicle by selecting the optimal 
surfactant concentration and protein to surfactant ratio.

   Dynamic light scattering analysis indicated that the  size   of typical 
 S/O nanodispersion   s   in IPM is 100–400 nm. IPM is a safe and 
easy-to-treat aliphatic ester that is thought to interact with the 
intracellular matrix and enhance diffusivity of both the medical 
compound and the solvent itself [ 101 ,  102 ]. To our knowledge, 
IPM is the most suitable transcutaneous drug administration vehi-
cle for the S/O nanodispersion system. Cholesterol can be used as 
a surfactant surrounding  proteins  ; however, sucrose erucate and 
sucrose laurate (ER-290 and L-195, both from Mitsubishi-Kagaku 
Foods, Tokyo, Japan) form the most stable S/O nanodispersions. 
The S/O nanodispersions with optimized formula were stable for 
more than 3 months [ 99 ].  

3.1  Preparation

  Fig. 3    Schematic representation of  solid-in-oil nanodispersion   preparation       
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   Protein release effi ciencies from the  S/O nanodispersion   particles 
depend on the surfactants coating the  protein   and on the surfactant 
concentration. The protein release effi ciency increases as the ali-
phatic chains in the surfactants shorten. In addition, the protein 
release effi ciency decreases when the protein to surfactant ratio 
increases. These results indicate that the protein release effi ciency 
could be controlled by optimizing the surfactant and the formula. 
For instance, the release effi ciency of lysozyme or glucose oxidase 
from S/O  nanoparticles   in a phosphate-buffered saline (PBS) was 
100 % in 3 h when the surfactant sucrose laurate (C12) was used, 
while it was approximately 30 % in 24 h when the same concentra-
tion of sucrose erucate (C22) was applied [ 103 ]. Furthermore, over 
90 % of enzymatic activity remained in the S/O nanoparticles com-
posed of sucrose laurate after 24 h. A similar observation was 
reported when horseradish peroxidase was encapsulated in  S/O 
nanodispersions   prepared with sucrose laurate [ 104 ]. The S/O 
nanodispersion system exhibits behaviors similar to water-in-oil 
emulsions and microemulsions; however, S/O nanodispersions are 
stable after longtime storage, presumably because of their smaller 
particle sizes. Additionally, protein drugs can be dispersed in an oil 
phase at a very high concentration of up to 5 mg/mL. Lastly, 
smaller amounts of surfactants are enough for the preparation of 
S/O nanoparticles as compared with those needed for emulsions. 

 Histological observations indicate that  S/O nanodispersion   s   
administered using patches mainly accumulate in the SC layer. Since 
the whole SC layer serves as a reservoir for the S/O nanodisper-
sions, drug compounds might continue to be released even after 
removal of the patch [ 99 ]. Fluorescence microscopy  investigations 
suggested that the hydrophobic surfactants surrounding  proteins   
are removed and accumulate in the SC layer and that only the pro-
teins further permeate through the hydrophilic epidermis and der-
mis (Fig.  4 ). This idea could also explain the fact that IPM mainly 
accelerates the permeation of drugs through the SC layer and that 
IPM had little effect as a skin permeation enhancer when the SC 
layer was removed by tape stripping [ 101 ]. Additionally, in an 
in vitro experiment, insulin, a smaller  protein   (molecular weight, 
6 kDa), permeated more effi ciently than horseradish peroxidase 
(HRP), a larger protein (molecular weight, 40 kDa). Therefore, it 
is conceivable that IPM assists the permeation of S/O nanodisper-
sions through the SC layer, and the hydrophilicity and  size   of 
proteins affect the permeability of proteins into the deeper layers of 
the skin. Another investigation using confocal laser scanning 
microscopy revealed that the surfactants and proteins permeated 
the SC layer via intracellular matrix [ 105 ].

      According to an in vitro examination using fl uorescein isothiocyanate 
(FITC)-labeled insulin, the  protein   slowly permeated the epider-
mis and dermis in the porcine skin within 48 h, while an aqueous 
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  Fig. 4    Fluorescence microscopy images of the Yucatan micropig skin sections treated with solid-in-oil (S/O) 
nanodispersions composed of fl uorescein isothiocyanate- labeled insulin (FITC-insulin) and Rhodamine-labeled 
1,2-dioleoyl- sn-glycero-3-phosphoethanolamine (Rhodamine-DOPE) ( a ), the  S/O nanodispersion   s   containing 
FITC-insulin ( b ), and schematic illustration of transcutaneous  protein   delivery using S/O nanodispersion ( c ). 
Scale bars show 200 μm       
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solution of FITC-insulin did not permeate much and only did so 
in the SC layer (Fig.  4b ). The permeation of insulin through the 
skin was accelerated sevenfold by using the  S/O nanodispersion   
system. HRP administered to the epidermis using the S/O nano-
dispersion system displayed enzymatic activity, suggesting that the 
 proteins   are protected from denaturation [ 99 ]. 

 The  S/O nanodispersion   system has also been applied to  trans-
cutaneous immunization   [ 100 ,  105 ]. This method induced serum 
anti-OVA IgG effi ciently in guinea pig, rabbit, and mouse models. 
A higher level of antibody was induced when a lower concentration 
of surfactant was used, indicating that the  protein   release effi ciency 
from the nanoparticle affected the effi ciency of immunization. 
However, the antibody level induced with the S/O nanodispersion 
system was still lower than that induced by the same amount of 
OVA administered via subcutaneous injection when a transcutane-
ous permeation enhancer was not applied. Additionally, the induc-
tion of antigen-specifi c antibody by the transcutaneous system was 
slower than the induction by the injection method.  

   As mentioned above, it is known that particular peptides act as a 
skin penetration enhancers when they are administered with drug 
molecules. The mechanism for these skin penetration-enhancing 
peptides is still unclear; however, the condensation of the  proteins   
in keratinocytes [ 106 ], induction of macropinocytosis [ 107 ], and 
denaturation of the tight junction proteins [ 108 ] have all been sug-
gested. Because the tight junction proteins are located between epi-
thelial cells in the stratum granulosum [ 109 ,  110 ], their denaturation 
accelerates the permeation of drug compounds through stratum 
spinosum where LCs exist. The fi rst application of a skin penetra-
tion-enhancing peptide was reported by Rothbard et al. in which an 
enhancement of skin permeability of cyclosporin A was observed 
when it was chemically conjugated with oligoarginine (R7) [ 106 ]. 
In another report, an OVA peptide epitope (SIINFEKL) fused with 
the antennapedia homeodomain peptide was administered to a 
tape-stripped mouse skin and effi ciently induced antigen-specifi c 
antibody [ 111 ]. When a series of lengths of oligoarginines (R3, R6, 
and R9) were co-encapsulated in  S/O nanodispersion   s  , R6 most 
effi ciently enhanced the permeation of insulin [ 100 ]. Additionally, 
the S/O nanodispersion containing OVA and R6 induced a high 
level of OVA-specifi c IgG, as does subcutaneous injection of OVA 
(Fig.  5 ).

   Transcutaneous administration of antigens in combination 
with adjuvants also facilitates the immunization effi ciency. The 
adjuvant effect of  nanoparticles   was mentioned above; however, 
some other adjuvants, such as bacterial endotoxins and ligands for 
pattern recognition receptors (PRRs), are known to be effective in 
 transcutaneous immunization  . Bacterial endotoxins, such as cholera 
toxin [ 113 ] and heat-labile enterotoxins from  Escherichia coli  [ 114 ], 
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interact with dendritic cells and gangliosides, which are located on 
cells in the skin and mucosa [ 115 ]. The bacterial endotoxins 
enhance antigen capture by LCs and induce strong  immune 
response   s   [ 116 – 118 ]. Toll-like receptors (TLRs) are members of a 
family of PRRs found only in mammalian cells that recognize 
pathogen-associated molecular patterns (PAMPs) to regulate sig-
nal transduction pathways involved in the immune response [ 119 , 
 120 ]. Unmethylated CpG DNA motifs in bacteria known as CpG 
oligodeoxynucleotides (ODNs) are ligands of TLR9 [ 121 ]. CpG 
ODNs strongly induce a Th1-biased immune response and enhance 
the body’s immune response against antigens administered by 
several routes, including intramuscular, oral, nasal, and transcuta-
neous routes [ 122 – 124 ]. In our preliminary investigation, CpG 
ODN co-encapsulated with OVA in  S/O nanodispersion   s   enhanced 
an induction of OVA-specifi c IgG in mouse, indicating that CpG 
ODN is an effective adjuvant.   

4    Future Prospects 

 Transdermal drug/ vaccine   delivery aims to provide a simple, non-
invasive, and nonirritating delivery method for medically active 
compounds. Because the skin consists of hydrophobic and 

  Fig. 5    Serum IgG response to ovalbumin (OVA) in ddY mice [ 112 ]. OVA with (+) or 
without (−) hexa-arginine (R6) was transcutaneously administered (in PBS solu-
tions or  S/O nanodispersion   s  ) three times at 1 week intervals. Data represent the 
mean ± SD of results from 5 mice. * p  < 0.05 and ** p  < 0.01       
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hydrophilic layers, conventional drug design for transdermal delivery 
has focused on controlling the hydrophobicity and hydrophilicity 
of active compounds, in addition to the application of chemical 
enhancers. Furthermore, only small molecules permeate the skin, 
and the transcutaneous delivery of hydrophilic macromolecules, 
such as  proteins  , has been challenging. Recent technology using 
nano- sized   drug carriers posed a way to deliver proteins through 
the transcutaneous hair follicle and paracellular routes; however, 
the delivery of proteins by these methods is slow and less effi cient 
compared to that of the conventional subcutaneous or intramuscu-
lar injection methods. A synergistic use of physical enhancers, such 
as microneedles or thermal ablation, has promise as a more effi -
cient and simple administration method. In contrast, vaccine deliv-
ery targets LCs and dDCs, which are abundant in the epidermis 
and dermis, and effi cient immunization with a low dose may be 
possible with the use of chemical skin permeation enhancers and 
adjuvants. Moreover, the adjuvanticity of  nanoparticles   themselves 
can be exploited. This area of research is still in an early stage, and 
advances in simple and effi cient immunization techniques will be 
facilitated with the elucidation of signal transduction during the 
 immune response   in the skin.     

   Glossary 

  Au- NPs      Gold  nanoparticles     
  CPP    Cell-penetrating peptides   
  dDC    Dermal dendritic cell   
  FITC    Fluorescein isothiocyanate   
  HBsAg    Hepatitis B surface antigen   
  HRP    Horseradish peroxidase   
  IFN    Interferon   
  IL    Interleukin   
  IPM    Isopropyl myristate   
  LC    Langerhans cell   
  ODN    Oligodeoxynucleotide   
  OVA    Ovalbumin   
  PBS    Phosphate-buffered saline   
  PLA    Polylactic acid   
   PLGA      Poly(lactide-co-glycolic acid)   
  PRR    Pattern recognition receptor   
  PAMP    Pathogen-associated molecular pattern   
  SC    Stratum corneum   
  S/O    Solid-in-oil   
  Th1-type    T helper type 1   
  Th2-type    T helper type 2   
  TLR    Toll-like receptor   
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    Chapter 19   

 Nanomaterials for Treating Ocular Diseases       

     Guanping     Yu    ,     Amita     Vaidya    ,     Da     Sun    , and     Zheng-Rong     Lu       

  Abstract 

   Over 5 % of the world population is visually impaired. Despite extensive advances in ocular drug R&D, 
intraocular drug delivery remains a daunting challenge, by virtue of the unique anatomy and physiology of 
the eye. In recent years, the development of nanomaterial-based drug delivery systems has opened up new 
avenues for treating ocular diseases. This chapter provides a summary of the ocular barriers that restrict 
drug delivery, some of the recent nanomaterial-based drug delivery studies, their advantages and toxicity, 
and future implications of using nanoparticle-based drug delivery for ocular therapy.  

  Key words      Nanomaterials    ,   Eye disease  ,   Ocular drug delivery  ,    Safety    

1      Introduction 

 As of 2010, visual impairment is estimated to have affected over 
285 million people worldwide [ 1 ]. Among these, 86 % experienced 
partial vision loss, while 14 % exhibited ocular blindness. In 2013 
alone, the direct and indirect costs of ocular disorder management 
in the United States amounted to about $139 billion [ 2 ], indicat-
ing that the rising healthcare expenses and the chronic nature of 
most ocular problems are a major source of economic burden. The 
unique anatomy and physiology of the eye present a major chal-
lenge to drug delivery for treating diseases associated with the 
anterior and posterior segments of the eye [ 3 ,  4 ]. While naturally 
occurring static and dynamic barriers, such as the cornea, blood–
retinal barrier, lacrimal system, intraocular convection, episcleral 
pressure, blood fl ow, and effl ux pumps, function to protect the 
eyes from foreign pathogens, circulating antigens, and infl amma-
tory mediators, they also limit the bioavailability of locally and sys-
temically administered drugs [ 5 ,  6 ]. 

 Diseases of the anterior segments of the eye are commonly 
treated by topical drug application. Although this route of admin-
istration may exhibit high patient compliance, drug penetration to 
the intraocular  tissue   is limited, with less than 5 % bioavailability 
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[ 4 ]. Since the posterior segments of the eye are refractory to oral 
drugs, higher doses are necessary to achieve therapeutic drug con-
centrations, leading to concerns of toxicity and adverse side effects 
[ 7 ]. Intraocular drug delivery can be accomplished by intravitreal 
injections and implants, but he invasiveness and increased likeli-
hood of infections and injury caused by these routes leads to 
reduced patient compliance [ 7 ,  8 ]. To circumvent these problems, 
it is essential to develop an optimal  drug delivery system   that will 
enable controlled and sustained release, superior targeting, and 
prolonged retention of the drug in ocular  tissues  , so as to improve 
therapeutic effi ciency, reduce the frequency of dosing, minimize 
side effects, and improve patient compliance [ 9 ]. 

 In recent years, the development of novel and ingenious 
nanomaterial- based  drug delivery system  s has opened up new 
avenues to facilitate effi cient drug delivery and gene therapy for 
ocular diseases [ 10 ]. By virtue of their small  size   and high surface-
area-to- volume ratio, nanomaterials are likely to exhibit higher 
diffusivity across ocular membranes, increased  interaction   with 
the outer mucous membrane of the corneal surface, and pro-
longed retention of the encapsulated drug. Multiple studies have 
demonstrated signifi cant improvement in the corneal permeabil-
ity of topically administered drugs using nanomaterials [ 11 – 14 ]. 
In addition to drug delivery to the anterior segments of the eye, 
nanomaterials are also being used for noninvasive delivery and 
targeting of therapeutic agents to the posterior segments such as 
the retina, retinal pigment epithelium (RPE), and choroid [ 8 , 
 15 – 17 ]. 

 This chapter provides a brief summary of the primary routes of 
ocular drug administration and the various ocular barriers that 
limit the effi ciency of drug absorption, followed by a discussion of 
some of the most recent fi ndings in the utilization of nanomaterials 
for enhancing  ocular drug delivery   to cure ocular disease. The ben-
efi ts and risks involved in the use of nanomaterials in ocular medi-
cine are also outlined.  

2    Administration Modes and Barriers in Ocular  Drug Delivery   

   Known as the “window to the brain,” the eye is a unique photo-
sensory organ, which is responsible for 38 % of the neuronal input 
to the brain [ 18 ]. Because of their complex and fragile nature, 
damage to the various ocular structures can result in physical dis-
ruption, malfunction, partial or complete loss of vision (Fig.  1 ), 
culminating in ocular diseases such as cataract, glaucoma, uveitis, 
keratitis, age-related macular degeneration (AMD), dry eye, dia-
betic retinopathy, and retinal degeneration [ 19 ].

2.1  Eye Structure 
and Related Disease
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      Ocular drugs are typically administered by topical application or 
oral delivery. However, these drugs exhibit poor penetration and 
limited access to their ocular targets, due to the action of numer-
ous static and dynamic ocular barriers that safeguard the eye from 
foreign particles and injury [ 3 ] (Fig.  2 ). The absorption of eye- 
drop formulations is impeded by barriers formed by the cornea, 
conjunctival epithelium, and lacrimal system [ 20 ]. Systemically cir-
culating drugs must traverse through the blood–aqueous barrier to 
access the anterior chamber and through the blood–retinal barrier 
formed by the RPE and the tight retinal capillary walls to access 
the neural retina [ 8 ]. To circumvent these problems, invasive intra-
vitreal and periocular injections are performed to enhance drug 
absorption, but they can in turn increase the risk of ocular compli-
cations [ 7 ]. Thus, during drug design, it is crucial to consider the 
mode of administration of the ocular drug therapy to ensure safety 
and patient compliance. The advantages and disadvantages of the 
current and potential  drug delivery system  s used to treat ocular 
diseases are enlisted in Table  1 . The development of an effi cient 
drug delivery system that can enhance ocular targeting, bioavail-
ability, and  tissue   retention and activity, while minimizing the risk 
of toxicity and adverse side effects, remains a daunting challenge.

2.2  Barriers 
in Ocular  Drug 
Delivery  

  Fig. 1    Ocular  tissues   and the associated ocular diseases. The anatomical com-
ponents of the eye and their associated ocular diseases (in parentheses) are 
depicted.  AMD  age-related macular degeneration,  DR  diabetic retinopathy,  ONH  
optic nerve head,  RD  retinal degeneration,  TM  trabecular meshwork (Reproduced 
by permission from Clark, A. F, and Yorio, T. (2003).  Nat Rev Drug Discov . 2, 448–
459. Reference [ 19 ]. Copyright 2003 by Macmillan Publishers)       
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3          Nanomaterials   

  Nanomaterial  -based therapeutics,  sized   between 1 and 1000 nm, 
have demonstrated improved drug solubility and therapeutic 
index, longer half-life, lower immunogenicity, and targeted drug 
delivery, and have consequently been used to treat  cancer  , pain, 
and infectious diseases [ 24 – 28 ]. The discovery of liposomes in 
1966 [ 29 ] and  polymer  –drug conjugates in 1976 [ 30 ] laid the 
foundation for the use of fi rst generation of  nanoparticles   in medic-
inal therapeutic applications, further paving the way for major 
advances in polymer chemistry and the marketing of new and 
improved generations of drug formulations [ 25 ,  31 – 35 ]. In 1989, 
the FDA approved Zoladex, the fi rst polymer–drug formulation, 
comprising an implantable depot for the controlled release of 
gonadotropin-releasing hormone (GnRH) agonist, to treat certain 
breast and prostate  cancers   [ 36 ]. This was followed by the approval 

  Fig. 2    Schematic presentation of the routes of  ocular drug delivery  . The numbers 
refer to the following processes: (1) trans-corneal permeation from the lacrimal 
fl uid into the anterior chamber, (2) non-corneal drug permeation across the con-
junctiva and sclera into the anterior uvea, (3) drug distribution from the blood 
stream via blood–aqueous barrier into the anterior chamber, (4) elimination of a 
drug from the anterior chamber by aqueous humor turnover to the trabecular 
meshwork and Schlemm’s canal, (5) drug elimination from the aqueous humor 
into the systemic uveoscleral circulation, (6) drug distribution from the blood into 
the posterior eye across the blood-retinal barrier, (7) intravitreal drug administra-
tion, (8) drug elimination from the vitreous via posterior route across the blood-
retinal barrier, and (9) drug elimination from the vitreous via anterior route to the 
posterior chamber (Reproduced by permission from Urtti, A. (2006).  Adv Drug 
Deliv Rev . 58, 1131–1135. Reference [ 3 ]. Copyright 2006 by Elsevier)       
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   Table 1  
  Advantages and disadvantages of the current and potential  drug delivery system   s   to treat 
ocular diseases   

 Advantages  Disadvantages 

 Drops  – Easy application  – Poor ocular bioavailability, less than 5 % 
[ 21 ] 

 – Least invasive  – Short duration of action 
 – Good patient acceptance  – Ineffective in treatment of diseases of 

the posterior segments of the eye 
 – High concentrations or frequent 

instillations may lead to ocular and 
systemic toxicity 

 – Sometimes low patient compliance 

 Systemic 
administration 

 – More effective in treatment of 
diseases of the posterior segment 
of the eye than drops 

 – Most of the administered drugs cannot 
bypass the blood–ocular barrier 

 – Side effects: systemic toxicity 

 Intravitreal, 
periocular, and 
subconjunctival 
injections [ 22 ] 

 – Improved drug absorption over 
systemically and topically 
delivered agents 

 – Injections display fi rst-order kinetics 
(this rapid rise may cause diffi culties 
with toxicity, and drug effi cacy can 
diminish as the drug concentration falls 
below the targeted range) 

 – Safer drug delivery to the 
posterior segment of the eye 
than systemic administration (no 
systemic toxicity) 

 – Injections have short half-life (few 
hours) and need to be administered 
repeatedly 

 – Drug delivery to the target sites 
of the eye 

 – Side effects: repeated injections can 
cause pain, discomfort, increased IOP, 
intraocular bleeding, increased chances 
of infection, and possible retinal 
detachment; the major complication for 
intravitreal injection is endophthalmitis 

 – Poor patient acceptance 

 Implants [ 23 ]  – An alternative to repeated 
injections because they increase 
half-life of the drug and may 
help to minimize peak plasma 
level; they may also improve 
patient acceptance and 
compliance 

 – Side effects: insertion of these devices is 
invasive and is associated with ocular 
complications (retinal detachment and 
intravitreal hemorrhage for intravitreal 
implant) 

 – Stabilization of the drug  – The non-biodegradable devices have to 
be surgically retrieved once the drug is 
depleted (risk of ocular complications) 

 – The non-biodegradable implants 
exhibit a more controlled 
delivery profi le and longer 
periods of drug release than 
biodegradable ones 

 – The biodegradable implants have a fi nal 
uncontrollable “burst” in their drug 
release profi le 

 – The biodegradable implants do 
not need to be removed 

(continued)
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Table 1
(continued)

 Advantages  Disadvantages 

 Microparticles, 
 nanoparticles,   and 
liposomes 

 – Stabilization of the drug  – Side effects: risks associated with 
injections and vitreous clouding 

 – Increased half-life of drugs (the 
frequency of injections 
diminishes) 

 – Decrease in peak concentration 
resulting in decreased toxicity 
(micro- and  nanoparticles   
minimize “burst” in their drug 
delivery profi le because the dose 
volume is limited) 

 – Localized delivery of drugs (RPE 
cells) 

 – Improved patient compliance 
and convenience 

 Cell encapsulation  – Long-lasting and continuous 
expression of the given  protein   
(avoids repeated injections) 
without genetic alteration of the 
host  tissues   

 – Side effects: invasive method involving 
complications related to surgical 
insertion and removal 

 – Patient acceptance to be seen 

 – Direct delivery to the target site 
(limiting toxicity) 

 – Easy retrieval of the implant 
when desired (making the 
treatment reversible) 

 – Improved patient compliance 

 Iontophoresis  – Noninvasive method and easy to 
use 

 – No sustained half-life: requires repeated 
administrations 

 – May be combined with other 
 drug delivery systems      

 – Side effects: mild pain in some cases, 
but no risk of infections or ulcerations 

 – Ability to modulate dosage (low 
risk of toxicity) 

 – Risk of low patient compliance because 
frequent administrations may be 
needed 

 – Good drug penetration to 
anterior and posterior segment 
of the eye 

 – Good acceptance by patients 
 – A broad applicability to deliver a 

broad range of drugs or genes to 
treat several ophthalmic diseases 
in the posterior segment of the 
eye 

  Adapted from Ref. [ 8 ] (Reproduced by permission from Del Amo, E.M. and Urtti, A. (2008).  Drug Discov Today  13, 
135–143. Copyright 2008 by Elsevier)  
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and marketing of a myriad of nanomedicines including  polyethylene 
glycol (PEG)-protein conjugates and  PEGylated liposome  s [ 15 , 
 37 ,  38 ]. By virtue of their optimal properties such as enhanced 
drug effi cacy through improved drug encapsulation, sustained or 
triggered drug release, and preferential targeting to disease sites, 
various nanomedicines, including polymeric nanoparticles,  den-
drimers  , hydrogels, micelles, and nanoconjugates, which were 
originally developed for cancer treatment, have been expanded for 
drug delivery in ophthalmology [ 9 ,  39 – 43 ]. For example, pegap-
tanib (Macugen) [ 36 ], an anti-VEGF aptamer conjugated with 
branched PEG, has been clinically approved for treating wet AMD 
[ 25 ]. Recent decades have seen a tremendous increase in the num-
ber of patents on nanotechnology-based applications for controlled 
and targeted  ocular drug delivery  , as reviewed by Gupta [ 44 ] and 
Pignatello [ 45 ]. 

   The past three decades have witnessed signifi cant progress in the 
development of advanced  ocular drug delivery   systems. A compre-
hensive review of the design and development of  nanoparticles   for 
ocular drug delivery is provided by Liu et al. [ 9 ]. Here, we provide 
a summary of nanomaterial-based drug research conducted in the 
last 2 years. 

 Recently, our group achieved prolonged prevention of bright 
light-induced retinal degeneration by subcutaneous administration 
of polylactic acid (PLA)  nanoparticles   containing retinylamine in 
 Abca4   −/−   Rdh8    −/−   mice, which are models for Stargardt disease 
(STGD) and AMD (Fig.  3 ) [ 46 ]. Retinylamine facilitates the 

3.1  Nanoparticles 
for Ocular  Drug 
Delivery  

  Fig. 3    Retinylamine-loaded PLA  nanoparticles   provide prolonged protection against light-induced retinal 
degeneration in  Abca4   −/−   Rdh8    −/−   mice. After subcutaneous administration of the biodegradable nanoparticles, 
retinylamine is gradually released in the body, and a suffi cient amount of the drug is available in the eye to 
sequester all- trans -retinal ( at RAL) for a prolonged period to effectively protect against light-induced retinal 
degeneration (Reprinted from Ref. [ 46 ], Puntel et al. (2015).  Biomaterials,  44, 103–110. Copyright (2015) with 
permission from Elsevier)       
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clearance of all- trans -retinal ( at RAL) and its toxic condensation 
byproducts (formed due to the absence of the mutated gene prod-
ucts), which are known to cause irreversible loss of photoreceptor 
cells, culminating in various retinal degenerative diseases, includ-
ing STGD and AMD [ 47 ]. To circumvent the ocular barriers, the 
retinylamine- containing nanoparticles were administered via sub-
cutaneous injections into the neck pad of the DKO mice. Being a 
retinoid derivative, retinylamine is transported across the blood–
retinal barrier via the vitamin A transport machinery. Formulated 
using the single emulsion technique, the drug-loaded PLA 
nanoparticles are about 730 ± 310 nm in diameter, with a loading 
capacity of 6.9 ± 0.3 % (w/w), and were found to display an initial 
burst of drug release within the fi rst 24 h, followed by zero-order 
release kinetics in PBS at 37°C for as long as 4 weeks. On the other 
hand, under in vivo conditions, the PLA nanoparticles facilitated 
sustained supply of the drug for about 7 days, even at low drug 
dosage, resulting in visible protection of the structure and func-
tions of rod and cone photoreceptor cells, and preserved thickness 
of the retinal outer nuclear layer (ONL) in the treated DKO mice. 
It is possible that this inconsistency arises due to the in vivo degra-
dation of the nanoparticles by phagosomes or clearance by the 
immune system, which can be circumvented by modifi cations, 
such as copolymerization of PLA with  PEG   [ 48 ]. This study shows 
that the biocompatible PLA nanoparticles can be potentially used 
for drug delivery and prolonged prophylactic treatment of human 
retinal degenerative diseases.

