
Enabling individualized therapy through nanotechnology

Jason H. Sakamotoa, Anne L. van de Vena, Biana Godina, Elvin Blancoa, Rita E. Serdaa,
Alessandro Grattonia, Arturas Ziemysa, Ali Bouamrania, Tony Hua, Shivakumar I.
Ranganathana, Enrica De Rosaa, Jonathan O. Martineza, Christine A. Smida,d, Rachel M.
Buchanana,d, Sei-Young Leea,d, Srimeenakshi Srinivasana, Matthew Landrya, Anne
Meyna, Ennio Tasciottia, Xuewu Liua, Paolo Decuzzia,e, and Mauro Ferraria,b,c,*
a The University of Texas Health Science Center, Department of Nanomedicine and Biomedical
Engineering, 1825 Pressler Street, Suite 537A, Houston, TX 77030, USA
b The University of M.D. Anderson Cancer Center Texas, Department of Experimental Therapeutics,
1400 Holcombe Blvd, FC6.3040, Houston, TX 77030, USA
c Rice University, Department of Bioengineering, 6100 Main Street, MS-142, Houston, TX 77005,
USA
d The University of Texas at Austin, Department of Biomedical Engineering, 1 University Station,
Austin, TX 78712, USA
e University of Magna Graecia, Center of Bio-/Nanotechnology and Bio-/Engineering for Medicine,
Viale Europa, LOC. Germaneto, 88100 Catanzaro, Italy

Abstract
Individualized medicine is the healthcare strategy that rebukes the idiomatic dogma of ‘losing sight
of the forest for the trees’. We are entering a new era of healthcare where it is no longer acceptable
to develop and market a drug that is effective for only 80% of the patient population. The emergence
of “-omic” technologies (e.g. genomics, transcriptomics, proteomics, metabolomics) and advances
in systems biology are magnifying the deficiencies of standardized therapy, which often provide little
treatment latitude for accommodating patient physiologic idiosyncrasies. A personalized approach
to medicine is not a novel concept. Ever since the scientific community began unraveling the
mysteries of the genome, the promise of discarding generic treatment regimens in favor of patient-
specific therapies became more feasible and realistic. One of the major scientific impediments of
this movement towards personalized medicine has been the need for technological enablement.
Nanotechnology is projected to play a critical role in patient-specific therapy; however, this transition
will depend heavily upon the evolutionary development of a systems biology approach to clinical
medicine based upon “-omic” technology analysis and integration. This manuscript provides a
forward looking assessment of the promise of nanomedicine as it pertains to individualized medicine
and establishes a technology “snapshot” of the current state of nano-based products over a vast array
of clinical indications and range of patient specificity. Other issues such as market driven hurdles
and regulatory compliance reform are anticipated to “self-correct” in accordance to scientific
advancement and healthcare demand. These peripheral, non-scientific concerns are not addressed at
length in this manuscript; however they do exist, and their impact to the paradigm shifting healthcare
transformation towards individualized medicine will be critical for its success.
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1. Introduction
Individualized therapy is the subsequent evolutionary expansion of the conventional clinical
examination routine that cascades from patient evaluation, differential diagnosis, to the
treatment of disease. Traditional medicine has historically been grounded upon evidence-based
methods predicated upon observation, symptomatic analysis and pathologic expression/
presentation. At one time, this individualized attention and tailored clinical course of action
was broadly accepted as “personalized medicine”, however contemporary emerging
technologies are providing scientists and clinicians with extraordinary access to a wealth of
information with tremendous clinical potential. Unfortunately, the utilization of this expansive
collection of raw patient data has been mildly successful in providing information with
substantiated clinical value—but the promise still remains. Equipped with these new modern
insights, a fresh conceptual approach to personalized therapy is now gaining momentum and
the state of standard healthcare is at the brink of significant improvement. Soon standard
treatment will no longer be associated with standardized “one-size-fits-all” therapy. There is
more than sufficient evidence that physicians are adopting this philosophy as new resources
of clinically relevant information are being employed. No longer are treatments prescribed
solely based upon mammogram images and/or histological pathology; clinicians are now
inclined to investigate the molecular profile or genetic map, of a patient to augment their final
treatment decision. This utilization of genetic information is a medical leap forward in elevating
the level of patient care; however genomic information represents only the “tip of the iceberg”
as it relates to the total resource of information whose clinical relevance still predominately
remains in the shadows of the unknown and undiscovered.

So what promise lies beneath the water’s depths that constitutes the bulk of the proverbial
“iceberg”—the “-omic” technologies! Traditionally “-omic” technologies have included
genomics, transcriptomics, proteomics, and metabolomics; however advances in the field of
systems biology have driven the creation or classification of new “-omic” fields such as
pepitidomics, glycomics, phosphoproteomics, and lipidomics. The technical definitions and
clinical significances of the most established “-omic” technologies are summarized in Table
1. In short, systems biology begins at an extremely granular level in attempts to resolve the
arrangements and interactions of cellular networks that drive the intricacies of cell function.
The fundamental components of the “-omic” technologies (e.g. genome, transcriptome,
proteome, metabolome) and their promiscuous non-linear and dynamic interactions all
contribute to the overall complexity of defining their specific role(s) and function(s) as it
pertains to the ultimate pathophysiology. Computational methods and mathematical models
are then employed to facilitate the data processing and comparative analysis of “-omic” data
subsets for disease signature validation and biomarker identification.

The envisioned role of nanotechnology is twofold: (1) provide access to previously inaccessible
data as related to “-omic” technology components with unparalleled efficiency and resolution
and (2) enable innovative therapeutic modalities that leverage the validated systems biology
outputs for exquisitely specific individualized therapy. Systems biology has the potential of
utilizing subtle biological clues (i.e. “-omic” technology components) for early detection of
disease, predicting patient response to therapy, and identifying biomarkers to enable effective
targeting of drug-delivery modalities to the disease site. The field of systems biology is still
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evolving; however there is strong evidence in scientific literature that supports the promise of
nanotechnology as an enabling contributor to extracting the elusive “-omic” data for clinical
analysis. For example, investigators have recently shown the ability to reproducibly enhance
the presence of low molecular weight proteome from serum and plasma samples to differentiate
the stages of disease as well as predict a patient’s response to therapy [6]. As the utility of
nanotechnology expands to other “-omic” technologies, the ability to compare and integrate
multiple panels of data subsets will tremendously strengthen the validation process for
biomarker identification. Furthermore, nanotechnology has already demonstrated a clinical
impact upon drug-delivery strategies for a variety of ailments, especially cancer indications.
The inherent scale of nanotechnology enables a combinatory library of surface modifications
(e.g. targeting moieties, charge modifications, stealth) of nanoparticulates, as well as control
over size, shape, and other particle characteristics pending on particle material. This variety of
options allows the rational design of personalized therapies that are predicated upon established
biomarker evidence through systems biology discovery, imaging analysis, mathematical
modeling and access to effective chemotherapeutics and other agents (Fig. 1).

Nanotechnology is not new to clinical medicine; PEGylated liposomal doxorubicin entered the
market in 1995. Despite having nano-based therapeutics being commercially available for
almost 15 years with an associated $5.4 billion in total sales [7], the strategic utilization of
nano-products rationally designed through the comprehensive analysis of “-omic” technologies
has yet to be realized. The field of nanomedicine is evolving with emphasis upon patient-
specific treatment and soon should mature into the grandiose “tip-of-the-spear” therapeutic
solution as the direct result of systems biology analysis and its integration with imaging
technologies and available therapeutic agent options. This manuscript will provide a
“technology snapshot” of contemporary nano-based products that inherently offer different
levels of patient specificity as it pertains to individualized therapy, that are under development
or are currently clinically available.

2. Nanotechnology overview
The advent and potential of materials and devices manufactured at the nano-scale level, the
burgeoning field of nanotechnology, has raised both great promise and concern since its
inception and introduction to the public. Nanotechnology, in the simplest form of the word,
typically encompasses components with at least one feature smaller than a few hundred
nanometers [8]. However, a more formal definition would be all objects that are man-made
and contain nano-scale dimensions, all the while possessing distinctive properties that arise
specifically due to their nano-dimension [8,9]. The small sizes that approach that of the atomic
level, more often than not, invalidate the governing rules at the macroscopic level of these
materials. At this scale, quantum mechanical effects begin to emerge leading to varied and
unexpected physico-chemical properties [10–13]. Hence, modeling and indirect methods are
frequently employed to accurately investigate the intricate interactions and properties of
materials at the nano-scale. It is important to note, however, that it is these novel and unique
properties that enable nanotechnology, specifically nanomedicine, to provide powerful
solutions to a diverse field of problems.