   Previous research by Giannaccini et al. demonstrated that the 
RPE layer can be specifi cally targeted for prolonged drug retention 
by intraocular injections of magnetic  nanoparticles   (MNPs) in 
 Xenopus  and zebrafi sh embryos, irrespective of the charge,  size  , 
and surface properties of the MNPs [ 49 ]. This study employed 
Feraheme MNPs, which are FDA-approved for the treatment of 
iron defi ciency anemia in adult patients with chronic kidney disease 
and as contrast agents for molecular resonance  imaging   ( MRI  ) 
[ 50 ]. Although MNPs are thought to possess ideal molecular car-
rier properties, e.g., their surface can be functionalized for targeted 
therapy [ 51 ], their role in human  ocular drug delivery   remains to 
be determined. 

 Tuomela and colleagues developed a nanocrystalline topical 
formulation of the poorly soluble glaucoma drug brinzolamide 
(BRA), a carbonic anhydrase inhibitor, and demonstrated signifi -
cant reduction of intraocular pressure (IOP) in a rat ocular hyper-
tension model [ 52 ]. Nanocrystal-based  ocular drug delivery   is 
advantageous in that the nanocrystals are carrier-free crystalline 
clusters of drug (10–1000 nm in  size  ) and devoid of matrix mate-
rial, facilitating high bioavailability, low irritation, enhanced disso-
lution velocity, and saturation solubility of drugs in the lacrimal 
fl uid [ 53 ]. Nevertheless, it is important to note that increased 
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dosage and longer incubation times of the BRA nanocrystals 
caused cell toxicity, warranting further  pharmacokinetic   and phar-
macodynamic studies for their human ocular applications. Besides 
nanocrystal technology, cyclodextrins (CDs) function as suitable 
candidates for the delivery of lipophilic drugs by forming water- 
soluble drug–CD nano-complexes that facilitate drug delivery and 
permeation. Stefansson’s group conducted a randomized, cross-
over trial to evaluate IOP control by dorzolamide hydrochloride 
(marketed as Trusopt ® ) administered three times a day (TID) ver-
sus dorzolamide γ-cyclodextrin (D-γCD) nanoparticle eye drops 
administered once a day (QD) for glaucoma therapy [ 54 ]. The 
investigators demonstrated that compared to Trusopt TID, D-γCD 
QD treatment may lower IOP with a better safety profi le, prompt-
ing the need for long-term experiments for safety and effi cacy. It is 
important to note that the drug–CD ratio is critical for effi cient 
delivery; too much CD decreases bioavailability, while too less CD 
may not form suffi cient nanoparticle complexes [ 55 ]. 

 Solinís et al. designed a vector system containing solid lipid 
 nanoparticles   (SLNs), protamine (P), and hyaluronic acid (HA), 
which exhibits remarkable cellular uptake by calveolar/lipid raft- 
mediated endocytosis. The three components form a stable posi-
tively charged complex, between 240 and 340 nm, and the 
combination of P and HA serves to signifi cantly enhance the cell 
transfection effi ciency, compared to SLNs alone [ 56 ]. Although 
the authors demonstrate effi cient plasmid delivery and increased 
production of the  protein   retinoschisin in ARPE19 cells, compre-
hensive in vivo studies are required to determine if this vector sys-
tem can treat human X-linked juvenile retinoschisis. 

 To circumvent the local toxicity caused by periocular carbopla-
tin injections in retinoblastoma patients, Bellare and colleagues 
loaded the carboplatin on polymethylmethacrylate (PMMA) 
 nanoparticles   to improve stability, circulation time, and sustained 
delivery of the drug. Following single posterior subtenon injec-
tions, the patients exhibited increased trans-scleral transport of car-
boplatin in the retina, with no acute ocular and systemic toxicity 
[ 57 ]. Although PMMA nanoparticle therapy has never been inves-
tigated in retinoblastoma patients, the encouraging results suggest 
that pending long-term effi cacy studies, this technology could be 
used for adjunctive treatment of advanced intraocular retinoblas-
toma in the clinic.  

   Dendrimers (dendron = tree) are three-dimensional, well- organized 
nanoscopic macromolecules, with a central core that is surrounded 
by overlapping and branched repeating units containing the active 
sites. By virtue of their multivalency, versatility, and functionality, 
 dendrimers   have gained increasing attention in the fi eld of targeted 
and multidrug delivery [ 41 ,  58 ]. 

3.2  Dendrimers 
for Ocular  Drug 
Delivery  
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 We synthesized a nanoglobular  dendrimer   of the drug 5-ami-
nosalicylic acid (5-ASA), which is FDA-approved for treating reti-
nal degeneration [ 15 ]. As a free drug, 5-ASA exhibits rapid 
 pharmacokinetics   and low bioavailability, necessitating the design 
of a suitable  drug delivery system  , in which 5-ASA was conjugated 
to a generation 2 (G2) lysine dendrimer with an octa(3- 
aminopropyl)silsesquioxane core, and sustained drug release via 
hydrolysis was facilitated by an acid-sensitive Schiff base spacer 
(Fig.  4a  and  b ). Compared to 5-ASA alone, the nanoglobular 
5-ASA conjugate (fi ve 5-ASA molecules per nanoglobule) exhib-
ited controlled release with reduced systemic clearance of the drug 
as well as prolonged protection against bright light-induced retinal 
degeneration in the  Abca4   −/−   Rdh8   −/−   STGD mouse model 
(Fig.  4c ). It is also evident that intraperitoneal administration of 

  Fig. 4    The AGFB-ASA conjugate: structure and in vivo effi cacy. ( a ) Structure of the nanoglobular  dendrimer   G 2  
and ( b ) scheme of AGFB-ASA conjugate. ( c ) OCT images indicate representative morphology of 
 Abca4   −/−   Rdh8   −/−   mouse retinas. Scale bar indicates 50 μm in the OCT  image  . AGFB-ASA-pretreated light-
illuminated  Abca4   −/−   Rdh8   −/−  mice exhibit increased preservation of the ONL thickness than free 5-ASA-
pretreated light- illuminated mice, which failed to exhibit any protection against light-induced retinal 
degeneration at 0.5 mg 5-ASA per mouse (adapted with permission from Wu X. et al. (2013)  ACS Nano  8, 
153-161. Reference [ 15 ]. Copyright 2013 by American Chemical Society)       
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the drug conjugate permits suffi cient drug delivery to the posterior 
segments of the eye, indicating that the nanoglobular dendrimer is 
a promising tool for noninvasive ocular delivery of drugs, gene 
therapy, and  imaging   agents [ 59 ,  60 ]. The presence of 32 surface 
amino acids on the nanoglobule, the modifi able spacer linkage, 
and other versatile properties can further enable the modifi cation 
of this system for optimized drug load, solubility, rate of drug 
release, reduced cytotoxicity, and  tissue  -specifi c targeting.

   In addition, poly(amidoamine) (PAMAM)  dendrimers  , which 
are  polymers   that can be synthesized to create precise molecular 
architectures, possess amino, hydroxyl, or carboxylic surface 
groups, to which drug molecules can be covalently attached. For 
example, PAMAM dendrimers conjugated to the infl ammatory 
mediators, glucosamine and glucosamine 6-sulfate, have been 
demonstrated to prevent scar formation after glaucoma fi ltration 
surgery in rabbits [ 61 ]. Conjugation to PAMAM  dendrimer   
increases the bioavailability of topically applied pilocarpine nitrate 
and tropicamide in albino rabbits [ 62 ] and enhances the solubility 
and antibacterial activity of quinolones [ 63 ]. A hybrid linear-
dendritic- copolymer, poly(glycerol-co-succinic acid)-poly(ethylene 
glycol), synthesized from biodegradable components including 
succinic acid and glycerol, undergoes photopolymerization to form 
an interpenetrating network with the surrounding  tissue   to facili-
tate rapid sealing of corneal lacerations, compared to conventional 
sutures [ 64 ]. Phthalocyanine dendrimers complexed with plasmid 
DNA and cationic peptides have been designed to enable photo-
sensitive enhancement of gene expression in rat conjunctival  tis-
sues   [ 65 ]. Similarly, polycationic dendrimers complexed with 
lipoamino acids have been developed for the delivery of anti-VEGF 
oligonucleotides in human RPE51 cells [ 66 ]. Additional research 
for optimizing the physical properties, delivery routes, safety, and 
effi cacy of these dendrimers may provide strategies for treating 
choroidal neovascularization (CNV). Phosphorous dendrimers 
have been demonstrated to deliver the antihypertensive drug car-
teolol across corneal barriers into the aqueous humor of albino 
rabbits [ 67 ]. Indeed, preclinical trials involving dendrimer- 
mediated  ocular drug delivery   are already under way and are 
reviewed in [ 68 ].  

   Among the numerous delivery systems discussed so far,  polymer  - 
based  carriers are powerful delivery tools and are being widely 
investigated for  ocular drug delivery  .  N -(2-Hydroxypropyl)meth-
acrylamide (HPMA) polymer–drug conjugates with oligopeptide 
spacers that can be cleaved by pancreatic and intestinal enzymes 
have been tested for the site-specifi c release of anticancer therapeu-
tics [ 69 ,  70 ]. 

 On similar lines, our group designed a  PEG  -retinylamine 
(Ret-NH 2 ) conjugate PEG-GFL-NH-Ret with a 

3.3  Nanoconjugates
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glycine-phenylalanine- leucine (GFL) spacer for controlled oral 
delivery of Ret-NH 2 , for the treatment of retinal degenerative dis-
eases, including STGD and AMD [ 71 ]. Cleavage of the GFL pep-
tide spacer by digestive enzymes of the gastrointestinal tract 
facilitates sustained release of Ret-NH 2  from the biocompatible 
drug- polymer   conjugate, thus increasing the residence time of 
therapeutically effective concentration of Ret-NH 2  in the eyes and 
circulation for up to 72 h. Compared to free Ret-NH 2 , the conju-
gate also protected the STGD mouse model from retinal degenera-
tion induced by bright light (Fig.  5 ). Thus, this conjugate-mediated 
drug delivery promises to be highly advantageous over free drug 
delivery to ocular  tissues  , by facilitating sustained drug release, 
reduction of drug dose, dosing frequency, and dose-related toxic 
side effects.

  Fig. 5    An oral  PEG  -retinylamine conjugate for prolonged protection against light-induced retinal degeneration 
in  Abca4   −/−   Rdh8   −/−   mice. After oral administration of PEG-GFL-NH-Ret conjugate, Ret-NH 2  is gradually 
released into the small intestine and colon to maintain a relatively stable effective drug concentration in the 
circulation and a suffi cient amount of the drug in the eye for an extended period. Sustained drug release from 
the conjugate provides prolonged protection against light-induced retinal degeneration, with a possible reduc-
tion in the overall dose and dosing frequency (Reprinted with permission from Yu G. et al. (2014). 
 Biomacromolecules  15, 4570–4578. Reference [ 71 ]. Copyright 2014 by American Chemical Society)       
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      Although topical application of eye drops is the most common 
route of administration of ocular drugs to the anterior segments, 
it leads to a signifi cant reduction in the drug bioavailability to 
target  tissues  , due to lacrimal drainage, and other ocular barriers. 
Hydrogel formulations can be used to overcome such barriers, by 
increasing the viscosity and, consequently, the residence time of 
the drugs on the ocular surface. When topically applied, most of 
the antiglaucoma drug timolol is lost through systemic drainage, 
resulting in numerous adverse side effects. On the other hand, 
ophthalmic application of 0.1 % hydrogel formulation of timolol 
exhibits almost 100 % receptor occupancy and reduced loss to the 
aqueous humor in human patients [ 72 ]. The controlled and sus-
tained release profi le reduces the probability of having insuffi cient 
local drug concentration. It also reduces the risk of toxic side-
effects caused by repetitive administration. Lou et al. developed a 
thermoresponsive ophthalmic in situ gel system for the delivery of 
curcumin loaded on to albumin  nanoparticles   (Cur-BSA- NPs  -
Gel) in albino rabbits. This gel formulation showed increased vis-
cosity, prolonged release times, little ocular irritation, and 
enhanced ocular bioavailability of curcumin in vivo, indicating 
that it may serve as a possible approach for safe ocular curcumin 
delivery in patients with diabetic retinopathy [ 73 ]. In addition, 
hydrogel iontophoresis, in which hydrogel sponges loaded with 
charged nanoparticles are applied along with low electric current, 
is also an attractive noninvasive strategy for drug delivery to the 
anterior and posterior ocular tissues [ 74 ]. Trans-scleral ionto-
phoresis using polyacrylic hydrogel sponges enhances the ocular 
delivery of drugs like dexamethasone, methotrexate, and methyl-
prednisolone, compared to conventional injections [ 75 ,  76 ]. 
Preliminary safety and tolerance studies of iontophoresis with 
balanced salt solution demonstrate that a total charge of less than 
60 mAmin is well tolerated by healthy human subjects [ 77 ], indi-
cating that this technique could indeed be used for noninvasive 
 ocular drug delivery   in the clinic.  

   Although numerous ocular nanomedicines and nanomaterial- 
based strategies progress to preclinical studies, for the  character-
ization   of their  pharmacokinetic   properties in the physiological 
environment, only a small percentage of the novel drugs actually 
make it to clinical trials [ 9 ]. Numerous eye-drop formulations that 
exploit the interactions between drug carriers and ocular milieu 
are currently available in the market [ 78 ]. In addition, contact 
lenses, intravitreal implants, cul-de-sac inserts, and punctal plugs 
are also being developed by various pharmaceutical companies 
[ 78 ]. Table  2  summarizes the progress of nanomaterial-based 
 ocular drug delivery   systems that are currently in the clinical 
stages.

3.4  Hydrogel

3.5  Preclinical 
Studies of Ocular 
 Nanomedicine  
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4         Nanoparticle    Safety   

 In general, nanomedicines and nanomaterial-based formulations 
are subject to the same stringent rules and regulations as other 
conventional medications and treatments for use in humans and 
animals. Extensive research is essential to comprehensively 
understand the effects of nanomaterial-based drugs, in terms of 
their safety, toxicity, and effi cacy, and for formulating appropri-
ate  guidelines and laws for regulating their use in human patients 
[ 35 ,  36 ,  91 ,  92 ]. Different types of nanomaterials are known to 
cause toxic side effects in several organ systems [ 93 ]. Nanoparticles 
can lead to enhanced oxidative stress, triggering the expression 
of transcription factors that may harm cells and  tissues   via oxida-
tive stress generation, which may consequently lead to the acti-
vation of different transcription factors [ 93 ]. Generally, 
 nanoparticles   distributed through the lymphatic system in paral-
lel with the blood vascular system are taken up by lymph nodes. 
The ocular mucosa contains lymphoid  tissue   that drains to dif-
ferent face and neck lymphatic ganglia [ 94 ]. Prow [ 95 ] provides 
a summary of the toxicity of about thirty kinds of nanoparticles 
and other nanocarriers tested for ocular applications in vitro and 
in vivo and highlighting the signifi cance of conducting toxicity 
testing for cell morphology,  cell viability  , clinical signs evalua-
tion, gross tissue examination, irritation test, histology and func-
tional analyses, and infl ammatory response for newly developed 
drug carriers. The development of a viable commercial nanoma-
terial-based delivery system poses signifi cant challenges, such as 
biomaterial and drug compatibility, mass production and scal-
ability, and long-term stability and reactability of the biomaterial 
and drug [ 96 ]. 

 In summary, the currently marketed nanomaterial-based 
drugs have already ushered in the era of nanomedicine [ 35 ]. The 
application of nanotechnology will undoubtedly enable research-
ers to improve and develop novel  ocular drug delivery   systems, 
so as to achieve therapeutic effi cacy, patient-compliance, and 
negligible side-effects in a cost-effective manner. Despite the 
publication of several prominent researches and studies, the 
design of effi cient nanomaterial platforms for perfectly con-
trolled drug delivery in human patients remains a daunting task. 
 Safety   is also an important issue for the nanomaterials; conse-
quently, the development of appropriate and well- validated 
methods of  characterization   is imperative for assessing the bio-
distribution and toxicity profi le of the biomaterial-encapsulated 
drug, biodegradability, and sustained release under physiological 
conditions [ 34 ].     
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    Chapter 20   

 Nanomedicine for the Treatment 
of Musculoskeletal Diseases       

     Ke     Ren    ,     Xin     Wei    ,     Lingli     Zhang    , and     Dong     Wang       

  Abstract 

   The human adult skeletal system is comprised of 206 bones, along with a network of ligaments, tendons 
and cartilage. In addition to providing locomotion, the skeletal tissues serve as attachment sites for muscles 
and as protection for vital soft tissue organs. They harbor hematopoietic tissues (bone marrow) and act as 
a reservoir for calcium and phosphorus. Just as with any other organ systems, many pathological condi-
tions are associated with musculoskeletal tissues, such as osteoporosis, arthritis, impaired fracture healing, 
and bone cancers, etc. These diseases affect many people, especially the geriatric population, resulting in 
pain, stiffness, loss of body function and even mortality. The health-related quality of life in patients with 
musculoskeletal diseases is signifi cantly reduced, and the rising number of patients suffering from age- 
related musculoskeletal diseases can become a signifi cant economic burden in an aging society. 

 To address this issue, many clinical interventions, ranging from new therapeutic treatments to novel 
surgical procedures, have been developed. Due to the inherent nature of the musculoskeletal system and 
its clinical relevance, extensive work has been done in the development of nanomaterials scaffolding and 
the local delivery of functional agents to improve bone repair/regeneration, osseointegration with ortho-
pedic implants and prevention or treatment of postoperative infections. This is a rather crowded fi eld with 
many high quality reviews being published (Tran and Webster. Wiley Interdiscip Rev Nanomed 
Nanobiotechnol 1(3): 336–351, 2009; Harvey et al. J Orthop Trauma 24(Suppl 1): S25–S30, 2010; 
Stylios et al. Injury 38(Suppl 1): S63–S74, 2007; Sato and Webster. Expert Rev Med Devices 1(1): 105–
114, 2004; Webster and Ahn. Adv Biochem Eng Biotechnol 103: 275–308, 2007), which the readers are 
encouraged to explore. This chapter, however, will be mainly focused on several new directions in the fi eld, 
especially on the use of nanomaterials as carriers to target therapeutic agents to the musculoskeletal lesions 
after systemic administration. In contrast to the local nanomaterial depot approach, of which the material 
design and drug release/activation are somewhat arbitrary, the systemically administered carriers would 
“seek out” its target and deliver the drugs according to the pathological conditions present.  

  Key words     Musculoskeletal disease  ,    Nanomedicine    ,   Bone-targeting  ,    ELVIS mechanism    ,   Bone ana-
bolic agent  ,   Regenerative medicine  ,   Infl ammation  ,    arthritis    ,   Osteoporosis  ,   Bone  cancer    

1      Basic Bone Biology 

 The composition of bone varies with age, gender, general health, 
anatomical location, and nutritional status. Generally, adult bone is 
composed of 50–70 % mineral, 20–40 % organic matrix, 5–10 % 
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water, and 1–5 % lipids [ 1 ]. The mineral content of the bone is 
mostly hydroxyapatites [HA, Ca 10 (PO 4 ) 6 (OH) 2 ], an insoluble salt 
of calcium and phosphate with small amounts of F − , Cl − , Na + , K + , 
Fe 2+ , Zn 2+ , Sr 2+ , Mg 2+ , citrate, and carbonate. The bone apatite is in 
the form of small needle-like crystals around 200 Å in their largest 
dimension [ 2 ]. About 90 % of the bone organic matrix is com-
posed of type I collagen [ 3 ]. The collagen fi brils form a scaffold for 
a highly organized arrangement of uniaxially oriented bone apatite 
crystals. Bone minerals provide mechanical rigidity and load- 
bearing strength to bone, whereas the organic matrices are respon-
sible for fl exibility and elasticity. 

 Bone is a metabolically active organ that undergoes continu-
ous remodeling throughout an individual’s life. Bone remodel-
ing helps to repair micro-damages in the bone matrix, prevents 
old bone accumulation and plays an important role in maintain-
ing plasma mineral homeostasis. Remodeling involves continu-
ous removal of discrete packets of old bone, replacement with 
newly synthesized matrix, and subsequent mineralization of the 
matrix to form new bone [ 4 ]. The remodeling cycle consists of 
fi ve consecutive phases: activation (differentiation of preosteo-
clasts into mature osteoclasts); resorption (osteoclasts digest old 
bone); reversal (mononuclear cells appear on the surface of 
bone); formation (osteoblasts synthesize new bone matrix); and 
quiescence (osteoblasts become resting bone-lining cells on the 
newly formed bone surface) [ 5 ,  6 ]. During the bone remodeling 
process, the balance between the removal of mineralized  tissue   
by osteoclasts and the formation of bone matrix through osteo-
blasts are of critical importance. Osteoclasts are the only cells 
that are known to be capable of resorbing bone. They are large, 
multinucleated cells derived from mononuclear precursor cells of 
the monocyte/macrophage lineage [ 7 ]. Resorbing osteoclasts 
secrete proton via H + -ATP pump and chloride channels to 
decrease the pH within the bone resorption lacunae to as low as 
4.5, which helps mobilize bone minerals [ 8 ]. In the meantime, 
they secrete cathepsin K, matrix metalloproteinase 9 and gelati-
nase to digest the organic matrix [ 9 ]. Osteoblasts are bone-
forming cells derived from mesenchymal stem cells. They are 
responsible for the synthesis of new collagenous organic matrix 
and regulate mineralization by releasing small membrane-bound 
matrix vesicles that concentrate calcium and phosphate and 
enzymatically destroy mineralization inhibitors [ 10 ]. The bone 
remodeling through osteoclasts/osteoblasts and their regulation 
are shown in Fig.  1 .

   Many pathways regulate the bone remodeling cycle. The 
receptor activator of nuclear factor kappa B (NF-κB) ligand/
receptor activator of NF-κB/osteoprotegerin (RANKL/RANK/
OPG) pathway plays an essential role in the formation, activation, 
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and function of osteoclasts [ 11 ]. When RANKL, expressed by 
osteoblasts, and stromal stem cells bind to RANK on the surface 
of osteoclasts and their precursors, the recruitment and activation 
of osteoclasts are stimulated. On the other hand, OPG, produced 
by osteoblasts and osteogenic stromal stem cells, acts as a decoy 
receptor to prevent RANKL from interacting with RANK. It pro-
tects the skeleton from excessive bone resorption [ 12 ,  13 ]. Thus, 
the RANKL/OPG ratio is an important determinant of bone 
mass and skeletal integrity in normal and disease states. Besides 
the RANKL/RANK/OPG system, a number of endocrine, 
immune, and cytokine mediators also infl uence or regulate bone 
remodeling. The major systemic regulators include calcitriol, 
parathyroid hormone (PTH), and hormones such as glucocorti-
coids (GC), growth hormones, sex hormones and thyroid hor-
mones. Other factors such as prostaglandins, insulin-like growth 
factors, tumor growth factor- beta (TGF-beta), colony stimulating 
factor (CSF) and bone morphogenetic  proteins   (BMPs) are also 
involved [ 5 ]. Some of these regulators for bone remodeling are 
summarized in Table  1 .

Osteoclasts mediated
bone resorption

Osteoblasts mediated
bone formation

Osteoclast

Bone

Osteoblast

Osteocyte

Osteoid

Hematopoietic
osteoclast
progenitor

Mesenchymal
osteoblast
progenitor

Osteoclast
precursor

M-CSF BMPs BMPs
PTH
Vitamin D
IGFs
Wnts

RANKL/RANK/OPG
M-CSF
IL-�
IL-�

Osteoblast
precursor

Activated
osteoclast

Activated
osteoblast

  Fig. 1    During the bone remodeling process, the balance between the removal of mineralized bone by osteo-
clasts and the formation of bone matrix through osteoblasts are of critical importance. Hormones, cytokines, 
and growth factors that control cell proliferation and differentiation of osteoclasts and osteoblasts are shown 
below the  arrows. M - CSF  macrophage colony-stimulating factor,  RANK  receptor activator of NF-κB ligand, 
 RANKL  RANK ligand,  OPG  osteoprotegerin,  IL - 1  interleukin-1,  IL - 6  interleukin-6,  BMPs  bone morphogenetic 
 proteins  ,  PTH  parathyroid hormone,  IGFs  insulin-like growth factors,  Wnts  wingless-type, mouse mammary 
tumor virus integration site       
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2       Current Treatments and Proposed Novel Strategies for Improvement 

   To maintain bone hemostasis, two classes of drugs have been 
developed. Bisphosphonates (BPs), cathepsin K inhibitiors, 
RANKL antibodies, calcitonin, estrogen, and estrogen agonists are 
commonly used as antiresorptive agents [ 14 ]. They inhibit 
osteoclast- mediated bone resorption and slow bone loss through 
multiple mechanisms, such as decreasing osteoclast activity and 
inducing osteoclast apoptosis [ 15 ]. Anabolic drugs, such as para-
thyroid hormone (PTH) analogs and sclerostin antibodies, are 
another type of medication, which stimulate bone formation by 
regulating osteoblast functions [ 16 – 18 ]. Other drugs have also 
been developed for particular musculoskeletal disorders such as 
rheumatoid  arthritis   and osteomyelitis [ 19 – 21 ]. 

 Of these pharmacologically active drugs developed for  muscu-
loskeletal disease  s, rarely do any of the drugs demonstrate  tissue   
specifi city to the bone, with the exception of bisphosphonates. 
When surgical procedure is part of the treatment protocol, a 
nanomaterial- based drug depot may be implanted to provide the 
needed local drug concentration [ 3 ,  22 – 25 ]. When used to treat 
systemic conditions or when there is no opportunity for implanta-
tion of a local drug depot, high systemic dose is often required to 
reach the drug’s pharmacological activity at the peripheral skeletal 
site. The distribution of drugs to other normal organs and  tissues  , 
however, carries a considerable risk of adverse effects, which can be 
severe or even life threatening [ 26 ]. This is further complicated by 
the unique pharmacological features of a particular medication, 
such as the poor bioavailability and gastrointestinal irritation of 
bisphosphonates [ 27 ,  28 ] or of PTH, which requires intermittent 
administration [ 29 ,  30 ].  

2.1  Current 
Treatments

   Table 1  
  Regulators of bone remodeling   

 Activators  Inhibitors 

 Parathyroid hormone a   Calcitonin 

 Prostaglandins  Bisphosphonates 

 Interleukin-1  Osteoprotegerin 

 Interleukin-1  Estrogens 

 Thyroxine  Androgens 

 1, 25 (OH) 2  Vitamin D  IL-18 

 RANK ligand  IFN-γ 

   a Parathyroid hormone’s effect is dose dependent  

Ke Ren et al.
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   The anatomical and pathological features of the musculoskeletal 
system provide unique opportunities for the introduction of spe-
cifi c  tissue   tropism through rationally designed nanomaterial drug 
carriers. What distinguish the musculoskeletal system from the 
other organs and  tissues   in the body are its mineral composition. 
The unsaturated Ca 2+  ions on the surface of bone apatite crystal 
bind strongly with chelators (e.g., carboxylates and phosphates) 
that could be used as robust targeting ligands to render nanofor-
mulations osteotropic. Bisphosphonates (BPs) are a major class of 
drugs used for the treatment of  osteoporosis   and other  musculo-
skeletal disease  s characterized by increased bone resorption. As 
discussed earlier, BPs have strong bone affi nity. They are stable 
analogs of naturally occurring inorganic pyrophosphate with a 
general structure of P-C-P (shown in Fig.  2 ). The P-C-P moiety 
has a high affi nity for calcium crystals. Systemic administration of 
BPs commonly results in 20–50 % deposition of the molecules at 
bone tissues with minimal accumulation at other sites [ 31 ,  32 ]. 
The strong osteotropicity of BPs not only render them preferen-
tially pharmacologically effective in bone but also makes them 
useful osteotropic ligands that can direct nanomaterial-based for-
mulations to the bone since they retain much of the binding affi n-
ity after conjugation to other molecules or carriers. Many 
nanomedicines decorated with BPs have been developed for treat-
ing musculoskeletal diseases, such as osteoporosis and  cancers   
metastasized to the bone [ 33 – 36 ].

   Though being very potent bone-binding ligands, the pharma-
cological nature of BPs may limit this application. As strong inhibi-
tors for osteoclast-mediated bone resorption, long-term use of BPs 
has been linked to complications such as osteonecrosis of the jaw 

2.2  Osteotropic 
Agents

  Fig. 2    The structures of representative  bone-targeting  moieties       
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(ONJ) [ 37 ,  38 ]. The P-C-P structure in BPs is resistant not only 
to most chemical reagents but also to enzymatic degradation. As a 
result, renal excretion is the only route of elimination. The half-life 
of BPs in the skeleton is very long, ranging among various species 
from 1 to 10 years, depending largely upon the rate of bone turn-
over [ 32 ]. An understanding of the structure of bone noncollage-
nous  proteins   (e.g., osteopontin and bone sialoprotein) with 
repeating sequences of acidic amino acids inspires the development 
of novel  bone-target   ing   ligands based on acidic oligopeptides [ 39 ]. 
Studies have proven that acidic amino acid ( L -Asp or  L -Glu) homo-
peptides containing six or more residues bind strongly to hydroxy-
apatite [ 40 ]. Small peptides consisting of acidic amino acids may 
be more practical as osteotropic carriers because they could degrade 
and be excreted after selectively distributing to the bone and grad-
ually releasing the conjugated drug [ 39 ,  41 ]. Several oligopeptide- 
conjugated drugs have been developed and shown to successfully 
target bone [ 40 – 43 ]. Besides BPs and acidic amino acids, a group 
of other molecules, such as tetracycline and its derivatives [ 44 ,  45 ], 
polymalonic acid [ 46 ], and sialic acid [ 47 ], have also been identi-
fi ed as  bone targeting   moieties.  

     Generally, there are two approaches one may use to direct thera-
peutic agents to the skeleton using these  bone-target  ing moieties 
(Fig.  3 ). First, the drugs may be chemically conjugated to a carrier, 
to which bone-targeting moieties can be conjugated to provide the 
osteotropicity to the prodrug. A good example of this is a 
  N -(2- hydroxypropyl)methacrylamide (HPMA) copolymer conju-
gate containing alendronate (ALN) and potent anti-angiogenic 
agent TNP-470 [ 48 ]. Second, drugs may also be physically 
entrapped into nanocarriers (e.g., liposomes,  nanoparticles  , and 
micelles), their surfaces decorated with bone-binding moieties. 
These may include liposomes containing a bone-binding 

2.3  Bone  Targeting   
Delivery Systems

2.3.1  Active  Targeting  

  Fig. 3    General structure of  bone-target   nanomedicines       
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cholesterol derivative [ 33 ] and ALN-functionalized poly(lactic-co-
glycolic acid) ( PLGA  ) nanoparticles [ 49 ].

   As critical is the preferential distribution of the drug to the 
musculoskeletal system, the proper release/activation of the drug 
at the targeted pathological site also plays an important role in the 
development of osteotropic nanomedicine. For drugs encapsulated 
in nanocarriers, the passive diffusion of the drug from the carrier 
matrix and the degradation/erosion of the carrier are the major 
mechanisms of drug release. For chemically conjugated prodrugs, 
the drug release depends on the cleavage of the drug-carrier link-
ers. The proper selection of the linker chemistry would enable 
additional  tissue   specifi city according to local pathology. For exam-
ple, as a bone specifi c enzyme, cathepsin K is highly expressed at 
resorbing osteoclasts. The application of cathepsin K-sensitive link-
ers would allow bone-specifi c activation of the prodrug [ 50 ]. The 
acidic environment in the resorption lacuna of osteoclasts (pH 
4–4.5) is another unique physiological feature of bone metabo-
lism. Therefore, the use of acid-cleavable linkers may also add bone 
specifi city to chemically conjugated nanomedicine.  

   Many  musculoskeletal disease  s are accompanied by  infl ammation  . 
The infl ammation process is characterized by a sequence of defi ned 
pathophysiological events, including alterations in local vascula-
ture, the recruitment and activation of infl ammatory cells, destruc-
tion and removal of the initiating stimulus, and subsequent 
stimulation of repair processes that lead to restoration of  tissue   
homeostasis [ 51 ]. The enhanced vasculature fenestration allows 
nanomedicine to extravasate at the infl ammation site. The infl am-
matory infi ltrates and activates local cells then sequesters the 
drug- containing colloidal systems and gradually activates and 
releases the drugs. This novel passive infl ammation-targeting 
mechanism is termed the  E xtravasation through  L eaky  V asculature 
and  I nfl ammatory cell-mediated  S equestration (ELVIS) mecha-
nism (Fig.  4 ) [ 52 ,  53 ] and has been validated in multiple infl am-
matory musculoskeletal disease models [ 52 – 55 ]. For example, in 
adjuvant- induced arthritic rats (a model for rheumatoid  arthritis  ), 
the vasculature leakage and the accelerated extravasation of the 
macromolecules (including plasma albumin) have long been 
proven using Evans Blue and synthetic macromolecular  imaging   
contrast agents for  magnetic resonance imaging   ( MRI  ) [ 49 ,  50 ]. 
The sequestration of polymeric prodrugs by local activated 
 infl ammatory cells in rat arthritic joints have also been proven by 
fl uorescence- activated cell sorting and immunohistochemical 
staining [ 50 ].

   It is also critically important to note that many of the  muscu-
loskeletal disease  s fi nd their largest patient cohort in the geriatric 
population. They are mostly of chronic nature, which requires very 
frequent dosing, probably for the remainder of the patient’s 

2.3.2  Passive  Targeting  
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lifetime. From the pharmaceutical development aspect, this neces-
sitates the development of long-acting dosage forms, such as a 
daily pill, monthly injection or even yearly injection (e.g., Once-
Yearly Zoledronic Acid). For biologics, which mainly requires 
injections, the oral dosage form would greatly improve the patient 
compliance. In this case, nanoformulations may have the potential 
to provide better oral bioavailability for the biologics.    

3     Nanomedicine   Development for Musculoskeletal Diseases 

 Based on these unique features of  musculoskeletal disease  s, many 
new therapies have been developed using nanomaterial-based car-
riers. In the following sections, we will highlight their applications 
in several representative diseases. 

   Arthritis is the most common cause of disability among adults in 
the USA and has signifi cantly higher incidence among patients 
with multiple chronic conditions [ 56 ]. There are two major types 
of  arthritis  : rheumatoid arthritis (RA) and osteoarthritis (OA). 

   RA is an autoimmune infl ammatory disorder that affects many 
 tissues   and organs, but primarily synovial joints. It causes 
 signifi cant joint pain, articular bone/cartilage destruction, loss of 
joint function and premature mortality. The current treatments 
for RA are generally divided into four categories: glucocorticoids 
(GC), disease- modifying antirheumatic drugs, nonsteroidal 

3.1  Arthritis

3.1.1  Rheumatoid 
Arthritis

  Fig. 4    Passive targeting of nanomedicine to infl ammatory site via  E xtravasation through  L eaky  V asculature and 
 I nfl ammatory cell-mediated  S equestration (ELVIS) mechanism       
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anti- infl ammatory drugs, and biologics [ 57 ]. While most of these 
drugs have very well defi ned molecular targets, they rarely show 
arthrotropicity (i.e., targeting to the joint). As expected, their 
off-target distribution often lead to adverse events (e.g., second-
ary  osteoporosis   associated with the use of GC), which restrict 
the treatment duration and the overall dosing level and effi cacy of 
these medications. To overcome these limitations, several unique 
pathophysiological features of RA can be exploited to enhance 
the drugs’  tissue   specifi city to the infl amed joints. These include 
the  ELVIS mechanism   found in the infl ammatory joints discussed 
above [ 52 ], synovial accumulation of infl ammatory cells such as 
T-lymphocytes and macrophages, local tissue hypoxia and meta-
bolic acidosis, and enrichment of infl ammatory mediators such as 
cytokines and chemokines. These features and the discoveries of 
synovial tissue- specifi c antigens may allow for the development of 
nanomedicine that would facilitate the distribution of therapeutic 
agents to the infl amed joints. 

 One well-established strategy for the improvement of drug 
 pharmacokinetics   and  tissue   specifi city is to develop nanomedicine 
formulations. The infl ammatory features of the synovial  tissues   
facilitate their preferential extravasation and local enrichment. 
Among the nanoformulation being explored for this purpose, the 
liposome is one of the most extensively studied formulations. This 
is mainly attributed to the well-established safety profi les of its 
excipients and formulation versatility [ 58 ]. Several liposomes have 
been developed for improved RA treatment, incorporating pred-
nisolone, dexamethasone or superoxide dismutase [ 59 – 63 ]. Several 
formulation factors may be tuned to achieve optimal outcomes for 
different clinical applications [ 63 – 65 ]. For example, conjugation 
to  polyethylene glycol  , or  PEGylation  , generally increases the lipo-
somal circulation time and reduces the uptake by liver and spleen. 
Large- sized   liposomes show good retention for local intra-articular 
administration. Small-sized liposomes are better suited to achieve 
arthritic joint targeting by the  ELVIS mechanism  . Regardless of 
the surface modifi cation and the drug encapsulated, all the small- 
sized liposomes have demonstrated noticeable arthrotropicity to 
the arthritic joints as opposed to normal joints [ 59 ,  62 ,  66 ,  67 ]. 

 In addition to liposomes, other colloidal systems such as 
 nanoparticles   and micelles have been explored to improve RA 
treatment. Among the different materials that have been devel-
oped to formulate nanoparticles,  PLGA   is the most extensively 
researched. They are biodegradable  polymers   with good biocom-
patibility, low toxicity, well-described formulations and methods of 
production, and have been approved by the US FDA for different 
clinical applications [ 68 ]. For example, betamethasone sodium 
phosphate has been encapsulated in PLGA nanoparticles coated 
with lecithin [ 69 ], specifi cally PLGA/poly ( D ,  L -lactic acid) (PLA) 
homopolymers and  polyethylene glycol   ( PEG  )-block-PLGA/PLA 

Nanomedicine for the Treatment of Musculoskeletal Diseases



398

copolymers [ 70 ]. Both of the designs achieved superior  therapeutic 
effects in an adjuvant-induced  arthritis   (AA) rat model and a col-
lagen-induced arthritis (CIA) mouse model. For micelle delivery 
systems, Crielaard et al. developed polymerizable and hydrolyti-
cally cleavable dexamethasone (Dex) derivatives that were cova-
lently entrapped in core cross-linked polymeric micelles. The 
therapeutic effi cacy of the Dex-loaded micelles was confi rmed in 
the two aforementioned RA models [ 71 ]. Cyclosporine A is a 
commonly used disease-modifying antirheumatic drug (DMARD) 
for the clinical management of RA. Due to its known immune 
suppressant effect, efforts have been made to load it into a polysi-
alic acid grafted polycaprolactone (PCL) system, which self-
assembles into micelles. The formulation can be internalized by 
the synovial fi broblasts through a non-receptor mediated form of 
endocytosis [ 72 ]. 

 The macromolecular prodrug approach is another well- 
developed delivery strategy for anti-RA drugs. As reviewed by 
Yuan et al. [ 52 ], dextran, human serum albumin (HSA), HPMA 
copolymer, polyamidoamine (PAMAM)  dendrimer  , polyvinylpyr-
rolidone (PVP), and  PEG   have all been used as carriers. For exam-
ple, Wang’s lab developed an HPMA copolymer-Dex conjugate 
(P-Dex) using an acid-cleavable hydrazone linker. A single admin-
istration of the macromolecular prodrug resulted in sustained ame-
lioration of the joint  infl ammation   for more than 30 days, whereas 
an equivalent dose of free Dex treatment only provided temporal 
resolution of the infl ammation [ 73 ,  74 ]. Different  imaging   studies 
together with immunohistochemistry and fl uorescence activated 
cell-sorting analyses suggest that the superior therapeutic effi cacy is 
due to the  ELVIS mechanism   as discussed previously [ 75 ]. The 
same lab has also developed a novel linear multifunctional PEG- 
Dex conjugate (click PEG-Dex) using click  polymerization  . Dex 
was conjugated to the click PEG via the acid-labile hydrazone 
bond to allow the drug release in a pathophysiological environ-
ment [ 76 ]. The therapeutic effect of click PEG-Dex is similar to 
P-Dex, but not as potent, which may be explained by the reduced 
cellular uptake and retention in the synovia due to different cell 
internalization rates of PEG and HPMA copolymers [ 77 ]. 

 Recently, an interesting head-to-head comparison of four Dex- 
containing nanomedicine formulations was done in an AA rat 
model with a single equivalent dose (10 mg/kg) of Dex. It was 
found that the formulations with well-controlled, slow activation 
mechanisms (core cross-linked micelle and P-Dex-slow) outper-
form those with faster Dex releasing kinetics (liposome-Dex and 
P-Dex-fast), suggesting that the sustained local Dex presence in 
the synovial  tissue   is critical for ameliorating joint  infl ammation  . As 
the liposomal formulation is already being explored clinically for 
improved treatment of RA, we believe other nanomaterials based 
formulations will have great potential to be translated into clinical 
application [ 73 ].  
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   Osteoarthritis (OA) is the most common cause of chronic joint 
pain and a leading cause of disability, affecting more than 27 million 
Americans [ 78 ]. It is a primarily non-infl ammatory, degenerative 
joint disease characterized by the progressive loss of articular car-
tilage, changes in the synovial membrane, and an increased vol-
ume of synovial fl uid with reduced viscosity, resulting in changed 
lubrication properties [ 79 ,  80 ]. While  infl ammation   may be pres-
ent in joints with OA, it is usually mild and involves only the peri-
articular  tissues  , which is different from RA [ 81 ]. Pain control is 
the primary goal of OA clinical management. Oral administration 
of nonsteroidal anti-infl ammatory drugs (NSAIDs), aspirin and 
cyclooxygenase-2 (COX-2) inhibitors are the major therapeutic 
options for OA, but are often associated with gastrointestinal side 
effects. Due to the localized pathology of the disease, intra- 
articular (IA) drug administration is an attractive treatment 
approach for OA. These IA steroid injections are an effective 
treatment option, but should not, in most circumstances, be 
administered more than three to four times per year [ 82 ]. A series 
of weekly IA injections of sodium hyaluronate showed some 
symptomatic and functional improvement [ 83 ]. However, these 
treatments only provide short- term pain relief. Therefore, there is 
a large unmet need for novel OA treatments, to which nanomedi-
cine development may contribute. 

 As early as 34 years ago, Dingle et al. proved that compared to 
free cortisol, IA injection of a palmitinic acid derivative of cortisol- 
encapsulated liposomes can provide improved residence time 
[ 84 ]. Foong et al. compared the distribution of free [3H] metho-
trexate ([3H]MTX) and liposomes containing [3H]MTX with 
[14C] cholesteryl oleate as a lipid marker in normal and arthritic 
rabbits. Free [3H]MTX was rapidly cleared from the joint with 79 
% being excreted in the urine within 24 h of injection. However, 
45.5 % of [3H]MTX liposome was recovered from the joint 24 h 
after  injection. After 24 h, a 40-fold greater amount of [3H]MTX 
associated with the synovium was observed for the liposome for-
mulation [ 85 ]. 

 Numerous biodegradable  polymers   have been explored as for-
mulation excipients for nanoparticle and microparticle develop-
ment to be used in IA injections [ 80 ,  86 ]. Albumin and  PLGA   are 
the two most commonly used carriers due to their excellent safety 
profi les. Ratcliffe et al. proved that microparticles with sizes below 
6 μm could be readily taken up by synovial macrophages. 
Radioactively labeled albumin microparticles had a residence time 
of several weeks in the joint after IA injection [ 87 ]. When beta-
methasone sodium phosphate was encapsulated into PLGA nano-
spheres, the in vitro releasing study indicated a sustained release of 
the drug over 3 weeks. When tested in an antigen-induced arthritic 
rabbit model, a single IA injection of the nanosphere signifi cantly 
decreased joint swelling, sustained reduced serum antibody to 
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ovalbumin, and prevented cartilage degradation after 21 days. 
Mechanism studies revealed that the nanospheres were phagocy-
tosed by the activated synovocytes [ 88 ]. In addition, microparticu-
lar carriers have also been developed by complex coacervation of 
gelatine and chondroitine sulfate. After intraarticular injection, 
such a system can be specifi cally degraded due to its sensitivity to 
the local gelatinase of the OA joints. Since the preparation of this 
type of microparticles does not require the use of organic solvents 
and can be performed at room temperature, it may especially ben-
efi t the formulations of peptide and  protein   drugs when compared 
to the PLGA particular systems [ 89 ]. 

 In summary, the sequestration of the particulate systems into 
the synovial membrane and subsequent sustained release of the 
active compound could improve the effi cacy and reduce the side 
effects of drugs injected directly into the joint cavity for OA man-
agement. As Lipotalon ® , a liposomal formulation of dexamethasone-
21- palmitate used for IA injection, is already available on the 
German market, we believe other IA particulates systems under 
development may also have the potential to be translated into 
novel therapy for better clinical management of OA.   

   Osteoporosis is a progressive systemic skeletal disorder character-
ized by low bone mass and microarchitectural deterioration of 
bone  tissue  , with a consequent increase in bone fragility and sus-
ceptibility to fracture [ 90 ]. It is estimated that  osteoporosis   affects 
over 200 million people worldwide [ 91 ]. More than three million 
osteoporotic fractures are expected in 2025 in the USA alone, with 
associated costs rising to approximately $25.3 billion [ 92 ]. The 
balance of new bone formation and old bone breakdown is tipped 
toward resorption for patients with osteoporosis. Therefore, 
 antiresorptive agents have been the major treatment options. 
Cathepsin K inhibitors, BPs, RANKL inhibitors, calcitonin, estro-
gen, and estrogen agonists/antagonists are commonly used antire-
sorptive medications [ 14 ]. They inhibit osteoclast-mediated bone 
resorption and slow down the bone loss through multiple mecha-
nisms [ 15 ]. Meanwhile, anabolic agents, such as PTH analogs, are 
another type of medication that stimulates bone turnover, favoring 
bone formation [ 16 – 18 ]. As mentioned before, most of these 
drugs do not have tissue specifi city to the skeletal system. Therefore, 
nanomedicine formulations (e.g.,  nanoparticles   and liposomes) 
with active targeting mechanisms have been explored to improve 
their therapeutic potentials [ 33 ,  93 ,  94 ]. As an example, hormone 
replacement therapy is a popular management strategy for post-
menopausal osteoporosis in women. Due to lack of skeletal speci-
fi city, however, long-term clinical use of estrogen may increase the 
risk of ovarian  cancer  , stroke, blood clots, etc. To address this issue, 
Choi et al. encapsulated estrogen in  PLGA   nanoparticles and mod-
ifi ed the particle surface with alendronate, which enables the 
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nanoparticles to have a strong affi nity towards HA [ 49 ]. In addi-
tion, an estradiol/aspartic acid oligopeptide conjugate prodrug 
was also synthesized. It was found to preferentially distribute to 
the bone and gradually regenerated the parent drug. As a result, 
weekly treatment with the prodrug showed comparable pharmaco-
logical activities with a once every 3 day estradiol therapy but with 
less systemic adverse effects [ 95 ]. Zhang et al. developed active 
 bone-target   ing   liposomes decorated with oligopeptides for the 
delivery of osteogenic siRNAs specifi cally to bone-formation sur-
faces. The liposomal formulation was found to markedly promote 
bone formation, enhance the bone microarchitecture and increase 
the bone mass in both healthy and osteoporotic rats [ 96 ]. 

 Calcitonin ( CT  ) and PTH are important hormones regulating 
bone metabolism and have both been used for the treatment of 
 osteoporosis  . As treatments for a chronic condition, both of them 
need to be given on a daily basis either as subcutaneous injection 
or nasal spray. Oral administration, if possible, would be a much 
more desirable route for better patient compliance. There are many 
problems associated with peptide and  protein   drug oral delivery, 
such as the susceptibility for enzyme degradation and chemical 
instability in the gastrointestinal tract, poor intrinsic permeability 
across the intestinal epithelium and rapid post-absorptive clear-
ance. Novel oral nanoformulations have been explored to over-
come these limitations. For example, Yoo et al. prepared CT 
 PLGA   nanoparticles   by loading CT-fatty acid complexes into the 
nanoparticles [ 97 ]. An in vitro study confi rmed the dose- dependent 
transport of the nanoparticles in Caco-2 cell monolayers. 
Pharmacokinetic studies in rats showed high plasma CT concentra-
tion in the nanoparticle-treated group whereas negligible amounts 
of CT were detected for the free CT group even at a fi ve times 
higher dosage. In a similar formulation, a PEGylated chitosan 
nanoparticle system was used to formulate PTH. Another in vivo 
study found a signifi cant increase of intestinal uptake of PTH [ 98 ]. 
Besides nanoparticles, mucoadhesive liposome formulations have 
been prepared by coating liposomes with mucoadhesive carbopol 
or chitosan to achieve better oral delivery of CT [ 99 ]. Microspheres 
containing CT has also been prepared using the pH-sensitive  poly-
mer   Eudragit P-4135F [ 100 ]. Both delivery systems showed an 
enhanced and prolonged reduction in blood calcium concentra-
tion in rats. 

 As described above, though many nanomaterials-based formu-
lations have been explored to improve the safety profi les or oral 
bioavailability of  osteoporosis   drugs [ 101 – 104 ], none have been 
cleared for clinical application. The additional cost of these new 
formulations, the chronic nature of the disease and the availability 
of new drug development may all have to be considered in the 
future development in this area.  
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     Primary  bone cancer  s are a specifi c subtype of  cancers   known as 
sarcomas. They start in bone, connective  tissue   muscle or blood 
vessels, and can be found anywhere in the body. Primary bone 
 cancer   is rare. It accounts for much less than 1 % of all cancers. 
About 2300 new cases of primary bone cancer are   diagnosed     in the 
USA each year [ 105 ]. Chondrosarcomas and osteosarcoma are the 
most common primary malignant bone cancers [ 106 ]. Due to the 
potential benefi t of cancer chemotherapeutic agents being pas-
sively targeted to the cancer lesions according to EPR effect, sev-
eral nanomedicine formulations have been developed for the 
treatment of bone cancer. One of the clinical applications of 
PEGylated-liposomal doxorubicin (Doxil) [ 107 ,  108 ] is primary 
bone cancer. Clinical trials in sarcoma patients suggested that Doxil 
has activity in poor prognosis sarcoma, and is associated with 
 modest toxicity [ 109 ,  110 ]. In addition, studies proved that 
doxorubicin- loaded calcium carbonate nanocrystals signifi cantly 
inhibited osteosarcoma bone cancer cells and sustained the slow 
release of doxorubicin at normal physiological pH but achieved a 
faster release rate in an acidic environment (pH 4.8) [ 111 ]. Susa 
et al. developed lipid-modifi ed dextran  nanoparticles   loaded with 
doxorubicin, which had a curative effect on multidrug resistant 
osteosarcoma cell lines by increasing the amount of drug accumu-
lation in the nucleus via a Pgp-independent pathway [ 112 ]. 
Federman et al. reported an osteosarcoma-associated cell surface 
antigen (ALCAM). They engineered an anti-ALCAM-hybrid 
polymerized liposomal nanoparticle immunoconjugate loaded 
with doxorubicin. Compared with untargeted nanoparticles and 
conventional liposomal doxorubicin formulations, the targeted 
nanoparticles have signifi cantly enhanced cytotoxicity to osteosar-
coma cells [ 113 ].  

   Though primary  bone cancer   is rare, the skeleton is the most com-
mon organ to be affected by metastatic  cancer   and produces the 
greatest morbidity [ 114 ]. Particularly, bone is the major metastasis 
site for prostate cancer and approximately 70 % of metastatic breast 
 cancers   spread to bone [ 115 ]. Therefore, the treatment of cancer 
bone metastasis is important for patients in providing prolonged 
survival rates and improved quality of life. One particular class of 
drug, BPs, has attracted lots of attention. As described in previous 
sections, BPs are well-established antiresorptive drugs with specifi c 
affi nity to bone  tissues  . They have been widely used in treating 
 osteoporosis   and as  bone targeting   moieties for nanomedicine for-
mulations. Emerging data suggest that BPs may also inhibit angio-
genesis, tumor cell invasion, adhesion, overall tumor progression 
and can be used to treat cancer bone metastases [ 116 – 119 ]. 
Therefore, both BP-loaded nanomedicine formulations and nano-
medicine decorated with BPs as the  bone-target  ing moiety have 
been developed for improved treatment of cancer bone metastases. 
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 For most cases, BPs have been used to incorporate bone  
affi nity into formulations of anticancer drugs. There are numerous 
targeted nanomedicines that have been developed based on BPs. 
It has been demonstrated that zoledronate-conjugated 
 PLGA   nanoparticles   exhibit increased in-cell cycle arrest, enhanced 
cell cytotoxicity and more apoptotic activity. In animal studies, 
technetium-99m ( 99m Tc)-labeled nanoparticles exhibited a prolong 
blood circulation half-life, reduced liver uptake, and signifi cantly 
higher retention in the skeleton [ 120 ]. In another case, paclitaxel 
was conjugated to alendronate-modifi ed HPMA copolymer 
through a cathepsin B-sensitive linker [ 121 ]. The conjugate exhib-
ited signifi cantly improved antitumor effi cacy and better tolerance 
on mCherry-labeled 4T1 mammary adenocarcinoma inoculated 
into the tibia, as compared with paclitaxel alone or in combination 
with alendronate [ 122 ]. Gemcitabine, a potent anticancer drug, 
was conjugated with BPs and radiolabeled with  99m Tc. In vitro eval-
uation proved that the conjugate could bind readily to powdered 
bone and HA. Biodistribution studies in mice indicated that the 
conjugate was predominantly distributed in bone with low soft  tis-
sue   uptake after intravenous dosing. Unbound compound was 
excreted through the kidneys [ 36 ]. 