With the introduction of the scanning tunneling microscopy (STM) in the early 1980s, the
manipulation of individual atoms became possible [14,15], greatly assisting in the discovery
and development of fullerenes (carbon-60 molecules) [16], carbon nanotubes [17] and
nanocrystalline quantum dots [18–20]. These discoveries have not only yielded significant
fruits for basic research, but also resulted in the awarding of Nobel Prizes to Richard Smalley,
Robert Curl and Harold Kroto in Chemistry for fullerenes, and to Ernst Ruska, Heinrich Rohrer
and Gerd Binning in Physics for STM [21]. Moreover, their seminal contributions served to
successfully elevate nanotechnology into the mainstream and to increase public awareness
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regarding this field and its potential. Nano-scale materials had already been well established
within the contexts of semiconductor [22] and optoelectronics [23], but after the scientific
breakthroughs that occurred in 1980s, its potential to impact other fields, such as the chemical
and energy industry, aerospace, and consumer products, was beginning to be realized. As an
example, consider the following potential contributions: (1) increased efficiency and power in
solar cells and batteries [24], (2) reduction of the amount of mercury that is released from
fluorescent lamps, commonly found in households and industrial buildings [25], and (3)
applications in the agriculture and food sectors that rapidly determine the presence of
contamination [26]. Moreover, composite nanomaterials are capable of adding strength and
reducing weight to produce such items as tennis rackets, baseball bats, and bicycles. In the case
of optical lenses, nanocoatings have improved their surfaces and strength, thus reinforcing their
structure and creating lenses less vulnerable to scratches. Nanoceramics have been applied to
dental and bone implant arenas, with fillings now able to be tuned to match the mechanical
and chemical properties of the surrounding tissue [27,28]. Last, but certainly not least, spherical
nanoparticles such as liposomes (tiny vesicles composed of phospholipids) have achieved
success in consumer products, with their widespread use in sunscreens, offering strong
ultraviolet protection while remaining colorless, and in cosmetics with their ability to deliver
moisturizers and other vital ingredients to the skin [29,30]. The success of nanotechnology in
these products has paved the road for the future application and increased public awareness of
nanotechnology, which is fundamentally important for its acceptance in fields such as
medicine.

While the full potential of nanotechnology has yet to be realized in most industry sectors,
medicine has benefited and been influenced by this field for several years, particularly in
oncology. The premier drug-delivery nanoparticle currently in clinical use is the liposome
[31]. Doxorubicin, a powerful and toxic chemotherapeutic, was encapsulated into liposomes
and was initially approved for treatment of Kaposi’s sarcoma in the USA in 1995. This
formulation, whose trade name is Doxil™, has since been approved for the treatment of
metastatic breast cancer and recurrent ovarian cancer [32]. Another approved nano-therapeutic
agent is an albumin nanoparticle comprising paclitaxel, otherwise known as Abraxane™.
Approved in January of 2005, Abraxane™ allows for the administration of greater doses of
paclitaxel and takes advantage of the natural properties of albumin to increase its extravasation
into the tissue [33]. The success of these platforms has led the FDA to approve several
investigational new drug (IND) applications for the treatment of several types of cancers.
Currently, there are more than 400 ongoing clinical trials involving nanotechnology; the
majority of which are for cancer treatment [34].