 There are also nanomedicine formulations of BPs being devel-
oped to improve drug effi cacy. For example, Daubine et al. 
employed poly- L -lysine covalently grafted with beta-cyclodextrin 
to form a polycationic vector for risedronate (third generation BP) 
delivery. The complexes strongly enhanced the effi cacy of risedro-
nate at inhibiting  cancer   cell invasion  in vitro  both in solution and 
while embedded into polyelectrolyte multilayered nanoarchitec-
tures. Moreover, the complexes in solution clearly prevented 
cancer- induced bone metastasis in animal models [ 123 ]. 

 Compared to the relatively low density of vascularization in the 
normal skeletal  tissues  , the highly vascularized tumor  tissue   in 
bone presents an excellent opportunity for nanomedicine passive 
targeting according to the EPR effect. Due to the presence of min-
erals at the  cancer   lesion, the use of  bone targeting   moieties in 
these formulations would provide them with an additional local 
retention mechanism. It is important to know that different  bone 
cancer   lesions, depending on whether they are osteolytic or osteo-
blastic, may necessitate the use of targeting ligands that favor either 
a bone formation surface or a resorption surface [ 96 ,  124 ]. Due to 
their strong affi nity to bone apatite, BPs typically could not distin-
guish between these bone functional domains [ 124 ].   

   Osteomyelitis is an infl ammatory skeletal disorder caused by bacte-
rial infection, leading to necrosis and destruction of bone and per-
haps to persistent morbidity. It affects people of all ages and can 
involve any type of bone. The most common pathogens responsi-
ble for osteomyelitis in humans are those of the  Staphylococcus  
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species [ 125 ,  126 ]. The treatment of chronic osteomyelitis is 
 complicated and is dependent upon disease stage and pathophysi-
ology. There are three commonly used multidisciplinary 
approaches: surgical debridement, systemic antibiotic therapy and 
local antibiotic treatment [ 127 – 129 ]. Although intravenous and 
oral antibiotic therapies are the mainstay of antimicrobial therapy 
for osteomyelitis, high serum concentrations of the antibiotic and 
undesired off-target toxicities are generally associated with the 
systemic drug administration approach. Meanwhile, frequent 
inaccessibility of the infected zone to blood fl ow and the resulting 
low concentration of the antibiotic at the infection site may con-
tribute to pathogenic resistance to antibiotic therapy. Current 
research focuses on the development of carrier systems that deliver 
antibiotics directly to the infection site and retain an appropriate 
antibiotic level. 

 The carriers for local delivery antibiotic can be classifi ed as 
nonbiodegradable (non-resorbable) and biodegradable (resorb-
able) [ 130 ]. Poly (methyl methacrylate) (PMMA) beads are the 
most common type of nonbiodegradable carrier. Septopal ® , 
PMMA beads containing gentamicin at a  size   of 7 mm, was 
approved for use in the treatment of osteomyelitis in Europe in the 
1970s. Noncommercial beads prepared by surgeons are also in use. 
These are individually manufactured bead molds made by mixing 
commercially available PMMA  polymer   with antibiotics [ 131 ]. 
The sustained release of antibiotics from the PMMA beads has 
been validated [ 130 ,  132 ]. For example, clindamycin and 
tobramycin- loaded PMMA beads exhibited release duration as 
long as 220 days [ 133 ]. Placement of these beads is a simple pro-
cedure, which is performed at the time of initial debridement for 
chronic osteomyelitis [ 125 ]. However, bead placement generally 
requires a second operation for removal after the completion of 
antibiotic release. 

 In order to address the drawbacks of local delivery with 
PMMA, such as the need for a second surgery to remove dead 
space induced by PMMA and limited selection of antibiotics [ 134 ], 
the biodegradable carrier is an attractive alternative and has been 
actively investigated in recent years. A large number of biodegrad-
able and biocompatible nanomaterials have been developed and 
tested in vitro and in vivo for local antibiotic therapy of osteomy-
elitis. For example, calcium phosphates, the natural mineral com-
ponent of bone, have been developed into  nanoparticles  . They are 
bioactive, bioresorptive, and osteo-conductive nanomaterials with 
great biocompatibility and low toxicity [ 135 ,  136 ]. Uskokovic 
et al. proved the satisfactory performance of calcium phosphate 
nanoparticles against  S. aureus  [ 137 ,  138 ]. A sustained release for 
more than 21 days was observed [ 139 ]. To stabilize the surface- 
bound drug layer, decrease the burst release, and possibly produce 
multiple-stage release profi les that may additionally boost the 
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antimicrobial activity,  polymer  -coated calcium phosphate 
 nanoparticles were further developed. Coating calcium phosphate 
nanoparticles with  PLGA   suppressed the burst release without 
diminishing the antibacterial effi cacy [ 140 ]. Poly(e-caprolactone) 
coated chitosan/β-tricalcium phosphate composites showed near 
zero-order release kinetics of vancomycin for 14 days and an over-
all release period of 42 days [ 141 ]. For more information about 
local delivery systems for osteomyelitis, the readers may refer to 
reviews [ 130 ,  142 ]. Though these systems are very effective in ani-
mal models, to our knowledge, no large human trials have been 
published. None of the material has been approved by the US FDA 
for delivering antibiotics to treat osteomyelitis.  

   Bone defects and malformation, caused by infection, trauma, 
tumor resection and pathological degeneration represent a major 
concern for orthopedic surgeons. With the development of 
numerous novel nanotechnologies, they have also been explored 
extensively for applications in bone regeneration. Researchers 
have been working on developing nanomedicine formulations of 
 bone anabolic agent   s   for skeletal regeneration. Micro- and nano-
 sized    delivery vesicles have been developed to formulate bone 
anabolic agents. The carrier materials that have been researched 
include  PLGA  , hydroxyapatite, collagen, hyaluronic acid, chito-
san, and alginate [ 143 – 145 ]. PLGA is the most extensively 
researched carrier [ 146 ]. Porous PLGA-HA scaffolds and fi brous 
scaffolds have been developed and showed promising bone regen-
eration effects by loading anabolic drugs [ 147 – 149 ]. Injectable 
composites composed of PLGA-g- PEG   hydrogel and HA pre-
sented thermogelling effect and sustainably released encapsulated 
drug [ 150 ]. PLGA- hydroxyapatite microspheres, HA-coated 
PLGA microspheres, apatite-coated PLGA microspheres are either 
injectable bone substitute or effective in delivering bone regenera-
tion agents [ 151 – 153 ]. 

 It is important to note that some of the nanocarriers them-
selves have been found to exhibit positive effects on bone regen-
eration. For example, Yao et al. demonstrated that  gold 
nanoparticle   s   can promote the proliferation and differentiation of 
osteoblasts [ 154 ]. Sulfated chitosan enhanced bioactivity of BMP-2 
by promoting the BMP-2 signaling pathway [ 154 ]. These are very 
important fi ndings, which remind us of the critical need to include 
proper control groups to more accurately interpret experimental 
fi ndings. There are many reviews about delivering bone growth 
factors using nanocarriers [ 3 ,  23 ,  155 ], which the reader may fi nd 
to be informative on this particular topic. 

 Besides nanocarriers, another research focus about bone regen-
eration is developing bioactive materials for improved bone repair 
using  tissue  -engineering approaches. For example, biphasic cal-
cium phosphate  nanoparticles   were loaded into gelatin-pectin 
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scaffolds. The biodegradable scaffolds showed signifi cantly 
improved cell adhesion, viability and proliferation in vitro and 
rapid bone growth in vivo when compared with the scaffold with-
out nanoparticle [ 156 ]. Nano-hydroxyapatite was developed and 
coated to biphasic calcium phosphate ceramics surface. The scaf-
folds with coating were more conducive for mesenchymal stem 
cell adhesion, proliferation, and osteogenic differentiation than 
conventional, uncoated scaffolds, which made this material more 
suitable for applications in bone tissue engineering [ 157 ]. The 
detail of tissue- engineering is beyond the scope of this chapter. 
Readers could fi nd more information about this topic in these 
reviews [ 158 – 162 ].   

4    Conclusion 

 Musculoskeletal disease is an umbrella term for a variety of bone 
and joint disorders that hinder human mobility and affect quality 
of life. Although many effective medications have been developed, 
the balance between their therapeutic effi cacy and safety has always 
been a tricky issue. In this chapter, we fi rst discussed some very 
unique pathophysiological features of the musculoskeletal system 
and then focused on how to rationally design and develop nano-
medicine according to these features to improve the treatments of 
 musculoskeletal disease  s. Local application of nanomedicine for 
the sustained release of antiresorptive/anabolic agents and antibi-
otics have been extensively investigated and reviewed. We believe 
the systemic administration of the newly designed nanomedicine 
for active targeting using bone-seeking agents and for passive tar-
geting systems based on the  ELVIS mechanism   are very promising 
as they are rationally designed and have demonstrated greatly 
improved therapeutic effi cacy and in many cases reduced adverse 
effects in animal models of musculoskeletal diseases. Additional 
efforts are needed to further validate and optimize these novel 
nanomaterial-based therapies in animal models to further acceler-
ate their translation into clinical evaluation and application.     
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    Chapter 21   

 Synthetic Polymeric Nanoparticles for Immunomodulation       

     Jiaying     Liu     ,     Pallab     Pradhan     , and     Krishnendu     Roy       

  Abstract 

   Synthetic polymeric nanoparticles have gained tremendous attention since the beginning of this century. 
Their tunable size, shape, and surface properties make them effi cient carriers and delivery systems for a vast 
cohort of drugs into the body, including peptides, proteins, lipid, and nucleic acids. Also, because of their 
unique and tunable biochemical properties, polymeric nanoparticles are able to modulate immune 
responses in vivo, either by themselves as adjuvant, or by presenting antigens and/or co-stimulatory/
inhibitory signals to the immune system. Therefore, intensive efforts are being devoted to investigating 
and applying synthetic polymeric nanoparticles in vaccine development and immunotherapy for cancer, 
infectious diseases and autoimmune disorders. In this book chapter, we fi rst introduce the main targets of 
particulate systems for immunomodulation, then talk about the factors that infl uence their function and 
performance in immunotherapy and lastly discuss the strategies that are currently in use or under investigation 
to treat immune diseases using synthetic polymeric nanoparticles.  

  Key words     Nanoparticles  ,   Immune response  ,   Vaccine  ,   Immunomodulation  ,   Cancer  ,   Autoimmunity  

1      Introduction 

 Over the past few decades, nanoscale particles synthesized using 
 polymers  , lipids, or both have shown great promise in  vaccine   
development and immunotherapy for  cancer  , infectious and auto-
immune diseases. These  nanoparticles   are usually synthesized using 
a wide variety of self-assembly and  polymerization   techniques [ 1 ]. 
Due to their small  size   and tailored biochemical and surface prop-
erties, they can be designed to penetrate physiological barriers and 
deliver various immunomodulatory molecules (e.g., antigens, 
adjuvants, immune-evasion molecules) to target organs,  tissues  , or 
cells. In this chapter, we focus our attention to  polymer  -based 
nanoparticles and briefl y introduce the key players of the immune 
system, crucial factors that infl uence the performance of engi-
neered particles, and the advances in the design and application of 
these particles in manipulating innate and adaptive  immune 
response   s   against various illnesses such as cancer, infectious diseases, 
and autoimmune disorders. 
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   Our immune system is composed of a complex network of organs 
and cells, which are critical in the maintenance of physiological 
homeostasis and act as guards against infectious microbes and the 
development of tumors or autoimmune diseases. The organs 
involved are called lymphoid organs, which include primary lym-
phoid organs, e.g., the thymus and bone marrow, and secondary 
lymphoid organs, e.g., the spleen, nasal-associated lymphoid  tissue  , 
Peyer’s patches in the gut, and lymph nodes. The primary lymphoid 
organs give birth to the immune cells and the secondary ones fur-
ther provide the cells with appropriate niches to mature and con-
duct their functions. Immune cells can also be broadly divided into 
two parts, i.e., innate immune cells (such as macrophages, dendritic 
cells, neutrophils, and natural killer cells), and the adaptive immune 
cells (e.g., T cells and B cells) [ 2 ]. The former group of cells forms 
the fi rst set of defense to protect the body from infections at the 
entry site, i.e., the mucosal surfaces, blood and the skin. The latter 
group of cells, which mostly reside in the lymphoid organs or  tis-
sues  , react more slowly with the help of the fi rst group to recognize 
invading infectious agents (e.g., bacteria or virus) or malignant cells 
(tumor cells). They would then differentiate into effector cells, 
which either secrete antibodies to prevent the extracellular patho-
gen from damaging organs/tissues or kill the cells with intracellular 
pathogen by cytolytic granules. T and B cells are also able to dif-
ferentiate into long-lived memory cells that provide faster and 
stronger protection when the body is exposed to the same patho-
gen again [ 3 ]. On the other hand, dendritic cells, a specialized anti-
gen presenting cell (APC), bridges innate and adaptive  immune 
response   s   and thus plays a key role in setting up immune responses 
against pathogens as well as malignant cells [ 3 – 5 ]. Dendritic cells 
drive T cell activation through three types of signals, i.e., antigens, 
co-modulatory signals, and cytokines. Absence of the co-modula-
tory molecules on DCs results in T cell anergy or apoptosis, while 
presence of co-stimulatory signaling (e.g., CD28/CD86) induces 
T cell activation and elicits antigen-specifi c immune responses 
[ 4 ,  5 ] (Fig.  1 ). Alternatively, inhibitory signaling, including cell 
surface receptor-ligands  interaction   (e.g., PD-1/PD-L1, CTLA-4/
CD80) and anti-infl ammatory cytokines, prevents the onset of 
autoimmune diseases and/or triggers immune tolerance by inhibi-
tion of T cell activation and directing naïve T cells to differentiate 
into regulatory T cells [ 6 ,  7 ].

      Antigen-presenting cells (APCs), including dendritic cells, macro-
phages, and B cells, are the most common targets for immuno-
therapy. They express a myriad of surface receptors that are capable 
of recognizing and internalizing antigens from various sources. 
Among all the different types of APCs, dendritic cells are the most 
specialized and potent modulator of the  immune response   s   and thus 
are a promising target in immunotherapy [ 8 ]. Immature dendritic 
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cells patrol the bloodstream, skin and  tissue  , sampling for potential 
risk of infection. In most cases, they present self-antigens to T cells 
without co-stimulatory molecules in order to maintain self-tolerance. 
But upon activation by pathogenic or endogenous danger signals 
and/or adjuvants, they mature and migrate into lymph nodes, 
an active process facilitated by upregulation of the chemokine 

  Fig. 1    In vivo  interaction   and  immune response   s   of particulate vaccines. Upon administration into body through 
skin (commonly via s.c. injection), the particulate vaccines encounter and are recognized by the resident DCs. 
They are most likely to be internalized by the encountered cells through receptor-mediated endocytosis. The 
immature DC patrolling in the  tissues   are then activated through TLR pathway or other signaling pathways 
induced by the antigen or adjuvant molecules incorporated on the  nanoparticles  . Activated DCs will undergo 
maturation and migrate into local lymph nodes, where they present antigens (fi rst signal) or the costimulatory 
molecules (second signal) to naïve T cells and guide them to differentiate into effector T cells that are capable 
of generating various types of antigen-specifi c immune response (T H 1, T H 2, T H 17. etc.) against intracellular or 
extracellular pathogens. The interaction between DCs and T cells happens in the context of peptide/major 
histocompatibility complex (MHC) molecules and can be enhanced by cross-presentation mediated by particu-
late vaccines. However, in the circumstances of autoimmune diseases, the signals that are delivered by 
nanoparticles and presented by DCs are usually inhibitory molecules that result in Treg stimulation and T cell 
anergy. All the immune responses are signifi cantly infl uenced by the cytokine milieu in the microenvironment, 
which can also be modulated by the administered particulate vaccines       
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receptor CCR7 [ 1 ]. In the lymph node, the processed antigenic 
peptide is presented to T cells by mature dendritic cells (on major 
histocompatibility complex (MHC) molecules together with 
 co-stimulatory signals) to elicit an antigen-specifi c immune 
response. The antigens that are presented in the context of major 
histocompatibility complex (MHC) class I molecules are recog-
nized by CD8 +  T cells, while those presented by MHC II mole-
cules are recognized by CD4 +  T cells and ultimately results in T H 1/
T H 2 (CD4 +  T cells mediated) and cytotoxic T lymphocytic (CTL, 
CD8 +  T cell mediated) responses against intracellular/extracellular 
pathogens/ cancer   cells [ 3 ,  4 ] (Fig.  1 ). 

 Lymph nodes contain a large number of dendritic cells, B cells, 
and T cells, and facilitate the  interaction   between T cells and APCs 
(Fig.  1 ). Besides mature dendritic cells, there is also a large popula-
tion of immature dendritic cells in the lymph nodes. They are better 
at macropinocytosis of bacteria and larger  sized   particles (>0.5 μm) 
than other cells. After receiving maturation stimulus, these cells 
could also initiate signifi cant cellular adaptive  immune response   
against the antigens they were exposed to [ 9 ]. Further, it has been 
shown that dendritic cell presentation of peptide-antigens with 
MHC II molecules in the draining lymph nodes following subcuta-
neous antigen delivery requires acquisition of antigen by dendritic 
cells in the lymph nodes [ 10 ]. It is lymph node B cells, rather than 
circulating B cells or dendritic cells, which process antigens in the 
follicles directly resulting in a strong humoral immune response; 
thus demonstrating that lymph node is a critical target for antibody-
generating vaccines [ 11 ]. There is also evidence that lymph nodes 
play a critical role in tolerogenesis, which is important for immuno-
modulatory therapies against  cancer   and autoimmune diseases. 

 Furthermore, epithelial  tissues   in general can also be targets 
for immunotherapies because of their strong immuno-surveillance 
ability. The Langerhans cells and macrophages inside these tissues 
are all able to recognize multiple types of antigens and induce 
 immune response   s   (Fig.  1 ). The mucosal epithelia are another 
good choice since they encounter a vast number of microorgan-
isms every day and protect the body with specialized humoral 
response via secretory IgA. Compared to intramuscular injection, 
vaccination via mucosal routes can induce stronger mucosal immu-
nity in a region-specifi c manner [ 12 ].  

   The  immune response   elicited by an antigen is subject to a myriad 
of factors, among which cytokines and chemokines are of the criti-
cal importance. In a microenvironment with different types of 
cytokines and co-stimulatory molecules, the immune response 
generated by activated dendritic cells can be driven to different 
directions, i.e., T H 1-, T H 2-, and T H 17-immune response (Fig.  1 ). 
For instance, IL-6 and IL-23 together stimulate naïve CD4 +  T cells to 
differentiate into T H -17 cells, whereas IL-12, enhanced by IFNγand 
CCL3, 4, and 5, promotes T H 1 cell activation. But when T H 1 
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response occurs, T H 2 and T H 17 cells are inactivated by IFNγ, and 
the production of tumor-necrosis factorα (TNFα) as well as IL-2 
and lymphotoxinα secreted by T H 1 cells can drive B cells to dif-
ferentiate into opsonizing-antibody-producing plasma cells [ 1 ,  4 ,  7 ]. 
On the other hand, anti-infl ammatory stimuli, such as IL-4, IL-10, 
and transforming growth factor β-1(TGFβ1), can drive DCs and 
macrophages to an alternative activation phenotype rather than an 
infl ammatory phenotype. IL-4 also promotes the expression of 
CCL17 and CCL22 to recruit inducible (FoxP3 + ) regulatory 
T (Treg) cells during tolerogenesis [ 13 ]. Treg cells continue to 
secrete TGFβ1 and IL-10, both of which inhibit T H 1 cell function 
and suppress the infl ammatory response. Hence, vaccines and immu-
notherapies aiming to deliver or eliminate specifi c cytokines may have 
great impact on the immune response.   

2    Particulate Immunotherapy 

 Traditional vaccines are derived from live-attenuated or inactivated 
whole microorganisms that have strong immunogenicity but are 
not absolutely safe. During the past several decades,  vaccine   devel-
opment efforts have involved recombinant DNA and  protein  - 
based  vaccines where protein/peptide antigens (or plasmid DNA 
encoding for those antigens) from those pathogenic microorgan-
isms are used instead of the organism as a whole. However, puri-
fi ed antigens lack the co-stimulatory/adjuvant signals responsible 
for priming of immune cells, are poor at penetrating  tissue   barriers, 
not resistant to enzymes inside human bodies if administered sys-
tematically, and thus fail to enhance the antibody and cell- mediated 
 immune response   to the extent needed for fi ghting against dis-
eases. Therefore, signifi cant effort has been put into developing 
biocompatible carrier systems to either encapsulate or attach the 
antigen and/or co-stimulatory molecules (adjuvants) to an engi-
neered particle and target it to the site of interest for eliciting a 
desired antigen-specifi c immune response (Table  1 ). In the case of 
delivering antigens to APCs,  nanoparticles  , such as those made 
from poly (lactic-co-glycolic) acid ( PLGA  ), have been reported to 
have adjuvant properties that can enhance the  immune responses   
against certain antigens [ 14 ]. These particulate systems should be 
able to cross biological barriers and accumulate at the peripheral or 
lymphoid organs, interact with APCs, direct the immune response 
towards T H 1 cell response for viral, protozoal and fungal infections 
as well as  cancer  , or T H 2 for extracellular pathogens, allergies and 
helminthic diseases, or induce proliferation and activation of Treg 
cell response for autoimmune disorders (Fig.  1 ) [ 15 ].

     The success of immunotherapy relies on the rational design of the 
particulate system in order to provide suffi cient and effi cient bio-
logical cues for the body to manipulate the direction, strength and 
duration of the  immune response  . Rational design refers to the 

2.1  Rational Design 
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biological, chemical and biophysical properties of the system 
endowed by fabrication methods,  size  , geometry, surface and 
structural properties of  nanoparticles   (Fig.  2 ). Moreover, the route 
of administration will also affect the outcome of immunotherapy 
using particulate systems.

     There are various methods of fabricating  nanoparticles  . Among them, 
emulsion  polymerization  , self-assembly and branched- polymer      
synthesis are the three most widely used fabrication methods for 
the generation of small organic nanoparticles in the immunother-
apy research fi eld [ 1 ], while single- or double emulsion solvent 
evaporation/extraction type methods as well as complex coacerva-
tion between oppositely charged  polymers   are used to fabricate 
both nano- sized   and micro-sized particles [ 16 – 22 ]. Emulsion 
polymerization is mainly applied to the formation of surfactant 

2.1.1  Fabrication 
Methods

  Fig. 2    Synthetic particle  vaccine   design. Particulate vaccines are usually composed 
of synthetic particles and antigens (e.g.,  protein  , peptide, or plasmid DNA) 
encapsulated inside or attached to the surface of the particles. To mimic infectious 
pathogens and/or enhance the  immunomodulation   effect, danger signals, such as 
TLR ligands, can also be incorporated into the particulate systems via surface 
loading or encapsulation. The therapeutic effi cacy of particulate vaccine are 
signifi cantly infl uenced by various factors, including the antigens and danger 
signals they deliver and some important inherent particle characteristics, such as 
 size  , shape, composition, and surface properties.       
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micelles with amphiphilic polymers, e.g., block-copolymers like 
Pluronics [ 23 ]. Generally, these micelles are formed in an aqueous 
environment with the hydrophobic part inside. The DNA/RNA, 
peptide-antigen, cytokines and/or other adjuvants can either be 
encapsulated inside the core of the polymer particles during the 
polymerization or chemically conjugated outside to the hydro-
philic corona [ 24 ]. Besides, nanoparticles can also be prepared via 
single- or double emulsion. Briefl y, polymers are usually fi rst emul-
sifi ed in an organic phase with surfactant or stabilizers, and hydro-
phobic or hydrophilic cargos are dissolved in either an organic 
(hydrophobic) or aqueous (hydrophilic) phase. Finally, the poly-
mer/drug emulsion is added to a aqueous phase to form particles 
[ 16 ]. After evaporation of the solvent and particle washing, prod-
ucts are collected by centrifugation or fi ltration, lyophilized and 
can be stored for a long period [ 16 ,  25 ]. It is reported that high 
intensity sonication or homogenization that forms the fi rst emul-
sion as well as the solvent evaporation and polymer precipitation 
steps can signifi cantly infl uence particle morphology, encapsulation 
and release behaviors [ 25 ].  PLGA   particulate delivery of antigens 
prepared through double emulsion has been shown to dramatically 
enhance cross-presentation of exogenous antigens after endosomal 
escape compared to other antigen forms (e.g., soluble or latex-
bead attached) [ 26 ]. A more recent study using lipids as surfactant 
in double emulsion reported increased loading effi ciency of hydro-
philic antigenic peptides (hgp100 and p15E) in PLGA nanoparti-
cles (compared to PVA emulsions), high uptake by APC and strong 
antigen-specifi c T cell responses which resulted in tumor growth 
suppression in C57/BL6 mice [ 27 ]. Kasturi et al. reported encap-
sulation of various TLR4 and TLR 7 ligands as well as antigen into 
PLGA nanoparticles using single and double emulsion methods and 
demonstrated that the co-delivery of TLR4 and TLR7 ligands 
along with antigen in nanoparticles synergistically enhanced antigen 
specifi c, neutralizing antibody with long lived plasma cell response 
in mice and further showed immune protection against lethal avian 
and swine infl uenza virus challenges in mice and pandemic H1N1 
infl uenza challenge in rhesus macaques [ 22 ]. Self-assembly is simi-
lar to emulsion but utilizes the difference of solubility of the hydro-
phobic and hydrophilic part of block-co- polymer in different 
solvents. Typically, amphiphilic co-polymers are fi rst dissolved in a 
suitable medium (usually organic solvent) and then forced to form 
micelles by dropping the solution into water. Because of the inher-
ent unstable nature of the self- assembled micelles, they tend to 
disassemble after injection into the body. The molecular weight, 
melting temperature and glass-transition temperature are three 
main parameters crucial for controlling the equilibrium nature and 
dissociation rate of the self-assembly process and thus need to be 
considered in order to improve the design of self-assembly particulate 
systems [ 1 ,  28 ]. 
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 In addition to the three above-mentioned methods, coacervation, 
which is based on phase separation, is another effi cient way to make 
 nanoparticles  . Simple coacervation utilizes competition between a 
more hydrophilic substance or concentration and the original 
liquid phase for the desolvation of the more colloidal material, 
while in complex coacervation, polyelectrolytes with opposite 
charges are complexed together into solid precipitate in a liquid 
phase at a certain pH [ 17 ]. Complex coacervation can also be 
applied to complexation of polyelectrolytes with  proteins   or genes, 
which renders it promising candidate for antigen/adjuvant deliv-
ery [ 17 ,  18 ,  29 ]. It has been reported that the encapsulation effi -
ciencies of IL-12 plasmid DNA by chitosan nanoparticles via 
complex coacervation were high (73–95 %) and thus led to improved 
transfection and expression in  CT  -26 colon carcinoma cells [ 30 , 
 31 ]. Roy et al. prepared chitosan-pDNA nanoparticles of 150–
300 nm  size   by complex coacervation using pDNA encoding domi-
nant peanut allergen gene (pCMVArah2) and showed that the oral 
delivery of these nanoparticles were able to protect against peanut 
allergen induced anaphylaxis in a murine model of peanut allergy 
[ 18 ]. Parallel to coacervation, phase separation can also be induced 
by temperature changes or competition for solvent between two 
nonsolvent organic  polymers  . These methods are widely applied in 
the encapsulation of drugs into particles as well [ 32 ]. 

 Unlike all other mentioned techniques, branched  polymer   
synthesis is a step-wise strategy starting from a core molecule and 
growing branches by covalent bonds formation. In this context, 
 dendrimers   outweigh other  nanoparticles   in terms of narrow  size   
distributions and easily tunable surface characteristics. And with 
each step, the number of branch terminal groups doubles, which 
provides far more reaction spaces for drug and gene delivery, indi-
cating great potential for its application in  vaccine   development 
and immunotherapy. However, amino terminated dendrimers 
exhibit high generation dependent cytotoxicity due to destructive 
 interaction   with cellular membranes [ 3 ,  33 ]. The nondegradable 
dendrimers can also cause  tissue   toxicity because of high levels of 
deposition in the organs (e.g., liver and kidney) before renal 
excretion, and thus increasing the chance of material-induced 
 infl ammation   and activation of the complement system [ 34 ].  

   Size and shape of particles play critical roles in  immunomodulation   
by targeting various immune cells or  tissues   or organs. Larger 
 nanoparticles   are more prone to be phagocytosed by macrophages 
than their smaller counterparts. Polystyrene particles as large as 
1.0 μm in diameter can be easily phagocytosed [ 35 ]. And it has 
been shown that the phagocytic index (particle number per cell) of 
PEG5000-PHDCA particle increased as the  size   grew from 80 to 
240 nm [ 36 ]. On the other hand, small particles (20–40 nm in 
diameter) can cross  tissue   barriers, get to the lymph nodes directly 

2.1.2  Particle Size 
and Shape
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via lymphatics and are taken up by the resident DCs more easily 
[ 37 ,  38 ]. For what little that survives and arrives at the target 
tissue, size, together with other physical and chemical properties of 
the particle, also affects how the particles behave inside the tissue 
and enter the cells. It has been shown that particles between 20 
and 100 nm in size (diameter) were most effi ciently taken up by 
LN resident DCs [ 38 ]. Another study also demonstrated that 
25 nm poly(propylene sulfi de) (PPS) nanoparticles are better at 
entering DCs and promoting T cell expansion [ 23 ]. Interestingly, 
the infl ammatory activity by dendritic cells as characterized by 
IL-1β secretion in response to particle treatment reached maxi-
mum when particle sizes were between 400 and 1000 nm [ 39 ]. 
Size of nanoparticles was reported to infl uence the T H 1/T H 2 bal-
ance as well. Larger particles, e.g., 500 nm  PLGA  , 100 nm nano-
emulsions and 95 nm  PEG  -PHDA, tend to induce the T H 1 
responses, while smaller ones, such as 5 nm G5 PAMAM  den-
drimers  , were more associated with T H 2 response [ 14 ,  40 – 43 ]. 
And it is also asserted in some studies that small (<100 nm) poly-
styrene particles elicit stronger CD8 and CD4 type 1T-cell 
responses, like virus, but less antibody response than larger ones 
which invoke more bacteria-like responses (>500 nm) [ 38 ,  44 ]. 

 Besides  size  , particle shape also infl uences in vivo  biodistribu-
tion  , phagocytosis and subcellular fate as well as the immunological 
effect of the particles [ 45 – 48 ]. Geng et al. reported that fi lomicelles 
stayed in circulation ten times longer than spherical PEGylated 
“stealth” nanovesicles in rodents after intravenous injection, with a 
strong dependence on length and more  interaction   with the lung 
than spleen [ 49 ]. And it was shown in another study that local par-
ticle shape determined whether macrophages initiate phagocytosis 
by altering the complexity of the actin structures, while particle size 
was primarily involved in the completion of internalization, espe-
cially when the particle volume was similar or larger than the cells 
[ 47 ]. Studies have also demonstrated that the internalization was 
highly cell type-specifi c as well as shape- dependent. For anionic 
 nanoparticles  , mammalian epithelial, endothelial and immune cells 
all internalized more nanodiscs with higher aspect ratios as com-
pared to lower aspect ratio nanodiscs and rod-shaped particles with 
similar volume [ 46 ]. More importantly, bone marrow dendritic cells 
(BMDCs) internalized larger particles more effi ciently, while 
HUVEC were more likely to take in intermediately  sized   disks 
(220 nm) [ 46 ]. Moreover, other researchers have reported that with 
similar size, charge and hydrophobicity, surface structure and shape 
become the determinants of whether nanoparticles can transport 
across the cell membrane and where the destination of the particles 
inside the cell is [ 47 ,  48 ]. Furthermore, Petersen and his group 
showed that spherical nanoparticles activate DCs more effectively, 
with more IL-12 secretion and MHC II expression, than thin fi lms 
of the same material (polyanhydride) [ 50 ].  
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   Along with  size   and shape, particle surface properties, such as 
 surface charges, hydrophobicity and surface attachment of ligands 
have tremendous impact on  immunomodulation   and thus a tai-
lored particle surface is often necessary for disease specifi c  immune 
response   (Fig.  2 ). On the one hand, surface properties determine 
the way in which  nanoparticles   interact with blood constituents or 
other body liquids, thus infl uencing the  biodistribution   and clear-
ance of the particulate  vaccine   in vivo. On the other hand, adsorp-
tion of some  proteins  , such as opsonins, outside the particle due to 
certain surface properties are likely to induce phagocytosis by 
macrophages resulting in rapid removal of the nanoparticles and 
signifi cantly reducing the therapeutic effect. 

 Cationic particles are rather effective for macrophage and DC 
internalization and can be used to deliver DNA or anionic  protein   
antigens to APCs. Cationic  polymers   such as poly- L -lysine (PLL), 
PEI, and Poly (amido amine) (PAMAM)  dendrimers   have shown 
great promise in  immunomodulation   [ 44 ,  51 ]. A recent study 
showed that PEI conjugated  PLGA   cationic particles carrying 
tumor idiotype DNA antigen elicited robust antitumor immunity 
in mouse model of B-cell lymphoma [ 52 ]. Besides presenting anti-
gens on the surface, cationic particles can also co-deliver Toll-like 
receptor (TLR) ligands, e.g., CpG, polyinosinic:polycytidylic acid 
(poly I:C), to dendritic cells and lead to strong antitumor  immune 
response  . CpG was reported to dampen the function of the immu-
nosuppressive myeloid-derived suppressor cells [ 53 ] and poly I: C 
is rather good at eliciting potent CD4 +  T cell responses and low- 
level CTL responses [ 54 ]. In a recent study, cationic PLGA-PEI 
particles performed effi cient delivery of CpG ODN and IL-10 
siRNA along with pDNA antigen to dendritic cells and enhanced 
antitumor immune response in a prophylactic murine model of B 
cell lymphoma [ 21 ]. Cationic particles are also advantageous for 
delivery of antigen to the anionic epithelial cell layer. Nochi et al. 
showed that cationic cholesteryl-group bearing pullulan, when 
administered intranasally, could effi ciently deliver antigen to the 
nasal epithelial layer and generate strong immune response [ 55 ]. 
In addition, anionic particles have also been developed as an alter-
native method of delivering positively charged antigen and/or 
adjuvant or avoiding the cytotoxicity issue often encountered with 
positively charged polymers. Kazza et al. used anionic PLG-SDS 
particles to adsorb p55 gag protein from HIV-1 and induced cyto-
toxic T lymphocyte (CTL) response by intramuscular immuniza-
tion [ 56 ]. In another study, it was demonstrated that HIV p24 
protein coated anionic poly ( D ,  L -lactide) (PLA)  nanoparticles   were 
also able to elicit strong T H 1-oriented response as well as high anti-
body titers in mice, rabbits and macaques [ 57 ]. However anionic 
G4.5 PAMAM dendrimers alone failed to induce or suppress cyto-
kine release by human peripheral blood mononuclear cells (PBMC) 
[ 14 ,  58 ] It was also reported that when conjugated with 
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glucosamine, the anionic G3.5  dendrimer   even inhibited LPS-
mediated induction of chemokines (MIP-1α/β, IL-8) and cyto-
kine (TNFα, IL-1β, IL-6) synthesis by DCs [ 59 ]. Besides, due to 
the high hydrophilicity and low surface potential, a study showed 
that PVA- coated PLGA nanoparticles had relatively lower cellular 
uptake and endosomal escape [ 60 ]. And the growing negative 
charge on the surface also affected the APC recognition of PVA-
coated PLGA [ 14 ,  60 ]. All these issues need to be further investi-
gated and taken into consideration when developing new anionic 
particulate vaccines. 

 Polyethylene glycol ( PEG  ) is widely used to modify particle 
surfaces so as to endow hydrophilic properties to the particulate 
systems to increase solubility, avoid  protein   adsorption and opso-
nization as well as to prevent phagocytosis and enzymatic degrada-
tion in order to enhance delivery to the target  tissue   or cell 
population. More importantly, hydrophobic domains of materials 
might act as a universal danger signal recognized by the TLRs, as 
suggested by the diverse family of TLR4- and TLR2-ligands 
(e.g., LPS) [ 61 ] and thus resulting in infl ammatory response and 
DC maturation. In contrast, hydrophilic domains are responsible 
for the activation of alternative complement pathway and induce 
innate  immune response   [ 51 ]. 

 Surface modifi cation with ligands also helps achieve the target-
ing goal of the  nanoparticles   to specifi c cell population or  tissues  . 
For instance, in the case of  cancer  , conjugation of specifi c targeting 
ligands, such as  folic acid  , transferrin, epidermal growth factor 
(EGF), or polypeptides, including monoclonal antibodies, on the 
surface of nanoparticles, have shown signifi cant augmentation in 
the uptake of these particles by tumor cells, which in turn increased 
the therapeutic effect [ 62 ,  63 ]. In general, cells internalize nano-
materials relying on various receptor mediated pathways, including 
mannose receptor (MR-), Fcγ receptor (FcγR-), scavenger recep-
tor (SR-), and complement receptor (CR-), whose intracellular 
signaling may affect infl ammatory responses and associate with 
TLR signaling [ 14 ]. Therefore, it is crucial to understand the 
mechanism of surface  interaction   between nanoparticles and cells 
as well as their immune outcome in order to develop the next gen-
eration of safe yet highly effective nanoparticle vaccines.  

   Various routes of particle administration, such as intradermal, intra-
nasal, subcutaneous, intraperitoneal and intravenous injection, have 
been used for  vaccine   or immunotherapy. Generally, subcutaneous 
administration of antigen results in the induction of immunity, 
whereas intravenous administration tends to elicit immuno-toler-
ance [ 64 ]. To trigger robust  immune response  , T cells should be 
effi ciently primed by antigen-presenting cells. However, due to 
insuffi cient resident DCs in peripheral  tissues  , subcutaneous deliv-
ery of antigen is not the optimal way to enhance or suppress  immune 

2.1.4  Route 
of Administration
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responses  , though it is the most applicable one. Conversely, targeted-
delivery of therapeutic agents to lungs, gut and lymph nodes, where 
a large number of immune cells reside, will lead to more effective 
 immunomodulation  . Actually, mucosal immunization was shown 
to produce both mucosal and systematic antibodies [ 12 ]. And chi-
tosan nanoparticle is a promising candidate for intramucosal, intra-
nasal and oral delivery routes because they were demonstrated to be 
favorably taken up by the M-cells in the Peyer’s patches of gut and 
are good at amplifying mucosal and systemic immune responses. 
On the other hand, many researchers focused on the development 
of strategies targeting nanoparticle vaccines directly to lymph nodes 
where they can activate the resident DCs effectively and prime the 
T cell response in situ [ 9 ]. Last but not least, dsRNA, such as poly 
I:C, has been indicated to be able to generate aberrant expression 
of MHC II molecules associated with autoimmune diseases in non-
hematopoietic cells [ 65 ]. And high dosage of Poly I:C might induce 
overstimulation. Hence, caution should be exercised when locally 
administering  nanoparticles   conjugated with poly I:C.   

   Rationally designed  nanoparticles   modulate the  immune response   
against  cancer   and infectious diseases through different ways, which 
can be broadly divided into three basic categories, i.e., targeting 
antigen-presenting cells, upregulation or targeting of infl ammatory 
cytokines and targeting T regulatory cells and myeloid-derived 
suppressor cells. Successful immunotherapies usually function in 
multiple ways in order to fully restore immunity. 

   Although vaccination with live attenuated pathogens has succeeded 
in preventing many infectious diseases such as small pox and polio, 
effective vaccines are yet to be developed for various other infectious 
diseases like HIV and tuberculosis (TB). Similarly, major efforts are 
currently directed to develop vaccines against  cancer   to lower its 
morbidity and mortality. New strategies of vaccination mainly focus 
on targeting selected antigens to APCs, augmenting the innate and 
adaptive immunity with molecular adjuvants (e.g., TLR agonists) 
and directing the  immune response   towards the desired T cells 
phenotypes (e.g., Th1/CTL). Incorporation of molecular adju-
vants, like CpG, poly I:C, in particulate vaccines, are known to pro-
mote the maturation and migration of DCs through toll-like 
receptors and other signaling pathways [ 66 – 68 ]. 

 Synthetic polymeric particles, including polyester and branched 
 polymers  , have been used to encapsulate, adsorb or conjugate anti-
gens with/without adjuvants to form particulate vaccines. These 
particulate vaccines can be endocytosed and processed by CD8α +  
DCs resulting in cross-presentation of the antigens [ 69 ]. Moreover, 
particulate vaccines offer more stability and controllability of the 
formulation as compared to virus-like particles-based vaccines [ 70 ] 
(which is beyond our scope of discussion in this chapter). Paul 

2.2  Engineered 
Particles 
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et al. encapsulated ovalbumin (OVA) as antigen and TLR3 ligand 
poly I: C and TLR7/8 ligand resiquimod (R848) as adjuvants in 
200 nm  PLGA    nanoparticles   targeted to DEC205, a specifi c 
C-type lectin receptor (CLR) on DCs to enhance antigen uptake. 
The experimental results showed that the DC-targeted TLR 
ligands enhanced DC maturation and activation and also aug-
mented CD8 +  T-cell responses against specifi c OVA antigen [ 71 ]. 
Another study published recently used PLGA nanoparticles with 
OVA antigen, TLR-7 ligand (imiquimod, R837) and small inter-
fering siRNA for the knockdown of immune-suppressor gene and 
demonstrated that DCs treated with the nanoparticles can migrate 
to lymph nodes and present the antigen-peptide to CD8 OVA 1.3T 
cells through cross-presentation. The OVA-specifi c cytotoxic T lym-
phocytes activity against the EF7-OVA tumor model was success-
fully induced and tumor growth was inhibited effi ciently [ 72 ].  

   Cytokines are important cues that can drive naïve lymphocytes 
towards different fates (e.g., anergy, effector, memory, or deletion) 
[ 73 ]. Also, they play crucial roles in  immunomodulation   by chang-
ing microenvironment during antigen presentation by APCs and 
effector functions by various lymphocytes including T cells. 

 Pathogens, such as  Mycobacterium tuberculosis  (Mtb), the caus-
ative pathogen of TB, reside in macrophages and paralyze their 
function by suppressing the antimicrobial response. The mecha-
nisms include the suppression of intracellular generation of bacteri-
cidal reactive oxygen and nitrogen species (ROS/RNS) and 
secretion of pro-infl ammatory cytokines such as IL-12 and IFNγ, 
which are key components of intracellular eradication of mycobac-
terium. Dube et al. developed 1,2-β-glucan functionalized chitosan 
shell,  PLGA   core  nanoparticles   which stimulate the production of 
ROS/RNS, and signifi cantly enhanced the secretion of IL-12p70, 
TNFα, and IFNγ by human alveolar like macrophages (ALM) by 
over threefold over 24 h through  interaction   with the Dectin-1 
receptors on ALM surfaces [ 74 ]. Therefore, these particles were 
proved to have potential in eradication of intracellular pathogens, 
like Mtb and HIV. 

 Cytokines can also be employed as adjuvants in vaccines. But 
because of their short half-lives (minutes) following parenteral 
injection [ 73 ] and possible severe side effect if injected repeatedly 
with high-dose [ 75 ], direct administration of cytokine in patients 
is likely to be unsuccessful and needs to be improved. Nanoparticles 
again become a great tool to overcome the above-mentioned 
obstacles by delivery of genes coding the targeted cytokines. One 
of the strong cytokine candidates as  vaccine   adjuvant is IL-12, 
which is known to be able to induce T-cells and natural killer (NK) 
cells to produce all kinds of infl ammatory cytokines (e.g., IFNγ, 
granulocyte-macrophage colony-stimulating factor (GM-CSF)) 
and tumor necrosis factor (TNF-α) and also shift CD4 +  T cells 

2.2.2   Targeting   
Cytokines 
for Immunomodulation

Synthetic Polymeric Nanoparticles for Immunomodulation



428

toward T H 1 response [ 30 ,  76 ,  77 ]. One group utilized mannosylated 
chitosan  nanoparticles   as a gene delivery vehicle to enhance the 
transfection of IL-12 encoding plasmid via mannose receptor- 
mediated endocytosis and showed prominent induction of the 
secretion of mIL-12 p70 and IFN-γfrom dendritic cells, resulting 
in a retardation or even signifi cant regression of tumor growth in 
the mice of the treatment group compared to the control group 
[ 78 ]. Similar results have also been achieved by other groups using 
various types of nanoparticles [ 30 ,  79 ,  80 ]. Interleukin-2 is another 
vital cytokine, which induces T cell differentiation and prolifera-
tion and amplifi es NK cell cytotoxicity, thus eliciting strong antitu-
mor immune activity [ 30 ,  81 ]. Researchers have also reported a 
polycationic carrier (H1/pIL-2) with  folic acid   conjugated-PEI 
and β-cyclodextrin loaded with IL-2 plasmid (pIL-2) and achieved 
high effi ciency and long duration of IL-2 expression in vivo. The 
subcutaneous inoculation of H1/pIL-2 in tumor bearing mouse 
model effectively stimulated the activation of effector T cells and 
NK cells in the peripheral blood, increased the secretion of serum 
T H 1 cytokines (e.g., IFNγand TNFβ), T H 2 cytokines (IL-4 and 
IL-6), and IL-17. Also the density of tumor-infi ltrating T cells and 
NK cells are signifi cantly increased, leading to an overall effect of 
reduced B16-F1 melanoma growth and prolonged survival [ 75 ].  

   Cancer has long been considered “invincible” due to its strong 
ability to escape immune surveillance and create a permissible envi-
ronment. During  cancer   development, several immunosuppressive 
factors help cancer cells to evade the immune system. For example, 
the enzyme, indoleamine-2,3-dioxygenase (IDO), expressed 
within solid tumors [ 82 ] inhibit infl ammatory reactions towards 
tumors by degradation of the essential amino acid tryptophan and 
recruitment of regulatory T cells. The metabolites generated by 
IDO activity exert toxic effects on cytotoxic T lymphocytes and 
T H 1 cells, which shift the immune system towards T H 2 response 
[ 83 ]. IDO also helps to induce proliferation of Treg cells and 
mediate immune escape driven by myeloid-derived suppressor cell 
(MDSC) [ 84 ,  85 ]. Besides, tumors also utilize multiple ligands as 
inhibitory immune checkpoints to defy the specifi c adaptive 
 immune response  , such as cytotoxic T lymphocyte antigen (CTLA) 
and programmed death ligand 1(PD-L1). In the priming phase 
of a T cell response, three stimulatory signals are required: MHC–
TCR  interaction  , CD80/CD86:CD28 costimulation, and the 
appropriate cytokine milieu. Primed T cells up regulate CTLA4 after 
antigen recognition, which competes with CD28 for interaction 
with costimulatory B7 family molecules. Another type of overex-
pressed ligands on DCs or tumor cells in the permissible environ-
ment is PD-L1, which interacts with PD1 expressed on activated 
T cells to restrain TCR-driven proliferation and cytokine production, 
and results in attenuated T cell response [ 86 ]. Also, proteolytic 
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enzymes (e.g., matrix metalloproteinases MMPs) in the extracellular 
matrix interfere with the activity of multiple growth factors and 
cytokine receptors (e.g., IL-2 receptor IL-2α) and thereby inhibit 
proliferation and activation of T cells and increase the resistance of 
cancer cells to immunologic micromilieu. Several other immuno-
suppressive cytokines, such as TGFβ, IL-10, contribute to tumor 
immune escape by reducing the activity of NK cells and the 
production of the immuno-stimulatory cytokines, like IL-2, IL-6, 
IFNγ [ 5 ,  87 ,  88 ]. 

 In order to release  cancer   immunity from immune suppressive 
environment and turning tumor itself into vaccines, researchers 
have developed multiple strategies to eliminate the inhibitory effect 
of the above-mentioned factor with particulate-based therapies. 
Jonathan Ellermeier et al. reported that by introducing a bifunc-
tional siRNA combining TGFβ1 silencing with RIG-I activation by 
JetPEI nanoparticle into Panc02 mouse model of pancreatic cancer, 
type I IFN and CXCL10 levels in serum were increased, activated 
CD8 +  T cells were recruited to the tumor and a reduced frequency 
of CD11B +  Gr1 +  myeloid suppressor cells were observed together 
with profound tumor cell apoptosis [ 89 ]. 

 In order to reduce the escape of glioblastoma cells to the immu-
nosurveillance, another group developed a type of polybutyl- 
cyanoacrylate nanoparticle carrying antisense oligonucleotides 
blocking TGF. Combined with the vaccination of Newcastle-
Disease- Virus modifi ed tumor cells, the tumor-bearing rats were 
released from immune-suppression with an increased rate of acti-
vated CD25 +  T cells and reduced concentration of TGFβ2 in plasma, 
and survived signifi cantly longer than the control group following 
i.p. administration of nanoparticle formulation [ 90 ].  

   Myeloid derived suppressor cells (MDSC) and regulatory T cells 
(Treg) both play a critical role in maintaining the immune- 
suppressive microenvironment of tumors. MDSCs are character-
ized by CD11b and Gr1 expression in mice and they are 
immunosuppressive precursors of dendritic cells, macrophages, 
and granulocytes. They infi ltrate developing tumors, promote 
vascularization, disrupt antigen presentation by DCs and hamper 
T cell activation as well as NK cell cytotoxicity [ 91 ]. Regulatory 
T cells are CD4 + CD25 + FoxP3 +  cells responsible for sustaining the 
homeostasis of innate cytotoxic lymphocytes [ 92 ]. Similar to 
MDSCs, Tregs suppress antigen presentation and cytotoxic T cell 
function by reducing cytolytic granule release [ 93 ]. It was observed 
that intratumoral presence of Treg cells is associated with poor 
prognosis in several  cancer   types [ 94 ,  95 ]. However, strategies 
aiming at depletion of Tregs are hard to realize because there is a 
lack of exclusive marker of Tregs to be targeted. Clinical studies 
of monoclonal antibody studies using the upregulated α-chain of 
the IL-2 receptor on Tregs as targets have shown confl icting 
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results [ 96 – 98 ] due to the fact that IL-2 receptor is also expressed 
intensely on other cells, like T effector cells. Similar problems exist 
for the depletion of MDSCs since they consist of multiple sub-
populations of cells with different maturities and plasticities and 
are able to differentiate into a variety of cell types [ 91 ]. 

 Several chemotherapeutic agents have been identifi ed as being 
able to inhibit the activity of MDSCs, including Gemcitabine and 
5-fl uorouracil (5-FU), both of which are nucleoside analogs [ 99 , 
 100 ]. Studies have demonstrated that encapsulation of 5-FU in 
 nanoparticles  , like  PLGA   and Chitosan exhibit better profi le of 
controlled release and enhanced effi cacy and therapeutic effect of 
the 5-FU  cancer   chemotherapy [ 101 – 103 ]. Further investigation 
needs to be carried out on their therapeutic potency in  immuno-
modulation   of MDSCs and Treg responses.   

   Autoimmune diseases, including multiple sclerosis, psoriasis, rheu-
matoid  arthritis   (RA), and type I diabetes, are caused by failure in 
immune regulation and T cell mediated destruction of self- tissues   in 
most cases. They as a whole contribute a lot to the morbidity and 
mortality of the world population each year, ranking third in all the 
diseases [ 104 ]. Although global suppression of immune system is 
highly effective in most of the patients and remains the gold standard 
in clinic, it often leads to increased susceptibility to life- threatening 
infections and  cancer  . In this context, it is of great importance to 
develop a therapy that induces antigen-specifi c immunological toler-
ance while leaving other parts of immunity intact. The success of 
 nanoparticles   as platforms of immunostimulatory vaccines has given 
us suffi cient confi dence in their potential in immune-regulation to 
treat the autoimmune disorders. Strategies have been developed 
using nanoparticles bearing specifi c antigen peptide to inactivate 
primed T cells or activate regulatory T cells and showed great poten-
tial as better treatment for autoimmune diseases. 

 Gett, et al. designed encephalitogenic myelin epitope- conjugated 
particles (500 nm in diameter) and demonstrated their ability to 
trigger long-term T cell tolerance in mice with relapsing experimen-
tal autoimmune encephalomyelitis [ 104 ]. Both  PLGA   and polysty-
rene particles injected intravenously were able to induce inactivation 
of myelin-specifi c CD4 +  T cells by a lack of delayed- type hypersensi-
tivity responses, an in vivo measure of CD4 +  T cell function. The 
epitope spreading was also prevented with this treatment strategy 
together with less T cell proliferation, IFNγ and IL-17 production, 
indicating T cell anergy. Overall, disease onset was delayed and the 
course of the disease was completely changed. 