Since the introduction of liposomes as a viable delivery vehicle for chemotherapeutics, several
nano-based platforms have been developed and proposed to examine their potential for cancer
treatment, which include nanovectors and nanomaterials. Nanovectors are particles with nano-
scale dimensions that can be used for the delivery of therapeutic or diagnostic agents through
either encapsulation or physical attachment of the desired moiety to the nanoparticle [35].
Typically these systems are composed of lipids (e.g. liposomes [36]), nano-/microfabricated
materials (e.g. fullerenes [16], carbon nanotubes [17], silicon [37,38], silica [39]), metals (gold
[40], silver [41], iron [42], platinum [43], quantum dots [44]) and polymers [35] (micelles
[45], dendrimers [46–48]). Moreover, these nanoparticles can adopt several different shapes,
such as spherical, rods, wires, discs, hemispherical and ellipsoidal [49–52]. In the field of
nanomedicine, specifically in the case of oncology, nanovectors can be divided into those that
either provide treatment or disease diagnosis. The ability to concentrate and localize agents at
the tumor site is the ultimate goal of these platforms, with the benefits including enhanced
tumor treatment and/or improved contrast for imaging. Early studies with liposomes
demonstrated that particles below one micron were rapidly cleared by the reticuloendothelial
system (RES) [53]. Though, if the particles are coated with a molecule to increase their
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hydrophilicity, the clearance could be hindered, and hence, “stealth” liposomes were
introduced [54]. These liposomes are able to increase their circulation time by decorating their
surface with polyethylene glycol (PEG) [55]. These “stealth” liposomes are the prototypical
example of first-generation nanovectors, where a nano-based delivery system enhances the
delivery of a cytotoxic agent for improved therapeutic outcome. Recently, a second-generation
of nanovector has been introduced that integrates additional functionality, such as the
attachment of a bio-recognition molecule to the surface of the vector, to target a specific marker
that is overexpressed on a tumor. Thanks to phage screening libraries and insights into the
underlying biology of tumors, several antibodies, aptamers, peptides and ligands have been
identified that can facilitate molecular targeting [56,57]. At present, the FDA has not approved
any second-generation vectors, but several are being investigated in clinical trials. Lastly,
novel, multifunctional systems are being proposed that offer new degrees of particle
sophistication which improves the probability of localizing therapeutic payloads at the disease
site. These systems are examples of third-generation nanovectors, which are adept at
performing several functions, such as RES avoidance, molecular targeting, and localized
therapeutic delivery. For example, there is active research being performed that features
exogenously activated gold nanoparticles enclosed by bacteriophages that are molecularly
targeted and capable of producing sufficient energy to thermally ablate tumor cells upon
exposure to specific wavelengths of radiation [58].

As previously mentioned, nanoparticle material properties can be exploited to elicit clinical
advantage for many applications, such as for medical imaging and diagnostic procedures. Iron
oxide constructs and colloidal gold nanoparticles can provide enhanced contrast for magnetic
resonance imaging (MRI) and computed tomography (CT) imaging, respectively [59,60].
Optical imaging has been plagued by the inability to provide effective solutions to in vivo
imaging due to photobleaching and the ability of agents to be highly active in the near-infrared
region, where light can easily penetrate through the body without harm. Quantum dots provide
a plausible solution due to their tunable emission spectra and inherent ability to resist bleaching
[44]. For ultrasound imaging, contrast relies on impedance mismatch presented by materials
that are more rigid or flexible than the surrounding tissue, such as metals, ceramics or
microbubbles [61]. Continued advancements of these nano-based contrast agents will allow
clinicians to image the tumor environment with unprecedented resolution for enhanced
understanding of disease progression and tumor location.

Additional nanotechnological-based detection and therapeutic devices were made possible
using photolithography and nucleic acid chemistry [62,63]. The same technology that enabled
integrated circuitry, produced micro-electro-mechanical systems (MEMS) for selective
molecular sensing, sieving, and controlled drug release [64]. Microfluidic systems, also known
as “lab-on-chip”, are fabricated by soft lithography of inexpensive polymers [65]. Micro- and
nano-arrays, have experienced success for molecular diagnostic, genotyping and biomarker-
guided therapeutic targeting [64,66,67]. Moreover, advances in proteomics have been made
possible due to the technical refinement of lithographic resolution [68]. Recent interest in
nanowires [69,70] and cantilevers arrays [71–73] for biomarker detection has shown promise.
The former are biologically gated transistors able to detect multiple, real-time, simultaneous
molecular binding events. The latter are miniature beams that deflect when molecules of
interest bind and transmit a quantitatively measurable electrical signal. These innovative
nanodevices equal or exceed the sensitivity of commercially available approaches [74] and are
anticipated to be clinically available in the near future.

The commitment of federal resources to fund nanotechnology-based research has greatly aided
its advancement thus far and will continue to play a critical role for its future success. In 2005,
the National Cancer Institute (NCI) launched a $144 million Alliance for Nanotechnology in
Cancer to support novel and continued research for nanotechnological-based approaches for
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oncology. At this time, the field of nanomedicine has arrived at a critical juncture where
academic research efforts are now transitioning the technical and financial responsibilities of
clinical translation to commercial ventures. An example of this academic handoff to a corporate
partner is Rice University’s commercialization of its nanoshell technology, developed by Drs.
Halas and West. Nanospectra Biosciences, Inc. has recently entered a Phase I clinical trial
featuring the proprietary nanoshell technology for patients diagnosed with refractory head and
neck cancer under an open Investigational Device Exemption (IDE) [75]. It can be anticipated
from the number of ongoing clinical trials (400+) that corporate participation will be a growing
trend in nanomedicine.

The following review will provide a comprehensive portrayal of the current status of
nanotechnology. Importantly, we will address the potential of nanomedicine for individualized
therapy. The review begins with a discussion focusing upon the utility of rational design when
creating materials for personalized medicine applications, followed by the role nanotechnology
has played in the early detection of disease, and an overview of nanotechnological implantable
devices for controlled drug delivery. The review then progresses with a broad description of
“injectable” nanovectors, highlighting both contrast agents and therapeutics. We then segue to
the role of nanotechnology in tissue engineering, and conclude with a powerful commentary
from a cancer survivor who articulates her experiences with chemotherapy and thoughts on
the promise of individualized medicine.

3. The rational design of nanotechnologies for individualized therapy
The mathematical modeling of biophysical phenomena is crucial for identifying the main
parameters governing the spatio-temporal evolution of the system under investigation, for
elucidating their role and quantifying their effects and, most importantly, for predicting the
evolution of the system without running extensive and expensive experiments. Mathematical
models can indeed be used to design ‘rational’ experiments and ‘inspire’ experimentalists.
Given the complexity of biology and the huge biological diversity among apparently similar
individuals, mathematical models are clearly of fundamental importance for the effective
development of tools to be used in personalized medicine. Two examples are briefly discussed
in sequence, namely (1) the rational design of intravascularly injected nanoparticles (NPs) for
biomedical imaging and drug delivery and (2) the development of orthopedic implants (OI)
for post-traumatic osteo-regeneration of long bones with critical size defects.

NPs are man-made small objects, with a nanometer characteristic size, that are injected at the
systemic level (intravascularly) to execute specific diagnostic and/or therapeutic missions at
the biological target site. This could be a solid tumor mass, an inflamed portion of the
vasculature, or any district within the human body where abnormal cells are proliferating.
Before reaching the target site, the blood-borne NPs must make their way into the circulatory
system passing a multitude of barriers that simply tend to sequester, digest and/or expel any
foreign object, as the NPs. In the case of tumor targeting, such physiological barriers are
presented as: (1) the spatially and temporally heterogenous blood flow in tumors [76] due to
hyper-permeable blood vessels with fenestration [77] and lack of a functional lymphatic
system; (2) the increased interstitial fluid pressure that may reduce transvascular and interstitial
transport of free molecules within the extracellular matrix [78]; and (3) the highly intricate
extracellular matrix (ECM) constituting an additional barrier to the delivery and transport of
drugs [79]. Additional impediments are of the biological barrier type, which include: (1) the
reticular endothelial system (RES), constituted by phagocytes, specialized cells lining the liver,
spleen, bone marrow, and lymphatic tissue, which recognizes external molecules and remove
them from the circulation [80] and (2) the insufficient expression of receptors on the membrane
of the target cells, making more unlikely the specific recognition of the target cell by the
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imaging tracers or the therapeutic molecules [80]. It is here important to emphasize that the
type and severity of the barrier is disease and patient specific.

Many laboratories are developing NPs which differ in (1) size: ranging from few tens of
nanometers, as dendrimers, gold and iron oxide nanoparticles [81], to few hundred of
nanometers, as liposomes and gold nanoshells [82], and up to the micron scale (1–2 μm)
[38]; (2) shape: from the classical spherical nanoparticle to conical and discoidal, spheroidal,
cylindrical [38,83,84]; and (3) surface physico-chemical properties: with some particles just
coated with functional groups imparting a specific positive (amine groups) or negative
electrostatic charge (carboxyl groups) and other particles decorated with polymeric linkers, as
PEG, and biologically active molecules, as antibodies, peptides, aptamers and ligands [58,
84,85].