 Huang and colleagues showed in their recent study that bacte-
rium plasmid DNA conjugated PEI nanoparticle treatment in mice 
was potent in triggering immuno-tolerance in mice [ 105 ]. It was 
observed that upon DNA/PEI nanoparticle treatment, selective 
IDO expression in CD19 +  DCs and some non-DCs in perifollicular 
regions of spleen and peripheral LNs were induced. Besides, the 
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treatment also directed splenic DCs and Tregs to acquire stable 
regulatory phenotype dependent on IDO induction via IFN type I 
receptor signaling. As a result of IDO activity, DNA/PEI treat-
ment also blocked the in vivo T cell responses to exogenous OVA 
antigen in B6 (Thy1.2) mice. A following study on a murine model 
of Ag-induced rheumatoid  arthritis   demonstrated the effi cacy of 
this DNA/PEI nanoparticle treatment on attenuating destructive 
 autoimmunity  . 

 Researchers have explored various ways to dampen the patho-
logical  immune response   against self-antigens. One hypothesis is 
that without costimulatory signal, antigen-recognition by T cell 
receptor (TCR) will only result in T cell anergy or apoptosis [ 106 ]. 
Therefore, blocking costimulatory pathways is a worthwhile poten-
tial strategy to inhibit the activity of self-reactive T cells and attenu-
ate the autoimmune response. In this category, administration of 
CTLA-4-immunoglobulin (Ig), which competes with the costimu-
lation mediated by CD28, showed great promise in treatment of 
both rheumatoid  arthritis   (RA) and psoriatic arthritis, but less in 
systemic lupus erythematosus, multiple sclerosis and  infl ammatory 
bowel disease   [ 106 – 110 ]. However, the limitation of this strategy 
includes the weaker effect on previously activated T cells and the 
need for continuous administration. Tregs are recognized as the 
central part of maintaining immune tolerance, indicating an attrac-
tive therapy to manipulate autoimmune response. Attempts have 
been made to isolate Tregs from an autoimmune disease patient, 
expand in vitro and then inject them back into the individual [ 111 , 
 112 ]. Both polyclonal Tregs and autoantigen-specifi c Treg cells 
have been tried. Similar to Tregs, marginal zone macrophages 
(MZ M  φ ) in the spleen have also been demonstrated to be able to 
suppress adaptive  immune responses   to the represented self-anti-
gens when they phagocytose apoptotic cells and debris [ 53 ,  113 ]. 
To this end, Miller et al. designed ECDI-fi xed, antigen-coupled 
syngeneic splenocytes (Ag-Sp) to induce peripheral immunological 
tolerance [ 114 ]. The ECDI-chemistry by which antigens were 
conjugated to the surface of splenocytes also led to the apoptosis in 
the fi xed cells after intravenous infusion. MZ Mφ internalized 
apoptotic cells via scavenger receptors, resulting in a regulatory 
phenotype, in which IL-10, TGF-β production and PD-L1 expres-
sion were upregulated while CD80 and CD86 were reduced. The 
loss of positive costimulation and increase in inhibitory signals 
induce the activation of antigen-specifi c Tregs and mediate Ag-Sp 
tolerance. Another aspect of immunity which can be modulated 
to stimulate tolerance is tweaking the balance of cytokines. 
Blockade of the pro-infl ammatory cytokine tumor-necrosis factor 
(TNF) with TNF-specifi c antibodies or TNF receptors is now the 
most widely used immunotherapy for rheumatoid arthritis. 
However, this therapy causes increased risk of multiple sclerosis 
and tuberculosis, which renders it unsafe [ 115 ]. In addition to this 
splenocyte therapy, Singh and his coworkers have presented  PLGA   
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particles and chitosan nanomicelles carrying plasmid encoding IL-10 
for the treatment and prevention of type I diabetes [ 116 ,  117 ], 
showing promise of particulate immunotherapy of  autoimmunity  . 
Both designed particles successfully escaped from endosomal 
compartment and increased the expression of IL-10 in mice, lead-
ing to lower blood glucose and IFNγ levels and reduced islet infi l-
tration. Compared to all the above mentioned cell or antibody 
based therapies, the particulate system bears the advantage of being 
cost- effective and less time-consuming, since it does not require 
the isolation of leukocytes from patients and has more promise in 
clinical application under good manufacturing practices (GMP).   

3    Concluding Remarks 

 In summary, synthetic polymeric particles in the micro- and nano- 
range have been successfully employed in the development of 
immunotherapy against infectious diseases,  cancer   and autoim-
mune disorders. These particulate systems have shown advantages 
in preclinical setting over other  immunomodulation   strategies 
since they are able to effi ciently deliver multiple cargos to immune 
cells, are biocompatible and tunable, and some even bear inherent 
adjuvancy. However, despite preclinical promise, clinical transla-
tion and effi cacy has been limited. The lessons learned from years 
of accumulated experience indicate that for particle-based immu-
notherapy,  size  , shape, surface properties and route of administra-
tion of the particles should be carefully designed since these 
characteristics are key factors that infl uence the  biodistribution   and 
immunological effi cacy of the proposed strategies. Innovative 
strategies that can precisely tune the balance of Th1 and Th2 
 immune response   s   and antigen-specifi c immune stimulation/toler-
ance need to be developed. Better strategies to recruit DCs to the 
site of administration, to break the immune-suppression of the 
tumor microenvironment and to prevent the immune system from 
attacking self-antigens need to be developed. Finally, very little 
work has focused on modeling the human immune system and 
immune organs in vitro, either through physiome-on-a-chip 
approaches or through computational modeling. In addition, 
intra-vital microscopy other  imaging   based tools must be employed 
to understand the cellular and molecular interactions, transport 
kinetics, etc. following nanoparticle administration. These must be 
critical priorities for the fi eld. Numerous mouse studies showing 
excellent effi cacy has not proven to be predictive in humans. 
However, with the advancement of novel immunoengineering 
tools and strategies, we are at the verge of new breakthroughs that 
can stop the pathological immune response against autoimmune 
disorders and restore the robust immune-protection against infec-
tions and malignancy.     
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    Chapter 22   

 Nanomedicine and Infection       

     Takami     Akagi      and     Mitsuru     Akashi       

  Abstract 

   Nanomedicine is the medical application of nanotechnology and related study to the prevention and treat-
ment of disease in the human body. In recent years, signifi cant effort has been directed to develop nano-
technology for drug delivery devices since it offers a suitable means of delivering small-molecule drugs, as 
well as biomacromolecules such as proteins, peptides, or oligonucleotides by either localized or targeted 
delivery to cells and tissues of interest. Until now, lipid-, polymer-, or nano-/microparticle-based drug 
delivery systems (DDS) have been developed to improve the effi cacy and reduce the systemic toxicity of a 
wide range of drugs. Several DDS formulations of anticancer drugs, antifungal drugs, and vaccines are 
approved for clinical use. In this chapter, we will mainly focus on the clinical use of DDS on therapy and 
prevention of infectious diseases.  

  Key words     Drug delivery system  ,    Liposome    ,    PEGylation    ,    Vaccine adjuvant    

1      Introduction 

  Nanomedicine   is the application of nanotechnology to a given 
therapy; it also encompasses the prevention and diagnosis of dis-
ease in the human body and has the potential to change medical 
sciences signifi cantly [ 1 – 5 ]. Nano-engineered and nanostructured 
drug carriers allow for the delivery of small-molecule hydrophobic 
drugs and the delivery of  proteins   and  nucleic acid   s   in a targeted 
fashion. Delivery of these molecules to specifi c sites within the 
body can be achieved to reduce systemic toxicity and allow for 
more effi cient use of the drugs. The designing of an effective drug-
targeting system is based on therapeutic effi cacy, appropriate con-
centrations, and a longer circulation time in the blood. The drug 
needs to be released by the targeting system over a desired period 
of time with targeted specifi city. This specifi c drug targeting is 
derived by taking advantage of the pathophysiological changes that 
take place in the course of diseases [ 6 – 8 ]. 

  Nanotechnology   focuses on formulating therapeutic agents in 
biocompatible and biodegradable nanocomposites such as 
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 nanoparticles  , micelles, liposomes, emulsions, and conjugates 
 consisting of  polymers  , lipids, inorganic compounds, and biological 
materials (Fig.  1 ). Since these systems are often polymeric and sub-
micron in  size  , they have multiple advantages in drug delivery appli-
cations. In general, these systems can be used to provide targeted 
cellular and  tissue   delivery of drugs, to improve oral bioavailability, 
to sustain drug effect in target  tissues  , to solubilize drugs for intra-
vascular delivery, and to improve the stability of drugs against enzy-
matic degradation by nucleases and proteases, especially for  proteins   
and  nucleic acid   s   [ 9 – 11 ]. In addition, water- soluble polymers are 
most simple and attractive as potential carrier systems for targeted 
drug delivery. Though many different kinds of polymers are avail-
able, it was the development of  polyethylene glycol   ( PEG  ) conjuga-
tion technology, generally known as  PEGylation  , that provided the 
real breakthrough to overcome the problems associated with pep-
tides, proteins, and drugs [ 12 ,  13 ]. PEGylation (i.e., the attach-
ment of PEG to proteins, drugs, and liposome) as a tool to drastically 
improve the  pharmacokinetics   and pharmacodynamic properties of 
the administered drugs is well established and is clinically used in 
the fi eld of drug delivery [ 14 ,  15 ]. PEGylation can drastically 
enhance circulating time of administrated drugs in blood.

   Recent advances in nanobiotechnology, pharmaceutical sci-
ences, molecular biology, and  polymer   chemistry are now opening 

  Fig. 1    Schematic illustration of carriers for drug delivery       
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up exciting possibilities in the fi eld of DDS. However, it is also 
perceived that there are several key issues to overcome such 
approaches into routine clinical use. The safety and effi cacy of 
DDS-related drugs can be infl uenced by minor variations in mul-
tiple parameters and need to be carefully explored in preclinical 
and clinical studies, particularly relating to the stability,  biodistri-
bution  , targeting to intended sites, and potential immune toxicities 
[ 16 ].  Liposomes   are typical nano- sized   DDS and the fi rst of these 
received clinical approval in 1990. DOXIL ® , liposomal doxorubi-
cin, was the fi rst commercially available liposomal anticancer drug 
(1995) [ 17 ]. It has an enhanced circulation half-life compared to 
the free drug because of its surface-grafted  PEG   coating. Liposomes 
can act as sustained release delivery systems. Recently, several types 
of DDS formulations containing antifungal, antiviral drugs, and 
vaccines for therapy and prevention of infectious diseases have 
been approved for clinical use. In this chapter, we will address the 
clinical use of DDS in the fi eld of infectious disease. Vaccines are 
the most important preventive measure against infectious diseases. 
 Nanotechnology  -based DDS provides multiple platforms that can 
be used as  vaccine   adjuvants in the clinic and in the next generation 
of subunit vaccines.  

2    Antifungal Drugs 

 Opportunistic fungal infections are a major problem for public 
health.  Amphotericin B   (AMB), a polyene antibiotic with broad 
spectrum antifungal activity, is considered the fi rst-line therapy for 
systemic fungal infections. For over 50 years, AMB deoxycholate 
(AMBD), the conventional colloidal dispersion formulation known 
as Fungizone ® , has been the treatment of choice for these infec-
tions. In spite of its high toxicity, it is still widely employed for the 
treatment of systemic fungal infections and parasitic diseases. One 
reason for this toxicity is the formation of self-aggregates as a result 
of low water solubility. In the last 10–15 years, new formulations 
of AMB that incorporate the drug into liposomes (AmBisome ® ) 
have been developed to overcome its toxic effects (Fig.  2 ) [ 18 ].

    Liposomes   are spherical vesicles where an aqueous core is sur-
rounded by a phospholipid layer and cholesterol. Liposomes have 
several important properties like uniform particle  size   in the range 
of 50–700 nm and special surface characteristics. Water-soluble 
drugs can be entrapped in the interior of liposome-enclosed aque-
ous cores, and the encapsulating bilayer can be used to load hydro-
phobic drugs. Liposomal  drug delivery system   s   have been widely 
studied since the 1970s to increase the solubility and therapeutic 
effect of chemotherapeutic compounds. They can be classifi ed on 
the basis of size and the number of layers as small unilamellar, 
large unilamellar, small multilamellar, and large multilamellar [ 19 ]. 
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The circulating time of liposomes in the blood can be modifi ed by 
attaching  PEG   molecules on their surface. These molecules protect 
liposomes and prevent  protein   adsorption and clearance. Some of 
the important application of liposomes can be identifi ed in the fi eld 
of drug delivery and  imaging   [ 20 ,  21 ]. 

 In order to improve the therapeutic effect of AMB and reduce 
its related toxicity, lipid-based formulations have been developed 
for intravenous administration. The liposomal formulation 
AmBisome ® , a small unilamellar liposome (diameter 45–80 nm) 
containing AMB in the bilayer composed of hydrogenated soy 
phosphatidylcholine, distearoyl phosphatidylglycerol, and choles-
terol, showed reduced toxicity and elevated peak plasma levels com-
pared with conventional AMB without loss of the broad spectrum 
antifungal activity of AMB. After intravenous injection, AmBisome ®  
can result in higher concentrations of AMB in the liver and spleen, 
but lower concentrations in the kidney and lungs, thereby decreas-
ing its toxicity. Moreover, liposomal systems can enhance the drug 
accessibility to organs and  tissues   (e.g., bone marrow) otherwise 
inaccessible to free drug. In clinical trials, AmBisome ®  has demon-
strated effi cacy comparable to that of AMBD while reducing the 
incidence of treatment-related nephrotoxicity, electrolyte-wasting, 

  Fig. 2    Chemical structure of amphotericin B (AMB) and illustration of liposomal AMB (AmBisome ® ). AmBisome ®  
is designed as unilamellar liposomes (<100 nm) with AMB present within the lipid bilayer membrane       
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and infusion-related reactions [ 22 ,  23 ]. In aqueous solutions, 
AmBisome ®  is quite stable, less than 5 % of the drug releases from 
the liposomes during extended incubation periods in human 
plasma. This stability is a key factor, accounting for the ability of 
AmBisome ®  to signifi cantly reduce the acute and chronic toxicities 
associated with AMB. Numerous animal and clinical studies have 
documented the therapeutic effi cacy of AmBisome ®  for a wide 
range of fungal infections. Mechanism of action studies show that 
AmBisome ®  liposomes specifi cally bind to fungal cell surfaces, dam-
age the cell membrane, and kill the fungus [ 24 ,  25 ]. 

 Despite the improvement in the therapeutic index for liposo-
mal AMB, their use still remains limited due to higher cost, diffi -
cult route of administration, and ongoing concerns about toxicity 
[ 26 ]. There have been extensive studies to develop new AMB 
 formulations on the basis of  polymers  , lipids, or physical aggre-
gates of AMB to replace costly lipid-based formulations [ 23 ]. 
However, non-liposomal AMB delivery systems have not yet 
reached the clinic. Moreover, although the liposome delivery sys-
tem has been tried for several drugs, only a few have been used in 
patients due to the slow development of the large-scale production 
technologies of pharmaceutical grade products.  

3    Pegylated Interferons 

 Cytokine or antibody therapies have received widespread attention 
for their use as advanced drug therapies. Indeed, attempts are being 
made to develop a wide variety of therapeutic  proteins   for diseases 
including  cancer  , viral infections, and chronic autoimmune disor-
ders. The potential value of bioactive proteins as therapeutics has 
been recognized for years. Unfortunately, many therapeutic pro-
teins have disadvantages of short circulating half-life period ( t  1/2 ) 
and low stability in the body. Therefore, these drugs are required 
the use of high and repeated doses to maintain therapeutic effi cacy. 
This may increase the chance for the development of an adverse 
 immune response   [ 27 ]. Abuchowski et al .  fi rst described a method 
to covalently bond methoxy  PEG   (mPEG) to proteins in 1977 
[ 28 ], called  PEGylation  . PEG is a hydrophilic  polymer   that has 
been widely used for the development of polymer-drug conjugates 
because it can improve  protein   solubility, stability, and  pharmacoki-
netic   parameters. The PEG conjugate obtained had the properties 
of a signifi cantly increased circulating  t  1/2 , reduced immunogenicity 
and antigenicity, and retention of a circus-large portion of bioactiv-
ity. It has been postulated that these effects are due to a shell of 
PEG molecules around the protein that sterically hinders immuno-
reactions with immune cells (stealth effect) and protects the drug 
from proteolytic degradation. The discovery that PEGylation could 
greatly enhance the circulation time of nanocarriers such as 

Nanomedicine and Infection



444

polymeric  nanoparticles   and liposomes has greatly advanced the 
clinical translation of nanomedicines [ 29 – 31 ]. 

 Chronic infection with hepatitis C virus (HCV) has an esti-
mated prevalence of 1.6–2.0 % worldwide and is a major cause of 
liver-related diseases. The fi rst attempts to halt the progression of 
infection relied on the empirical use of interferon (IFN), a natu-
rally occurring cytokine that is implicated in antiviral innate immu-
nity. The fi rst studies of this treatment in the early 1990s, however, 
led to disappointing response rates. To improve the effectiveness 
and tolerability of the three times per week therapeutic schedule of 
IFN, two forms of pegylated interferon ( PEG  -IFN) were devel-
oped in the early 2000s, PEG-IFNα-2a and PEG-IFNα-2b [ 32 ]. 
Two PEG-IFNα molecules are commercially available for the 
 treatment of chronic hepatitis C, and these differ in the  size   and 
nature of the covalently attached PEG molecule, with resulting dif-
ferences in  pharmacokinetics   and in dosing regimens. PEG-
IFNα-2b (PEGINTRON ® ) has a linear 12 kDa PEG chain 
covalently attached primarily to histidine-34 (about 50 % of all 
positional isomers) of IFNα-2b ( M  w  = 19 kDa) via an unstable ure-
thane bond that is subject to hydrolysis once injected, releasing 
native IFNα-2b (Fig.  3 ). PEGINTRON ®  has a prolonged serum 

  Fig. 3    Conjugation of mPEG ( PEGylation  ) to interferon (IFN).  PEG  -IFNα-2b (PEGINTRON ® ) is produced by form-
ing a covalent bond between a 12 kDa mPEG and IFNα-2b core  protein   using succinimidyl carbonate pegylation 
chemistry. PEG-IFNα-2a with 40 kDa-branched mPEG (Pegasys ® ) is synthesized using  N -hydroxysuccinimid 
pegylation chemistry       
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half-life (40 h) relative to standard IFNα-2b (7–9 h). The branched, 
40 kDa PEG molecule of PEG-IFNα-2a (Pegasys ® ) is covalently 
attached via stable amide bonds to lysine residues of IFNα-2a and 
circulates as an intact molecule. Consequently, Pegasys ®  has a very 
restricted volume of distribution, longer half-life and reduced 
clearance compared with native IFNα-2a, and can be administrated 
once weekly independently of bodyweight. PEGINTRON ®  has a 
shorter half- life in serum than Pegasys ®  and requires bodyweight-
based dosing. The greater  polymer   size of Pegasys ®  works to reduce 
 glomerular fi ltration  , remarkably prolonging its serum half-life 
(72–96 h) compared with standard IFNα-2a (6–9 h). In clinical 
studies, once- weekly dosing of the PEG-IFNs was associated with 
a sustained virological response in patients infected with 
HCV. Once-weekly dosing with either of the PEG-IFNs was more 
effective than the respective thrice-weekly regimen of IFNα, with a 
comparable safety profi le [ 33 – 35 ].

    PEG  -IFNα in combination with ribavirin (guanosine analog) 
is currently recommended as a standard-of-care treatment for 
chronic HCV infection [ 36 ]. This combination therapy has drasti-
cally improved the rate of sustained virological response, specifi -
cally in diffi cult-to-treat patients.  PEGylation   is now established as 
the method of choice for improving the  pharmacokinetics   and 
pharmacodynamics of  protein   pharmaceuticals. Applications of 
PEG-based hydrogels and PEG-modifi ed liposomes have become 
increasingly important. New frontiers for the technology are now 
emerging, for example, in small-molecule modifi cation, and it is 
certain that PEGylation will play an increasingly important role in 
pharmaceutical science and technology. 

  PEG   is nontoxic and eliminated by a combination of renal and 
hepatic pathways. In fact, PEG has been approved for human intra-
venous, oral, and dermal applications. However, it has been 
reported that repeated parenteral administration of PEGylated 
 proteins   to animals is associated with cellular vacuolation in macro-
phages and/or histiocytes in various organs. Further understand-
ing of the  pharmacokinetics  , metabolism, and  biodistribution   of 
PEG in PEGylated proteins will lead to develop safer PEGylated 
drugs [ 37 ].  

4    Vaccines 

   The purpose of vaccination is to generate a strong  immune 
response  , thus providing long-term protection against infection. 
Vaccines have traditionally consisted of live attenuated pathogens, 
whole inactivated organisms, or inactivated toxins. Live vaccines 
typically induce potent  immune responses   (both humoral and cel-
lular immunity) and complete protection against infection. 
However, live vaccines have been associated with a number of 

4.1  Role 
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safety concerns, including reversion to virulence, resulting in 
 disease and other adverse effects. The most recently licensed vac-
cines are typically recombinant products and are well defi ned at 
the molecular level. Unfortunately, these component vaccines 
generate a weaker immune response and typically require multiple 
doses. Indeed, the limited immunogenicity and diffi culties in 
inducing antibodies of the appropriate specifi city are major limita-
tions of modern  vaccine   development. With the development of 
these new types of vaccines, there exists a critical need for addi-
tional delivery carriers as well as new adjuvants as immunostimu-
lants. In many cases, the antigen itself is only very weakly 
immunogenic; therefore, an adjuvant is needed to induce optimal 
immune responses [ 38 – 42 ]. 

 Adjuvants are compounds that enhance the  immune response   
against co-inoculated antigens. The word “adjuvant” is derived 
from the Latin word “ adjuvare ” which means “to help” or “to 
enhance.” In the past, many kinds of adjuvants have been devel-
oped, and they can be divided into two classes on the basis of their 
mechanism of action:  vaccine   delivery systems and immunostimu-
lants [ 43 ]. Vaccine delivery systems generally have a particulate 
form (e.g., emulsions, liposomes, micelles, and polymeric nano/
microparticles) and function mainly to target associated antigens 
into antigen-presenting cells (APCs) such as dendritic cells (DCs) 
and macrophages [ 41 ,  44 – 46 ]. In contrast, immunostimulants 
mostly consist of pathogen-associated molecules (e.g., lipopolysac-
charide, monophosphoryl lipid A, cholera toxin, CpG ODN), 
which activate cells of the innate immune system via specifi c recep-
tors, such as Toll-like receptors (TLRs). TLRs are critical in sens-
ing infections and are therefore common targets of various 
adjuvants used in immunological studies [ 47 – 49 ].  

   Until recently, hydroxide and phosphate salts of aluminum (com-
monly called alum) and calcium were the only adjuvants licensed 
for human use. The adjuvant effects of alum were fi rst discovered 
in the 1920s [ 50 ]. The mechanism of action of alum adjuvant is 
complex and not yet fully understood. It likely involves various 
mechanisms including the formation of depot, increasing targeting 
of antigens to APCs and (non-) specifi c activation of immune sys-
tems. Antigen depots enhance immunogenicity of antigens by con-
centrating the antigens and extending the time antigen resides in 
the body, thus increasing the probability of  interaction   with 
immune cells [ 51 ,  52 ]. Recently, it was proposed that alum adju-
vants activate an intracellular innate  immune response   system called 
the NALP3 infl ammasome. Several research groups have impli-
cated components of the infl ammasome in the adjuvant activity of 
alum [ 53 – 55 ]. The infl ammasome is a large multi- protein   complex 
which plays a key role in innate immunity by participating in the 
production of the pro-infl ammatory cytokines interleukin-1β 
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(IL- 1β) and IL-18. NALP3 activation is induced by phagocytosis 
of aluminum salt or silica crystals, and this uptake subsequently 
lead to lysosomal damage and rupture. The NALP3 infl ammasome 
senses lysosomal damage as an endogenous danger signal [ 56 ]. 
Recently, Marichal et al. proposed that alum adjuvant activity is 
related to the production of another danger signal derived from 
DNA released from necrotic cells exposed to alum [ 57 ]. 

 Most adjuvant formulation development focuses on micro- 
and nanoparticulate platforms, including alum, liposomes, and 
emulsions. Alum has been employed as adjuvants in human vac-
cines for many decades, and they consist of crystalline  nanoparti-
cles   that aggregate to form a heterogeneous dispersion of several 
micron- sized   particles. They are highly charged and conducive to 
the adsorption of antigens or immunomodulatory molecules. 
Alum adjuvants have primarily been used in tetanus, diphtheria, 
pertussis, and poliomyelitis vaccines as part of standard child vac-
cination programs in many countries for approximately 50 years. 
Alum adjuvants have also been introduced into hepatitis A and 
hepatitis B virus (HBV) vaccines [ 50 ]. However, the use of alum- 
type adjuvant for vaccination has some disadvantages. They induce 
local reactions, induce IgE antibody responses, and generally fail to 
induce cell-mediated immunity, particularly cytotoxic T lympho-
cyte (CTL) responses. Therefore, the development of more effi -
cient and safe adjuvants to obtain high and long-lasting  immune 
response   s   is of primary importance. 

 Limitations of single-adjuvant  vaccine   formulations are driving 
the need to explore combination adjuvants. For example, alum or 
monophosphoryl lipid A (MPL), a derivative of lipopolysaccharide 
(LPS), alone induce only modest  immune response   s   to a human 
papillomavirus (HPV) vaccine, but when these two adjuvants are 
combined, they induce potent immune responses [ 58 ]. Indeed, it 
has been demonstrated that the use of combination adjuvants can 
be highly benefi cial by signifi cantly improving immune responses 
induced by a vaccine. The adjuvant combination of MPL (TLR4 
ligand) and aluminum hydroxide (named AS04) was approved for 
use in HBV (Fendrix ® ) and HPV (Cervarix ® ) vaccines [ 59 ].  

   Emulsions have a long history of adjuvant development, although 
they were not approved as vaccines until the 1990s. Modern emul-
sion adjuvants for human vaccines consist of oil-in-water (O/W), 
with nano- sized   oil droplets emulsifi ed with biocompatible surfac-
tants in an aqueous phase. MF59 ®  is a submicron O/W emulsion 
of a squalene oil, polyoxyethylene sorbitan monooleate (Tween 
80), and sorbitan trioleate (Span 85) (Fig.  4 ) [ 60 ]. Squalene is a 
natural organic compound originally obtained from shark liver oil 
and a biochemical precursor to steroids. The oil droplets, which 
have a mean diameter of about 160 nm, are stabilized by two non-
ionic surfactants. MF59 ®  is an effective  vaccine   adjuvant which was 
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originally approved to be included in a licensed infl uenza vaccine 
to be used in the elderly in Europe in 1997. The MF59 ®  contain-
ing infl uenza vaccine (Fluad ® ) is now licensed in more than 20 
countries worldwide [ 61 ]. More recently, MF59 ®  has also been 
shown to enhance  immune response   s   against both homologous 
and heterologous infl uenza virus strains in young children and 
infants with safety. In a subsequent study, MF59 ®  was shown to 
increase the effi cacy of an infl uenza vaccine from 43 to 89 % in 
young children. Moving beyond seasonal infl uenza vaccines, 
MF59 ®  has also signifi cantly improved the immunogenicity of pan-
demic infl uenza vaccines with relatively low-antigen content and 
with fewer doses [ 62 ].

   The mechanism of action of O/W emulsions is still not com-
pletely understood. Initially it was thought to be due to a depot 
effect. However, the depot effect of the MF59 ®  was subsequently 
disputed. A soluble gD2 antigen from herpes simplex virus (HSV) 
and MF59 ®  injected intramuscularly in mice had different clear-
ance kinetics, and the presence of MF59 ®  did not alter the clear-
ance kinetics of the antigen [ 63 ]. The O/W emulsions did not 
form a long-lived depot at the injection site. Both the antigen and 
the emulsion were cleared relatively rapidly. Using a similar model, 
it has been reported that the intracellular colocation of antigen and 
MF59 ®  was observed after intramuscular injection. MF59 ®  acted 
mainly as a delivery system of co-injected antigen to activated local 
cells. The antigen-internalized cells at the injection site were posi-
tive for DEC205 and for MHC class II molecule, suggesting that 
they were DCs [ 64 ]. In addition, using peripheral blood mono-
nuclear cells from healthy blood donors, it has been found that 
MF59 ®  induces the production of chemokines involved in cell 
recruitment to the  tissues   such as MCP-1, MIP-1α, MIP-1β, and 

  Fig. 4    The composition of MF59 ®  O/W emulsion. Squalene droplets (4.3 %) are 
stabilized by two nonionic surfactants, polyoxyethylene sorbitan monooleate 
(Tween 80) (0.5 %) and sorbitan triolate (Span 85) (0.5 %) in water       
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IL-8 and the expression of surface markers of differentiation to a 
DC phenotype [ 65 ]. From these results, it was confi rmed that 
MF59 could directly increase phagocytosis and pinocytosis and 
promote antigen uptake by antigen-presenting cells (APCs). 
Furthermore, it was shown that MF59 ®  induced extensive changes 
in the mouse muscle transcriptome and promoted the production 
of immune mediators in muscle tissues, which activated resident 
DCs and initiated cell recruitment. It is suggested that the MF59 ®  
creates a transient immunocompetent environment at the injection 
site (muscles), resulting in the recruitment of different immune 
cells, which are able to take up antigen and adjuvant and transport 
them to the draining lymph nodes, where the  immune response   is 
induced [ 66 – 68 ]. 

 AS03 is an adjuvant system composed of DL-α-tocopherol 
(vitamin E), squalene, and polysorbate 80 in an O/W emulsion, 
essentially increasing the oil content in AS03 as compared with 
MF59 ® . The  size   of the emulation droplet is lower than 200 nm 
[ 69 ]. In various nonclinical and clinical studies, high titers of 
antigen- specifi c antibodies were obtained after injection of an 
AS03 containing  vaccine  , permitting antigen-sparing strategies. 
AS03 is able to enhance the vaccine antigen-specifi c adaptive 
response by activating the innate immune system locally and by 
increasing antigen uptake in local lymph nodes. In nonclinical 
(animal) models of the AS03 containing prepandemic H5N1 
infl uenza vaccine, increased levels of anti-infl uenza antibodies 
showed protection against disease and against virus replication of 
infl uenza strains homologous/heterologous to the vaccine strain 
[ 70 ]. By incorporating AS03 in the pandemic H1N1/2009 vac-
cine, vaccine immunogenicity was increased compared with H1N1 
vaccines without adjuvant. High H1N1/2009/AS03 vaccine 
effectiveness was demonstrated in several assessments in a wide 
range of human populations. Altogether, the nonclinical and clini-
cal data illustrate the ability of AS03 to induce superior adaptive 
responses against the vaccine antigen, principally in terms of anti-
body levels and immune memory. Recently, AS03, O/W emul-
sion, was approved as a component of a prepandemic H5N1 
vaccine (Prepandrix ® ) [ 71 ].  

   Antigen-loaded polymeric nano- and microparticles are being 
investigated as  vaccine   adjuvant alternatives to the currently used 
alum [ 42 ,  72 – 74 ]. Poly(lactide- co -glycolide) ( PLGA  ) particles are 
extensively investigated for developing particulate vaccines in con-
trolled release applications [ 75 ]. Other formulations using 
 nanoparticles   composed of biodegradable  polymers   have under-
gone extensive research and development, but no approved vac-
cine products are on the horizon. 

 In order to develop new particulate adjuvants, we designed a 
novel  vaccine   delivery system with self-assembled amphiphilic 
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polymeric  nanoparticles   ( NPs  ) [ 76 – 78 ]. We prepared amphiphilic 
NPs consisting of hydrophilic poly(γ-glutamic acid) (γ-PGA) and 
hydrophobic L-phenylalanine ethylester (Phe) as the side chain. 
The γ-PGA- graft -Phe copolymer (γ-PGA-Phe) formed monodis-
persed NPs in water due to their amphiphilic characteristics. The 
 size   of the γ-PGA-Phe NPs could be easily controlled from 30 to 
200 nm by varying the preparative conditions [ 79 ,  80 ]. Antigen- 
encapsulated γ-PGA-Phe NPs could be successfully used to enhance 
the antigen delivery to DCs. The NPs also had adjuvant activity via 
TLR for DC maturation [ 81 – 84 ]. Thus, the NPs have signifi cant 
potential as antigen carriers and adjuvants for DCs (Fig.  5 ). It has 
been demonstrated that the antigen-conjugated γ-PGA-Phe NPs 
are also effective for induction of antigen-specifi c cellular immu-
nity and for vaccines against viral infections such as infl uenza virus 
[ 85 ,  86 ] but also reduce the toxicity associated with infl ammatory 
reactions compared to other common vaccine adjuvants. In addi-
tion, the effi cacy of γ-PGA-Phe NPs as vaccine adjuvants against 

  Fig. 5    Induction of adaptive  immune response   s   (humoral and cellular immunity) by particulate adjuvant 
(γ-PGA-Phe  NPs  ). Antigen-loaded γ-PGA-Phe NPs can be internalized into dendritic cells (DCs) via endocytosis, 
depending on their sizes. The NPs activate DCs through TLR. The NPs taken up by DCs can disrupt or destabi-
lize the endosomal membrane and release antigen into the cytoplasm. Polymer hydrophobicity is also impor-
tant factor for endosome escape of antigens. Antigens taken up by DCs are processed into peptide epitopes 
and directed through two discrete pathways to MHC classes I and II, which present peptide for  interaction   with 
either CD8 +  or CD4 +  T cells, respectively. Antigen-loaded γ-PGA-Phe NPs induces potent antigen-specifi c cel-
lular and humoral immune responses       
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human immunodefi ciency virus (HIV), Japanese encephalitis virus, 
human T-cell leukemia virus type-I (HTLV-I), or  cancers   has been 
demonstrated using mouse immunization study [ 78 ]. This strategy 
will provide novel immune therapies for infectious diseases. In the 
near future, the platform technology for the practical application 
and commercialization of vaccines using γ-PGA-Phe NPs as next- 
generation adjuvants is under way.

   Polymeric  NPs   are promising adjuvants, and they have various 
physicochemical characteristics that can regulate  immune response   s  , 
including  size  , morphology, surface properties (charge and hydro-
phobicity), and rigidity, but how it affects particle adjuvanticity 
remains unknown [ 87 ]. Particle size is the most important particu-
late physicochemical factor and plays crucial roles in the  interaction   
between particles and APCs. For instance, Kanchan et al. reported 
that polylactide (PLA) NPs (200–600 nm) were effi ciently taken 
up by macrophages compared to microparticles (2–8 μm) [ 88 ]. 
The particle uptake by APCs is affected by their sizes. Particle 
shape is also an important factor for cellular uptake. Champion 
et al. observed that the cellular uptake of particles strongly depends 
on the shape of particles. The wormlike particles with high aspect 
ratios showed negligible phagocytosis when compared to tradi-
tional spherical particles [ 89 ]. The result indicates that uptake of 
particles by APCs strongly depends on the local geometry at the 
interface of particle and the cells. Recently, it has been reported 
that the hydrophobicity of particulate materials is one of the domi-
nant factors for the initiation of immune responses. It has been 
showed that the hydrophobicity of gold NPs signifi cantly affected 
cytokine gene expression of spleen cells in vitro. The  cytokine 
expression   correlated with the surface hydrophobicity of gold NPs 
with different functional groups [ 90 ]. The capability to manipulate 
physiochemical properties of particles strongly holds up the con-
tinuing promise of target-oriented particles for a range of biomedi-
cal applications. Understanding the biological interactions 
controlled by the physicochemical properties of particles will be 
essential for the design of next-generation adjuvants and particle 
delivery systems and for continued progress in translational 
research.   

5    Future Prospects 

  Nanomedicine   is the biomedical application of nanoscale materials 
for the prevention, therapy, and diagnosis of disease. Nano-
engineered DDS have been successfully used as clinical tools, not 
only for the regulation of pharmacological drug release profi les but 
also for specifi c targeting of cells and diseased  tissues  . Moreover, 
nanotechnology is currently being used to manipulate specifi c 
 immune response   s   for prophylactic and therapeutic effects. In the 
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future, the use of  nanoparticles   with unique immunological prop-
erties and various physicochemical characteristic ( size  , degradabil-
ity, stimulus-responsibility, and so on) will enable to customize 
immune responses in new strategies. In the years to come, it is 
expected that the emergence of nanotechnology platforms and 
progress in pharmaceutics, biology, and  polymer   science will fur-
ther promote the development of multifunctional nanoparticulate 
systems to meet the ultimate goal of controlled drug delivery, 
which is to maximize therapeutic activity while minimizing the 
negative side effects of the drugs.     
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    Chapter 23   

 Cancer Therapy with Nanotechnology-Based Drug Delivery 
Systems: Applications and Challenges of Liposome 
Technologies for Advanced Cancer Therapy       

     Ryo     Suzuki*    ,     Daiki     Omata*    ,     Yusuke     Oda    ,     Johan     Unga    ,     Yoichi     Negishi    , 
and     Kazuo     Maruyama      

  Abstract 

   Nanotechnologies have the potential to improve cancer therapy. In particular, liposomes and micelles serve 
as nano-sized drug delivery carriers for the administration of cancer drugs. Although micelles have not 
been approved by the Food and Drug Administration (FDA) in USA, some liposomal drugs have been 
already approved for use in anticancer therapy. In most cases, these liposomal drugs have improved phar-
macokinetics and reduced side effects due to the encapsulation of the drug. Also, passive targeting to the 
tumor can be achieved due to physiological properties that lead to the enhanced permeability and reten-
tion (EPR) effect in tumor tissue. More recently, modifi cation of the liposomal surface with active target-
ing molecules such as antibodies or natural receptor ligands has been investigated in clinical trials. 
Moreover, novel strategies for drug release, activation, and delivery with physical stimuli have been devel-
oped. There is a plethora of preclinical and clinical data about liposomal drugs for cancer therapy because 
they have been utilized as commercially available drugs for a long time. In the present review, we summa-
rize the use of tumor-targeting technologies and approved liposomal antitumor drugs, describe their prop-
erties, and assess applications and challenges of liposome technologies for advanced cancer therapy.  

  Key words      Liposome    ,    Cancer therapy    ,    Nanomedicine    ,    Enhanced permeability and retention (EPR) 
effect    ,    Targeting    ,   Drug delivery system  ,    Theranostics     

1      Introduction 

 Chemotherapy, radiotherapy, and immunotherapy are commonly 
used in the treatment of  cancer  , and are continuously being devel-
oped as individual therapies. These advances in noninvasive cancer 
therapies have gradually improved the quality of life (QOL) for 
cancer patients by suppressing cancer growth, recurrence, and 
metastasis. Recently, various  antitumor drug   s   consisting of anti-
bodies and molecular targeting agents have been developed and 
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applied as cancer therapies. Anticancer chemotherapies are usually 
developed with the aim of producing a “magic bullet” that travels 
through the body and selectively kills cancer cells without harming 
healthy cells [ 1 ], as fi rst proposed by the German bacteriologist 
Paul Ehrich in the late nineteenth century. To develop such a 
“magic bullet” would require that components of  drug delivery 
system   s   (DDS)—that is the drugs, targeting moieties and drug car-
rier components—must be coordinated so that drug can be deliv-
ered with appropriate timing and dose and to the right site in the 
body. Achieving complete coordination of these factors may lead 
to the discovery of ideal antitumor agents. Although no current 
drugs fully satisfy these properties, much progress has been made 
during the past few decades and recent antitumor drugs with 
nanotechnology- based carriers show signifi cant potential. 

 Applications of nanotechnologies for drug delivery have 
been investigated for half a century, resulting in numerous 
nanotechnology- based carriers, some of which have been approved 
for clinical use.  Liposomes   were investigated in the 1960s as the 
fi rst nanotechnology-based drug delivery carriers [ 2 ]. As membra-
nous vesicles of phospholipids, liposomes mimic cellular mem-
branes and can be used to encapsulate both hydrophilic agents into 
the inner aqueous cores, as well as hydrophobic agents into the 
amphiphilic phospholipid bilayers. In addition, surface charge, 
membrane hardness, and sensitivity to external stimuli, such as 
temperature and pH, can be adjusted by altering which phospho-
lipids are incorporated. Moreover, liposomal surfaces can be modi-
fi ed using  polymers  , peptides, and  proteins   such as antibodies, 
allowing sustained circulation and targeting to specifi c sites in vivo. 
Thus, liposomes can be designed as an intelligent drug delivery 
carrier. Liposomal therapeutics have had preclinical and commer-
cial success, with more than 46,000 publications, 850 patents, and 
13 clinically approved liposome agents, producing >$750 million in 
revenue in 2011 [ 3 ]. Table  1  shows approved liposome formulations 
that have been intensively characterized [ 4 ,  5 ].

    Liposomes   improve  pharmacokinetic   profi les and  tissue    dis-
tribution   of incorporated drugs. Pharmacokinetic parameters of 
liposomes refl ect their physicochemical characteristics, such as  size  , 
surface charge, surface modifi cation, lipid composition, and stabil-
ity; both dose and route of administration alter such parameters [ 6 , 
 7 ]. These characteristics can be manipulated to reduce side effects 
and enhance antitumor effects by, for example, introducing surface- 
bound molecules that target tumor  tissues  . Accordingly, liposome 
encapsulation of  antitumor drug   s   dramatically changes their  bio-
distribution   through passive targeting, leading to their accumula-
tion in tumor tissues. Additional modifi cations of liposome surfaces 
using targeting molecules can produce active targeting, further 
improving delivery of antitumor drugs. Currently, various liposo-
mal antitumor drugs with passive and active targeting have been 
developed toward clinical use. 
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 Like other drug carrier systems that utilize nanotechnologies, 
self-assembled polymeric micelles are well characterized. Since the 
late 1980s, Kataoka et al. have been developing micelle-based  can-
cer   chemotherapies [ 8 ], which are prepared by self-assembly of 
poly(ethylene glycol)-b-poly(amino acid) copolymers into core–
shell nanostructures [ 9 ]. The core is formed by the hydrophobic 
poly(amino acids) after self-aggregation of the block  polymers   and 
hydrophobic  antitumor drug   s   are incorporated into this core 
mainly through hydrophobic association. The drugs are protected 
from  interaction   with plasma  proteins   and cells by the core, and 
thus achieve long circulation in the bloodstream by avoiding 
 recognition by macrophages of the reticuloendothelial system. 
The diameter of the micelles can be tuned between 10 and 100 nm, 

    Table 1  
   Liposome  -based drugs on market [ 4 ,  5 ]   

 Product 
name  Drug 

 Particle 
type  Approved indication 

 Approved 
year 

 AmBisome   Amphotericin B     Liposome    Severe fungal infections  1990 

 Amphotec   Amphotericin B    Lipid 
complex 

 Severe fungal infections  1993 

 Abelect   Amphotericin B    Lipid 
complex 

 Severe fungal infections  1995 

 DaunoXome  Daunorubicin   Liposome    Blood tumors  1995 

 Doxil  Doxorubicin   PEGylated 
liposome   

 Kaposi’s sarcoma, ovarian/breast 
 cancer   

 1995 

 Infl exal V  Inactivated hemagglutinin 
of Infl uenza virus 
strains A and B 

  Liposome    Infl uenza  1997 

 Depocyt  Cytarabine   Liposome    Neoplastic meningitis and 
lymphomatous meningitis 

 1999 

 Lipo-dox  Doxorubicin   PEGylated 
liposome   

 Kaposi’s sarcoma, ovarian/breast 
 cancer   

 2001 

 Myocet  Doxorubicin   Liposome    Combination therapy with 
cyclophosphamide in metastatic 
breast  cancer   

 2001 

 Visudyne  Verteporfi n   Liposome    Age-related molecular degeneration, 
pathologic myopia, ocular 
histoplasmosis 

 2001 

 DepoDur  Morphine sulfate   Liposome    Pain management  2004 

 Epaxal  Inactivated hepatitis A 
virus 

  Liposome    Hepatitis A  2011 

 Marqibo  Vincristine   Liposome    Metastatic malignant uveal 
melanoma 

 2012 
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which is smaller than that of most liposomal drug carriers. This 
small diameter reduces the accumulation of micelles to the organs 
of the reticuloendothelial system and enhances extravasation and 
deep penetration of them into tumor  tissue  . Recently, polymeric 
micelles that incorporate antitumor drugs such as paclitaxel, 
SN-38, doxorubicin, cisplatin, oxaliplatin, or epirubicin have been 
developed and passed on to clinical evaluation. While these micelles 
have gone to clinical trial, they have yet to be approved by the 
FDA. However, liposomal drugs have already been approved, and 
clinical data in patients has been gathered.  Liposome   technologies 
precede micelle-based drug carrier development and discussion of 
a generic brand liposome for medicines like doxorubicin has already 
begun. In short, liposomal drugs are the pioneer of nanotechnol-
ogy DDS. Because they represent the foundation of nanotechnol-
ogy DDS, we focus on recent studies of liposomal DDS in this 
review, and discuss current data, trends, prospective achievements, 
and challenges.  

2    Properties of  Liposomes   as Drug Carriers 

  Liposome  -encapsulated  antitumor drug   s   have multiple advantages 
over non-encapsulated drugs, including improved  pharmacokinet-
ics  , selective tumor  tissue   targeting, reduced side effects, and con-
trolled drug release. In general, side effects of antitumor drugs are 
caused by distribution of drugs that exceed a toxic threshold to 
undesired  tissues  . For example, liposome-encapsulated doxorubi-
cin (Doxil) was approved as an antitumor drug, with average half-
lives ( T  1/2 ) in blood of 0.041 h ( α ), 0.79 h ( β ), and 25.8 h ( γ ), and 
a distribution volume ( V  d ) of 24.0 L/kg (700–1100 L/m 2 ) after 
intravenous injections of 50 mg/m 2  into humans [ 10 ]. Doxorubicin 
causes acute and cumulative cardiotoxicity and the frequency of 
abnormal electrocardiograms following systemic injections of 
doxorubicin is about 12 %. In brief, it is expected that doxorubicin 
is quickly eliminated from blood and widely distributed to various 
tissues and that toxic levels of drug are distributed to the heart. 
In contrast, according to 1-compartment model analyses, the average 
 T  1/2  in blood and  V  d  of Doxil are 95.3 h and 1.47 L/m 2 , respec-
tively, after intravenous injection of 50 mg/m 2  into humans [ 11 ]. 
Moreover, the area under the concentration-time curve (AUC) 
after 50 mg/m 2  doses is about 300-fold greater with Doxil com-
pared with doxorubicin. Cardiac toxicity is also decreased with 
Doxil and occurs in less than 1 % and 5 % of cases after 20- and 
50-mg/m 2  injections, respectively, although precise cardiotoxic-
ity rates at both doses are unknown. The reduced frequency of 
side effects is thought to refl ect the  pharmacokinetic   effects of 
liposomes with improved half-lives and low distribution volumes. 
The pharmacokinetics of doxorubicin-loaded liposomes have been 
investigated in clinical trials [ 12 ,  13 ], and Huwyler et al. have 
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compared pharmacokinetic properties of the  polyethylene glycol   
( PEG  )-modifi ed liposomal formulations of Doxil/Caelyx, the con-
ventional liposomal formulation of Myocet and free doxorubicin in 
humans [ 14 ]. The development of Doxil is the subject of a recent 
review [ 15 ]. 

 Most conventional liposomes that lack surface modifi cation with 
hydrophilic  polymers   are rapidly cleared from circulation by the 
reticuloendothelial system such as in the spleen and liver [ 7 ], which 
plays a role in host defense by removing foreign molecules [ 16 – 18 ]. 
Sterically stabilized liposomes with hydrophilic  polymer  - modifi ed  
surfaces have decreased  protein   adsorption to lipid membranes; their 
escape from opsonization leads to reduced liposome adhesion to cell 
surfaces, increased stability in the blood and prolonged circulation 
times. Distribution of such surface-modifi ed liposomes in tumor  tis-
sues   is also improved by the passive targeting activity, which is due to 
the enhanced permeability and retention (EPR) effect as described 
by Matsumura and Maeda in 1986 [ 19 ]. This basic concept has been 
used to facilitate the distribution of large molecules, such as albumin 
and IgG, and nano- sized   particles, such as liposomes and micelles, 
into tumor tissues. Excessive growth of tumors requires the forma-
tion of neovasculature and increased nutrient supply. Neovessels 
have incomplete endothelial barriers compared with normal  tissue   
and consequently have high permeability. Moreover, tumor tissues 
have dysfunctional lymphatic drainage, leading to an ineffective 
clearance of extravascular  proteins   and particles [ 20 ]. Accordingly, 
sustained circulation of liposomes increases the chances of extravasa-
tion and retention in tumor tissues. 

  Liposome   stability in the circulation was originally improved 
using glycolipids, such as GM1 ganglioside, cerebroside sulfate and 
phosphatidylinositol [ 21 ,  22 ]. After that there was a signifi cant 
breakthrough: liposome modifi cation with  PEG  , which is a syn-
thetic  polymer   [ 23 ]. PEG is multi-potent for modifi cation of the 
liposome surface since it is possible to use PEG with different chain 
lengths and PEG-lipids can act as anchors for virtually any func-
tional group. Doxil, which contains PEG-2000-1,2-distearoyl- sn  -
glycero 3-phosphoethanolamine (PEG2000–DSPE), was the fi rst 
PEG-liposome approved by the FDA in 1995 (Table  1 ). 

 On the other hand, it was reported that  PEG  -liposomes are 
rapidly eliminated from the circulation following a second injec-
tion under certain conditions, including injection volume and 
interval. This is called the accelerated blood clearance (ABC) effect 
[ 24 ] and it refl ects  immune response   s   to PEG-modifi ed materials. 
Moreover, PEG-liposomes elicited an anti-PEG IgM response 
with the fi rst injection [ 25 ], indicating that the ABC effect may 
infl uence the utility of PEG-liposomes. Recently, other synthetic 
 polymer  -modifi ed lipids have been designed for sustained circulation 
[ 26 – 43 ], and future studies may lead to  polymers   that are resistant 
to the ABC effect. Properties of various polymer-modifi ed liposomes 
are the subject of a recent review [ 3 ].  

Cancer Therapy with Nanotechnology-Based Drug Delivery…



462

3    Passive  Targeting   for Tumor Tissues 

 Tumor-specifi c liposomal DDS are categorized as passive or active 
targeting. As mentioned above, passive targeting is based on the 
EPR effect and enhanced permeability of tumor neovasculature is a 
key factor for the accumulation of liposomal drugs. Tumor neovas-
culature is more permeable than normal blood vessels, which have 
inter-endothelial junctions or clefts with an effective  size   of 6–7 nm 
[ 44 ]. Matsumura and Maeda showed that Evans blue- bound albu-
min was extravasated in tumor  tissues  , and we confi rmed this in 
experiments using fl uorescence-labeled liposomes, which extrava-
sated in tumor tissues but not in normal tissues (Fig.  1a ) [ 45 ]. 
Additionally, the optimal liposome diameter for extravasation 
was around 120 nm in various tumors of 1000–1500 mm 3  
(Fig.  1b ) [ 45 ]. Yuan et al. showed that gaps between tumor 
blood vessels were 100–600 nm [ 46 ]. Moreover, Hobbs et al. 
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  Fig. 1    Accumulation of  PEG  -liposomes based on EPR effect [ 176 ]. ( a ): Extravasation of DiI-labeled PEG- 
liposomes; Tumor-bearing mice were generated by subcutaneous inoculation of mouse neuroblastoma C-1300 
cells into A/J mice. DiI-labeled PEG-liposomes with mean diameters of 100–150 nm were injected into tail 
veins; normal  tissue   ( upper panel ) and tumor ( lower panel ) were observed using a microscope. ( b ): Effects of 
liposome  size   on the extravasation of PEG-liposomes into various types of tumor  tissues  ;  Liposomes   were 
injected into tumor-bearing mice via the tail vein, and  biodistribution   was investigated at 6 h after injection. 
Tumor- bearing mice were prepared by subcutaneously inoculating tumor cells (approximately 1 × 10 7 ), and 
were tested when tumor volumes reached 1000–1500 mm 3        
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reported that whereas long-circulating liposomes of 100–200 nm 
widely extravasated along vessels in tumor  tissue  , particles of 380–
780 nm partially extravasated in a more focal manner. Therefore, 
they also concluded that a vascular pore size cutoff of 380–780 nm 
in most tumors [ 47 ]. The authors suggested that heterogeneity of 
pore sizes along vessels led to the observed differences in extravasa-
tion, although the diffusion of smaller- sized   particles through the 
interstitium may have also contributed. Nonetheless, this data indi-
cates that smaller liposomes that remain in the circulation for longer 
have higher extravasation effi ciency and diffuse widely in tumor tis-
sue. We demonstrated an optimal liposome size for extravasation 
and retention in tumor tissue with decreased tumor accumulation of 
60 nm liposomes, despite a smaller vascular pore size cut-off 
(Fig.  1b ). Thus, much smaller liposomes can return to the circula-
tion after extravasation into tumor tissue, leading to reduced accu-
mulation. Accordingly, numerous liposomal drugs that were 
designed for passive targeting with the EPR effect are between 100 
and 200 nm in diameter. The discovery of passive targeting systems 
based on the EPR effect led to the development of various antitu-
mor liposomal drugs. In addition, combinations of factors were 
shown to enhance the EPR effect by mediating infl ammatory 
responses and increasing vessel permeability in tumors. Specifi cally, 
bradykinin, prostaglandin, nitric oxide (NO), NO-releasing factor, 
and tumor necrosis factor- alpha (TNF-α) improved the accumula-
tion effi ciencies of liposomes by enhancing the EPR effect [ 48 ,  49 ].