With such a complex biological scenario, with the multitude of NP combination available,
accurate predictive mathematical models are fundamental in identifying those properties that
can maximize NP accumulation at the target site. In the last years, mathematical modeling has
been quite extensively used to predict and optimize the performances of intravascularly injected
NPs for biomedical applications. In particular, the journey of blood-borne NPs has been divided
into three sub-problems, transport and margination dynamics [49,86], adhesion dynamics
[87,88], and internalization dynamics [89,90], showing how the size, shape and surface
properties of the NPs dramatically affect their behavior [91]. In such applications, the final
recognition of the diseased tissue and the response of the abnormal cells to the administered
therapeutic molecule are highly patient specific depending on the vascular architecture, local
hemodynamic conditions, level of expression of specific vascular and extravascular receptors,
type of disease (cancer, hemorrhagic, cardiovascular, etc.), localization of the diseased tissue
within the body and so on. The mathematical models do take into account disease and patient-
specific features and can effectively be used to study the behavior of different NP combinations
in the patient-specific vasculature, under the patient-specific biological and biophysical
conditions. In particular, “Design Maps” can be generated for predicting the adhesive and
internalization propensity of NPs as a function of non-specific interactions (van der Waals,
double layer electrostatic, steric and acid–base) through the factor F, and specific interactions
(ligand–receptor binding) through the ratio β. A representative map is shown in Fig. 2 for fixed
hydrodynamic conditions and in the case of spherical beads: different NPs formulations can
be ‘tested’ by changing F and β.

The “Design Maps” allow for identifying a subset of NPs that exhibit optimal performances
in silico (mathematical modeling) and from which the optimal NP formulation can be selected
through few and cost-effective in vivo experiments.

Another application where mathematical modeling has shown to be fundamental involves the
design of a novel orthopedic implant (OI) for the post-traumatic osteo-regeneration of long
bones with critical defects. This “fracture putty” is a complex biomaterial made up of individual
components with characteristic dimensions that span across a variety of length scales (from
nano to macroscales). These components are (1) a biodegradable porous polymeric matrix
reinforced with (2) stiffer inclusions of a different material, as sketched in Fig. 3. The optimal
“fracture putty” has to accommodate two main functions: support the normal loads acting on
the bone (mechanical stability) and facilitate the growth of new bone that eventually would
fully replace the artificial bone implant (osteo-regeneration).

Both the mechanical stability and the osteo-regeneration are patient specific: the loads exerted
over the critical size defects depend on the location of the defects as well as on the overall
weight of the individual; whereas the osteo-regeneration rates depend on the age, gender and
genetic features of the patient. By using mathematical modeling, the stress and strain fields at
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the site of the critical defects and the formation of new bone can be predicted in terms of the
parameters listed above, which are patient-specific. Thus, the composition of the “fracture
putty”, in terms of polymeric matrix porosity (geometry, size, and mechanical properties) and
volume concentration of the inclusions (type and concentration of biomolecules) can be chosen
to maximize osteo-regeneration while still offering sufficient mechanical—all for a specific
individual.

These two examples emphasize the role played and the potentials of mathematical modeling
in the pre- and post-development of devices for biomedical applications. Accurate and reliable
mathematical modeling can be performed more easily than experiments. In silico evaluation
can take into account the patient specificity of the problem and dramatically reduce the time
and cost required to formulate a new device and therapeutic intervention, and eventually
translate it into the clinical settings. In nanomedicine, the need for accurate mathematical
models is even more pressing. Despite its rapid growth and extraordinary potentials, the field
is still in its infancy, is highly interdisciplinary, and aims to solve problems of extraordinary
and unprecedented complexity. With such a scenario, mathematical modeling could dictate the
success of nanomedicine and make the difference between several years of unfruitful research,
and the development of new revolutionary therapeutic strategies readily available to the public.

4. Early detection
Development of molecular diagnostics represents the first step to attain a real individually
tailored medicine. However, current diagnostic and prognostic classifications which rely
essentially on the anatomo-clinical methods do not reflect the vast heterogeneity of complex
diseases such as cancer, and cannot predict clinical outcomes and response to therapy.
Therefore, there is an urgent need for new molecular biomarkers to improve diagnosis, assess
response to treatment, and evaluate disease progression [92,93]. Such biomarkers could be
altered genes, RNAs, proteins or metabolites associated with a specific pathological stage or
clinical outcome. Owing the complexity and heterogeneity of most diseases, it has been
recognized that a single marker cannot reach sufficient specificity and sensitivity. Current
strategies raise exciting opportunities of using multi-parametric analysis of “-omic” technology
constituents (e.g. genome, transcriptome, proteome, and metabalome) for a diagnosis based on
the molecular profiles of individual patients.