4       Active  Targeting   for Tumor Tissue 

 Active targeting with site-selective DDS can be achieved by exploit-
ing interactions between ligands incorporated on the surfaces of 
the liposomes and the receptors or molecules that are overex-
pressed on the membranes of target cells. Thus, the specifi city and 
delivery effi ciency of liposomal drugs can be markedly enhanced by 
surface modifi cation with tumor-targeting ligands.  Liposomes   with 
modifi ed monoclonal antibodies on their surfaces (immunolipo-
somes) were originally developed in 1980 [ 50 ,  51 ]. Tumor cells 
and tumor endothelial cells overexpress specifi c membrane mole-
cules, such as folate receptors [ 52 ], transferrin receptors (TfRs) 
[ 53 – 58 ], CD44 [ 59 ], asialoglycoprotein receptors [ 60 – 65 ], vascular 
endothelial growth factor receptors (VEGFR) [ 66 – 68 ], CD13 
(aminopeptidase N) [ 69 – 71 ], integrins (such as α v β 3  and α 5 β 1 ) 
[ 68 ], endothelial growth factor receptor (EGFR) [ 72 ], somatosta-
tin receptor [ 73 – 75 ], CD19 [ 76 – 79 ], CD20 [ 80 ,  81 ], intercellu-
lar cell adhesion molecule-1 (ICAM-1), vascular cell adhesion 
molecule-1 (VCAM-1), and endothelial-leukocyte adhesion mole-
cule- 1 (E-selectin) [ 82 ,  83 ]. These receptors can be used to target 
tumors using surface modifi cation of liposomes with receptor 
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ligands, antibodies, and peptides. Whereas tumor endothelial 
 cell- targeting ligands need to extravasate to bind to tumor cells or 
leak their drug load outside tumor vessels, active targeting lipo-
somes do not. With the exception of circulating  cancers  , such as 
leukemia, active tumor-targeting liposomes fi rst exploit passive tar-
geting based on the EPR effect so that they come in the vicinity of 
the  cancer   cells and then active targeting based on cell-specifi c bind-
ing. Thus, active targeting liposomes should be stable in the circula-
tion and retained in the target site due to binding and internalization 
into target cells. 

   Active targeting liposomes initially were prepared by modifi cation 
of ligands for receptors of nutrition transport and adhesion, such 
as folate receptors and TfRs. As candidates for active targeting, 
these receptors are generally expressed on normal cells and are 
overexpressed on some tumor cells. In particular, folate receptors 
are highly upregulated in many human tumors and increase with 
the progression of  cancer   stages. As a natural ligand,  folic acid   has 
a high affi nity ( K  d  = approximately 10 −10  mol/L) [ 84 ] and no toxic-
ity or immunogenicity; it is inexpensive and small and can be incor-
porated into liposomes with ease. Lee et al. were the fi rst to report 
folic acid-conjugated liposomes with tumor cell-targeting activities 
[ 85 ], and multiple folic acid-modifi ed liposomes have since been 
developed [ 86 – 88 ]. 

 TfRs are also overexpressed in  cancer   cells, offering an effective 
therapeutic target. After binding iron-containing transferrin (Tf), 
TfRs are endocytosed as a mechanism of cellular iron uptake, and 
their expression on rapidly growing cancer cells [ 89 ,  90 ] is increased 
by 10–100-fold due to high iron requirements [ 55 ,  91 ]. TfR- 
mediated active targeting strategies have been developed using Tf 
[ 45 ,  53 ,  55 – 58 ,  92 – 95 ], anti-TfR antibodies [ 91 ,  96 ,  97 ], and 
TfR-binding peptides [ 98 – 100 ]. Because Tf is a natural ligand for 
TfRs, it exhibits no toxicity and low immunogenicity and is there-
fore a candidate for active tumor-targeting liposomes. Previously, 
we developed an intracellular drug delivery using Tf coupled to the 
distal termini of  PEG   chains (Tf-PEG-liposome) [ 57 ]. Tf-PEG- 
liposomes, bearing approximately 20–25 Tf molecules per lipo-
some, readily bound mouse Colon-26 cells in vitro and were 
internalized by receptor-mediated endocytosis [ 56 ]. Tf-PEG- 
liposomes exhibited desirable  biodistribution  , tumor accumula-
tion, and internalization in vivo. 

 Oxaliplatin (trans-L-diaminocyclohexane oxalatoplatinum;  L - 
OHP ) is the third generation of platinum drugs, after cisplatin and 
carboplatin, and has antitumor effect against cisplatin-resistant 
murine leukemia cells [ 101 ]. Although L-OHP has no renal toxic-
ity, it often induces adverse drug reactions, such as peripheral sen-
sory neuropathy and thrombocytopenia [ 102 ]. L-OHP is rapidly 
eliminated by the kidney and also goes to the erythrocytes [ 103 ], 

4.1  Natural Ligand- 
Modifi ed  Liposomes  
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but it can be effi ciently delivered with enhanced antitumor effects 
by reducing the fraction that goes to the erythrocytes. Thus, 
L-OHP-encapsulating Tf- PEG  -liposomes were developed to effi -
ciently deliver L-OHP to tumor  tissues   [ 57 ]. Tf-PEG-liposome- 
encapsulated L-OHP remained in the circulation in tumor-bearing 
mice with a similar profile to that of PEG-liposomes (Fig.  2a ). 
In addition, the distribution of L-OHP in tumor tissues was 
enhanced after treatment with PEG-liposome and 
 Tf-PEG-liposome- encapsulated L-OHP (Fig.  2b ). Notably, the 
concentration of L-OHP in tumors treated with Tf-PEG-liposome-
encapsulated L-OHP was higher than in those treated with PEG-
liposome- encapsulated L-OHP at 72 h after intravenous injection. 
Hence, Tf-PEG-liposomes are internalized into  cancer   cells, lead-
ing to the accumulation of L-OHP and diminished repartitioning 
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into the blood. In subsequent experiments, signifi cant suppression 
of tumor growth was observed after treatment with Tf-PEG- 
liposome-encapsulated L-OHP (Fig.  2c ). Thus, Tf-modifi ed PEG- 
liposomes hold promise as anticancer drug delivery carriers, using 
Tf as a ligand for active targeting of tumors. Based on these encour-
aging results, the L-OHP-loaded, Tf-modifi ed liposome MBP-426 
was developed by a Japanese venture company (Mebiopharm) and 
Phase Ib/II clinical trials are currently being performed [ 104 ]. 
A phase I in 39 patients with advanced solid or metastatic solid 
tumors showed dose-limiting thrombocytopenia and recom-
mended 226 mg/m 2  for future studies [ 105 ,  106 ]. Moreover, a 
phase Ib trial of 9 patients recommended 170 mg/m 2  and 85 mg/
m 2  liposomal L-OHP and free L-OHP, respectively, for phase II 
studies and demonstrated improved therapeutic effi cacy in two 
L-OHP-resistant patients [ 107 ,  108 ]. Thus, Tf-modifi ed lipo-
somes have potential as active targeting agents for cancer therapy. 
Some other targeting liposomes that have been developed and in 
clinical trials (Table  2 ; [ 104 ]) are described in previous studies [ 84 , 
 101 ,  104 ,  109 ].

       Antibodies are a new category of drugs in  cancer   therapy, and they 
have high specifi city for antigens. Several antibodies are already 
being used clinically and can also be used to target ligands in con-
junction with several drug delivery carriers [ 110 ]. Although various 
types of whole antibody-modifi ed liposomes (immunoliposomes) 
have been developed, their half-lives in the circulation are reduced 
by macrophage uptake via the Fc receptor [ 111 – 113 ]. The sustained 
circulation of immunoliposomes is required for suffi cient tumor-
targeting. To improve this point, new types of immunoliposomes 
modifi ed with a Fab′ fragments that lack the Fc fragment were 
developed [ 45 ]. Fab′-modifi ed  PEG  -liposomes showed improved 
circulation times in the blood and low accumulation in the liver 
compared with IgG-modifi ed PEG-liposomes with intact Fc frag-
ments. The accumulation of Fab′-modifi ed PEG-liposomes in tumor 
 tissue   was higher than that of IgG-modifi ed liposomes. Although 
the accumulation of Fab′-modifi ed PEG-liposomes was similar to 
that of PEG-liposomes, it was demonstrated that Fab′-modifi ed 
PEG-liposomes attached more readily to cancer cells compared with 
PEG-liposomes in vitro [ 45 ]. Therefore, upon extravasation into 
tumor  tissues   by the EPR effect, Fab′-modifi ed PEG-liposomes bind 
and are internalized into cancer cells, leading to an enhanced anti-
cancer effect compared with that of PEG- liposomes. Similarly, other 
recent reports show that Fab′-modifi ed liposomes have higher anti-
cancer effects than PEG-liposomes [ 114 ,  115 ]. 

 Although numerous studies report the development of immu-
noliposomes, they have not been approved for clinical use because 
of insuffi cient therapeutic effi cacy. Moreover, due to steric hin-
drance between antibodies, therapeutic effi ciency was not improved 

4.2  Immunoli-
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by increasing the concentrations of the liposome-modifi ed anti-
body [ 81 ]. Manufacturing costs also hamper the development of 
immunoliposomes. In particular, the production of Fab′ from 
whole antibody is time consuming and costly. However, the cost of 
production may be dramatically reduced by single-chain antibody 
fragment (scFv) technology, because they are small compared to 
Fab′ antibodies and scFv, have similar high affi nity for the antigen, 
and can be produced without hybridomas. Accordingly, anti-TfR 
scFv-modifi ed liposomes have been developed and are under 
assessment in a Phase I study [ 116 ].   

5    External Stimuli Responsive Therapies 

 Although various systems that deliver drugs to target  tissues   have 
been developed, many deliver insuffi cient quantities of drug to cure 
the disease. Insuffi cient release of drug from the drug delivery car-
rier may underlie this issue [ 117 ,  118 ], necessitating that DDS 
remain stable and intact until they reach the targeted tissues, where 
they would then release suffi cient quantities of drug. To address this 
requirement, some studies have demonstrated the utility of drug 
delivery carriers that respond to biological stimuli, such as compar-
ing differences in the pH between target tissues and non- target 
tissues or blood [ 119 ,  120 ]. Such external stimulation may also 
enhance the release of drugs and improve treatment effi cacy. 

    Hyperthermia   is one of several strategies that exploit the sensitivity 
of  cancer   cells to temperature. Accordingly, cancer cells die more 
rapidly than normal cells following increases in temperature. To 
take advantage of this and to future exploit the temperature increase, 
thermosensitive liposomes that release drugs into tumor cells with 
changes in temperature were developed. In subsequent experi-
ments, the concentration of doxorubicin in tumors was assessed 
after treatment with doxorubicin-encapsulated thermosensitive 
 PEG  -liposomes under conditions of hyperthermia [ 121 ]. In these 
experiments, thermosensitive PEG- liposomes delivered higher con-
centrations of doxorubicin to tumors than under normal tempera-
ture conditions. While hyperthermia suppressed tumor growth, it 
did not improve survival time. In contrast, treatment with doxoru-
bicin-encapsulated thermosensitive PEG- liposomes and hyperther-
mia significantly suppressed tumor growth and increased survival 
times (Table  3 ). These observations suggest that doxorubicin-
encapsulating thermosensitive PEG-liposomes combined with 
hyperthermia enhance therapeutic efficacy by increasing the release 
of doxorubicin into tumor  tissues  . It should be noted that Tagami 
et al. also developed a novel thermosensitive liposome [ 122 – 124 ]. 
It is the physical external stimulation of drug carriers that holds 
promise as a useful tool for controlled drug release to targeted 
tissues and enhanced treatment efficacy (Fig.  3 ).

5.1  Thermosensitive 
 Liposomes  
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    Recent trials of thermosensitive, liposome-encapsulated 
 doxorubicin (ThermoDox) [ 125 ] demonstrate signifi cant improve-
ments in drug release rates and drug uptake in heated tumors 
(approximately 41 °C). Moreover, ThermoDox has been 
 considered in phase III clinical trials for liver  cancer   and phase II 
trials for breast cancer recurrent at the chest wall [ 126 – 128 ]. 

 Other physical energy sources may also have potential, such as 
photo-energy and ultrasound [ 128 ]. Accordingly, magnetic 
resonance- guided focused ultrasound (MRgFUS) has been 
combined with thermosensitive liposome-based drug delivery to 
provide localized chemotherapy and simultaneous quantifi cation 

   Table 3  
  Antitumor effects of doxorubicin (DXR)-encapsulated thermosensitive  PEG  -liposomes under 
conditions of hyperthermia (42 °C, 20 min) in Colon-26 solid tumor-bearing mice [ 121 ]   

 Treatments 

 Tumor volume (cm 3 ) a   Survival time a  

 %ILS b   Day 7  Day 14  Mean (day) 

 Control  3.0 (0.7)  6.9 (1.5)  29.4 (4.2)  – 

 Heat  1.7 (0.4)  4.8 (0.7)**  30.1 (4.5)  2.4 

 DXR solution + Heat  1.6 (0.4)  3.0 (1.0)  31.5 (5.6)  7.1 

 DXR-TSL + Heat  0.9 (0.2)  1.3 (0.8)*  39.8 (8.4)  35.4 

 DXR-PEG1K-TSL + Heat  0.6 (0.1)  0.7 (0.1)* , ***  46.0 c   56.6 

 DXR-PEG5K-TSL + Heat  0.7 (0.2)  0.7 (0.2)* , ***  44.3 d   50.7 

  Data are presented as the mean and standard deviation (SD) of 10 mice per group; *Signifi cant difference from DXR 
solution + Heat,  P  < 0.01; **No signifi cant difference from DXR solution + Heat; ***Signifi cant difference from DXR- 
TSL + Heat,  P  < 0.05 
  a Tumor volume and survival time post-treatment (day 0) 
  b Increased life span (ILS) was calculated as %ILS = ((Mean survival of treated group)/(Mean survival of control 
group) − 1) × 100 
  c Three mice survived for over 70 days 
  d One mouse survived for over 79 days  

External stimuli
responsive liposome

Thermal
energy

Irradiation

Ultrasound

External stimuli

Trigger

Drug release
(ex. ThermoDox)

Drug activation
(ex. BNCT)

Drug delivery
(ex. Sonoporation)

  Fig. 3    Strategies of external stimuli responsive liposome. External stimuli, such 
as radio irradiation, and thermal and ultrasound energies activate drug delivery 
and release       
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of drug release within tumors [ 129 ]. Current state-of-the-art, 
 image  - guided  heating technologies that utilize this combination 
strategy are presented with examples of real-time monitoring of 
drug delivery and prediction of effi cacy in the following sections.  

   As described above, physical external stimulation can be used in 
conjunction with drug carriers to improve drug delivery to target 
 tissues   and cells. DDS may also enhance the effi cacy of conven-
tional therapies and improve the accuracy of diagnosis using tech-
niques such as magnetic resonance and ultrasound  imaging  . The 
BNCT technique was designed to suppress tumor growth [ 130 , 
 131 ]. Cancer cells take up the stable boron isotope  10 B; when these 
cells are subsequently irradiated with low energy neutrons, and 
lithium ions and α-particles are produced. These α-particles only 
affect cells within approximately 10 μm of the site of production 
[ 132 ]. Therefore, selective delivery of  10 B to  cancer   cells may 
enhance the therapeutic effect of BNCT (Fig.  3 ). Accordingly, we 
developed a cancer cell-selective  10 B delivery carrier using Tf-PEG  - 
liposomes that exhibit internalization by cancer cells and selective 
drug delivery [ 131 ,  133 ]. Subsequent experiments showed that 
mercaptoundecahydrododecaborate- 10 B (BSH)-encapsulating 
Tf-PEG-liposomes delivered BSH to tumor tissues more effec-
tively than PEG-liposomes. When BSH-encapsulated Tf-PEG- 
liposomes were administered to mice at doses of 5- or 20-mg  10 B/
kg, survival times of solid colon-26 tumor-bearing mice were sig-
nifi cantly improved, suggesting delivery of BSH to tumor tissues 
via endocytosis of Tf-PEG-liposomes and enhanced treatment effi -
cacy of BNCT. The success of BNCT treatment depends on the 
selective delivery of  10 B to cancer cells. Our studies suggest that 
Tf-PEG liposomes may be useful for the selective delivery of  10 B in 
BNCT and that drug delivery carriers may improve the treatment 
effi cacy of conventional therapies.  

   The clinical use of various physical energy forms for treatment and 
diagnosis is widespread. In particular, ultrasound (US) is used as a 
noninvasive diagnostic tool and a high energy  cancer   therapy. 
Microbubbles, which are contrast agents that are used in US  imag-
ing   can be used to improve  gene transfection   effi ciency [ 134 – 137 ], 
and submicron- sized   bubbles (nanobubbles) have also been devel-
oped and applied as drug and gene delivery systems. We developed 
echo-contrast gas (perfl uoropropane) entrapping  PEG  -liposomes 
(Bubble liposomes; BL) of approximately 500 nm (Fig.  4 ) 
[ 138 – 140 ] for drug and gene delivery. Later, a doxorubicin deliv-
ery system involving concomitant use of BL and US demonstrated 
marked inhibition of osteosarcoma cell proliferation in vitro and 
in vivo. Furthermore, this system achieved an equivalent antitumor 
effect at about 1/5th of the dose of antitumor agents employed in 
monotherapy with doxorubicin, suggesting reductions in adverse 

5.2  Liposomal Boron 
Neutron Capture 
Therapy (BNCT)

5.3  Ultrasound 
Responsive  Liposomes  
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events [ 141 ]. In addition, we demonstrated antitumor effects 
using therapeutic gene delivery with BL and US, which delivered 
plasmid DNA (pDNA) into cells without signifi cant toxicity 
in vitro and in vivo.

   Gene therapy with interleukin-12 (IL-12) has been shown to 
produce immunomodulatory antitumor effects and is considered 
an effective antitumor agent. However, the short half-life and sys-
temic toxicity of IL-12 following intravenous injections is a major 
obstacle to its therapeutic use. Thus, delivery of IL-12 encoding 
pDNA (pCMV-IL-12) into tumor  tissues   using local tumor injec-
tions of pCMV-IL-12 and BL was examined. Subsequent US treat-
ment suppressed tumor growth more in pCMV-IL-12-treated 
tissues than in control tissues (Fig.  5 ). Therefore, BL with US may 
be a useful tool for effi cient and safe delivery of genes to  cancer   
cells. Delivery of various molecules such as oligonucleotides, 
siRNA [ 142 ,  143 ], miRNA [ 144 ], and antigens [ 145 ,  146 ] has 
also been studied using BL with US (Fig.  3 ). Furthermore, active- 
targeting BL-modifi ed liposomes containing ligands such as pep-
tides and sugars have been developed [ 147 – 155 ].

   Recently, the eLiposome formulation was developed with a 
similar liposome structure containing perfl uoropentene 
 nanodroplets (Fig.  6a, b ) [ 156 ,  157 ]. Initially, nanodroplets of 
perfl uoropentane were prepared. They were then encapsulated by 
sonication with liposomes or by hydration of lipid fi lms with nano-
droplet suspensions. Finally, nanodroplet-encapsulated liposomes 
were purifi ed using stepwise density gradient centrifugation [ 157 ]. 
Calcein-encapsulating eLiposomes were sensitive to US, and 
released calcein after the liquid droplets were changed to gas by the 
US [ 158 ]. Folate-modifi ed eLiposomes were also developed and 

PEG

Gas (C3F8)

Targeting
ligand

G : Gas (C3F8), L: Liposome
: Lipid bilayer

a b

  Fig. 4    Structure of Bubble liposome [ 140 ]. ( a ): A cartoon of a Bubble liposome; 
( b ): Transmission  electron microscopy   of a Bubble liposome negatively stained at 
80 °C. The distance between the two lines in the microscopic fi eld was 5.6 nm, 
indicating a single lipid bilayer. Original magnifi cation, ×50,000; JEOL JEM2000EX 
operated at 100 kV       
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were shown to deliver calcein and plasmid DNA into Hela cells 
following exposure to US [ 159 ]. Moreover, folate-modifi ed, 
doxorubicin-encapsulating eLiposomes (Fig.  6c ) reportedly deliv-
ered doxorubicine into Hela cells and enhanced cytotoxicity 

  Fig. 6    Cryo-TEM and illustrations of nanodroplet-encapsulated liposomes (eLiposome) [ 160 ]. ( a ): C 5 F 12  nanodroplet, 
( b ): C 5 F 12  nanodroplet-encapsulated liposome (eLiposome), and ( c ): Doxorubicin-loaded eLiposome (eLipoDox)       
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  Fig. 5    Antitumor effects of treatment with pCMV-IL 12, Bubble liposomes, and 
ultrasound [ 177 ]. B6C3F1 mice were inoculated intradermally with murine ovar-
ian carcinoma (OV-HM) cells, and pCMV-IL 12 (10 μg) or pCMV-Luc (which 
expresses the luciferase  protein  ) were transfected using BL (2.5 μg) and ultra-
sound (1 MHz, 0.7 W/cm 2 , 1 min), or using Lipofectamine 2000. Tumor volumes 
were measured after treatment, and data represent tumor volumes relative to 
those on the fi rst day. Points represent the mean ± SD ( n  = 5); * P  < 0.05 com-
pared to other groups       
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against Hela cells in vitro [ 160 ]. Taken together, these results indi-
cate that liposomal bubbles and liposomes containing gas-forming 
liquid can be used as ultrasound  imaging   agents and as US-sensitive 
drug and gene delivery systems for both diagnostic and therapeutic 
applications. Recently, a strategy known as theranostics was pro-
posed for simultaneous or sequential therapy and diagnosis [ 161 ], 
and the promise of liposomal bubbles as theranostic candidates was 
shown, with safety, versatility, and proven clinical effectiveness.

6        Problems and Perspectives 

 One of problems in liposomal drug development is drug loading or 
encapsulating effi ciency. Although various drugs such as anthracy-
clines can be effectively loaded into liposomes using remote loading 
techniques, most drugs are ineffi ciently encapsulated in liposomes. 
For example, the encapsulation effi ciency of water soluble L-OHP 
was less than 30 % [ 162 ], which was much lower than remote load-
ing of doxorubicin (more than 95 %). Most  antitumor drug   s   are 
very expensive; thus, low loading effi ciency is a serious problem for 
clinical development and directly infl uences antitumor effects. 
However, the loading effi ciency of L-OHP was reportedly increased 
to 58 % by optimizing the preparation technique [ 163 ], indicating 
that loading effi ciency can be improved even for water soluble drugs. 
Moreover, hydrophobic drugs that are not suitable for remote load-
ing were preloaded into modifi ed cyclodextrins, and drug preloaded 
cyclodextrins were remotely loaded into liposomes [ 164 ]. These 
methods for improved loading effi ciency will encourage the devel-
opment of liposomal antitumor drug formulations. 

 As another concern, there is a problem of liposome-specifi c 
adverse effects. Although liposomal formulations of  antitumor 
drug   s   have improved therapeutic effects and reduced side-effects 
compared with non-liposomal drugs, some liposomal formulations 
induce liposome-specifi c adverse effects such as skin reactions and 
hypersensitivity reactions. Lotem et al. reported skin toxicity and 
hand–foot syndrome following the injection of doxorubicin loaded 
 PEG  -liposomes [ 165 ], refl ecting sustained circulation and high 
stability of the liposome rather than effects of doxorubicin. 
Accordingly, it has been suggested that long circulating liposomes 
may accumulate in palms, soles, and areas of repeated friction or 
trauma, and that doxorubicin is released from liposomes under 
these conditions [ 166 ]. In addition, Chan et al. reported acute 
hypersensitivity associated with infusions of liposomal doxorubicin 
in an ovarian  cancer   patient during the fi rst cycle of chemotherapy 
[ 167 ]. In other studies, up to 30.8 % of patients experienced 
hypersensitivity reactions such as hypotension and hypertension; 
hemodynamic, respiratory, and cutaneous reactions; and subjec-
tive manifestations, such as dyspnea, fl ushing, rash, and choking 
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feelings [ 166 ,  168 – 174 ]. These reactions likely arise from the 
activation of complement immunity [ 166 ]. At present, it is 
required to elucidate a mechanism about the induction of lipo-
some-specifi c adverse effects and to develop the methods to avoid 
the adverse effects. 

 To enhance therapeutic effect of liposomal drugs, active tar-
geting liposomes have been developed. There are several clear aims 
when using ligand-mediated tumor targeting of drug-loaded lipo-
somes compared to more traditional dosage forms. Ideally, drugs 
in liposomes should not only accumulate in the interstitial space 
inside tumors but also be internalized by the target cells creating 
high intracellular drug concentration and allowing multidrug resis-
tance to be bypassed. To achieve these goals, certain considerations 
should be taken into account: (1) a target should be identifi ed 
which is present (overexpressed) on the surface of tumor cells in 
suffi cient quantity to provide good opportunity for the targeted 
liposomes to tightly bind with  cancer   cells; (2) the specifi c ligand 
should be attached to the surface of the drug-loaded liposomes in 
a way which does not affect its specifi c binding properties and long 
circulating activity in blood; (3) the targeting ligand is internaliz-
able and facilitates the internalization of the carrier and carrier- 
incorporated anticancer drug; (4) drug release from the carrier 
inside the tumor or inside the tumor cell should deliver the thera-
peutic concentration of the drug and maintain it for a reasonable 
period of time. 

 As mentioned above, numerous liposomal  antitumor drug   s   have 
been studied in clinical trials and some have been approved for clini-
cal use. In addition, various active targeting strategies have been 
explored. However, no FDA-approved platforms exist, indicating 
diffi culties in reliably improving accumulation at tumor sites using 
active targeting [ 175 ]. Thus, external-stimuli-responsive liposomes 
have been developed, and combinations of passive and active-target-
ing liposomal technologies have been used to achieve drug activa-
tion or controlled release following external stimulation. These 
technologies may ultimately lead to breakthroughs in effective and 
site-specifi c drug delivery. More recently, the application of physical 
energies to DDS has been reported, and in combination with lipo-
some technologies, this may improve the release, drug targeting, 
and drug activation at specifi c sites. Moreover, fusion of DDS with 
liposomes and  imaging   technologies offers signifi cant diagnostic and 
therapeutic potential as an ideal “theranostics”.  

7    Conclusion 

 Since the development of the fi rst liposomal  antitumor drug  , 
numerous preclinical and clinical studies of antitumor effects and 
side-effects have accumulated, nano- sized   drug carriers have been 
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developed, and the limitations of the EPR effect in human tumor 
 tissues   have been investigated. Hypovascular tumors, in particular, 
have limited passive targeting based on the EPR effect. Thus, a lot 
of problems to overcome still remain. On the other hand, this 
information about liposomal drugs, including problems associated 
with them, would be a very important asset to development of 
ideal liposomal  antitumor drugs  . Moreover, these preclinical and 
clinical experiences in liposomal drugs development would be use-
ful for the development of other nano-sized drug carriers. Anyway, 
nanotechnology-based DDS would be an ideal antitumor thera-
peutic system in terms of enhancement of therapeutic effects and 
reduction of adverse effects.     
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