Human genome sequencing and advances in genomics provided a better understanding of the
pathological mechanisms of diseases. Furthermore, the identification of specific molecular
signatures as diagnostic and prognostic tools has opened the way for a more efficient and
personalized medicine. Golub et al. reported the feasibility of gene expression profiling
approach to discover and predict cancer classification [94]. Another study on diffuse large B-
cell lymphoma demonstrated the correlation between specific gene expression patterns and
clinically distinct subtypes of cancer [95]. In the post-genomic era, proteomics has
demonstrated an increasing interest in biomarker research. Proteins are the products of the
genes and represent the functional picture of the pathological state of patients [96–98].
Thousands of studies have shown the potential use of proteins as a promising source of
biomarkers [99,100]. Developments in mass spectrometry technology have allowed the
analysis of complex proteomes from minimally or non-invasive methods such as serum, plasma
and other body fluids, offering opportunities for reliable early detection approaches [101,
102]. In spite of the optimism brought by proteomics, the lack of sensitivity of those techniques
remains a major limitation for the identification of clinically relevant protein biomarkers
[103–105].

Nanotechnology has emerged as a new interdisciplinary field combining biology, chemistry,
engineering, and will likely provide major progress in individualized medicine. In the field of
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biomarkers discovery and detection, nanotechnology will bring significant advances in
molecular detection by improving the sensitivity and specificity of current technologies, or by
providing novel approaches. The detection of traces of molecules will revolutionize diagnosis
and allow for a real early detection of diseases.

4.1. Biomarker discovery
The major challenge yet to be addressed is the sensitive and selective detection of circulating
biomarkers to improve diagnosis, assess treatment efficacy, and design personalized therapies
with limited invasiveness. The low molecular weight (LMW) region of the blood proteome
provides an unprecedented opportunity for clinical diagnosis or prognosis, and for monitoring
response to therapy [92,99]. Proteins and peptide are degraded by proteases in the tumor stromal
environment and shed into the circulation from leaky vessels, therefore, LMW peptidome
presents an attractive opportunity to capture pathological changes occurring in the tumor
[106]. However, despite such promise, successful translation of this technology to routine
clinical application is limited due to: (1) the large dynamic range of blood proteins limiting the
detection of low abundance biomarkers and (2) the rapid enzymatic degradation by endogenous
and exogenous proteases [103].

To overcome the vast complexity and the relative instability of serum samples, a high
throughput and reproducible fractionation system based on nanoporous silica chips (NSC) is
currently being developed. The NSC effectively deplete most of the abundant high molecular
weight (HMW) proteins and allow the enrichment and stabilization of LMW species present
in the human circulating proteome [9,107]. The NSC are designed and engineered with defined
nano-pore size and physico-chemical properties allowing substantial control over the
molecular cut-off and the specific harvesting and stabilization of proteins and peptides [108].
This NSC technology in combination with mass spectrometry will provide a fast, efficient, and
reliable fractionation system for high throughput enrichment, stabilization and detection of
LMW biomarkers present in the human circulating proteome. Another approach presented by
Luchini et al. demonstrated the use of smart hydrogel particles for the harvesting and protection
of circulating LMW biomarkers [109]. The hydrogel particles are fabricated with a defined
porosity and contained an affinity bait for a rapid onestep sequestration and concentration of
the LMW fraction of serum molecules. The captured peptides and proteins are then protected
from further enzymatic degradation. The ability to structurally design the nanoporous sieve
and the chemical functionalization increases the selectivity of peptides enrichment. The
combination of these enrichment methods with current proteomics technologies such as mass
spectrometry profiling, can provide enormous enhancement of low abundant disease marker
discovery.

4.2. Nano-biosensors
Highly sensitive biosensors that recognize genetic alterations or detect molecular biomarkers
at extremely low concentration levels are crucial for the early detection of diseases and for
early stage prognosis and therapy response. The use of nanowires to implement field effect
transistor (FET) semiconductors presents an ultrasensitive and label-free strategy for the
quantitative detection of biomolecules. The target binding events occurring on the nanowire
result in conductance changes that can be monitored to detect specific molecules. The reduced
diameter and the high surface to volume ratio of the nanowires offer an extremely high
sensitivity due to the accumulation/depletion of carriers throughout a much larger wire cross-
section [70,110]. This approach has been used to detect several biomolecular targets such as
DNA and proteins. The identification of DNA alterations is crucial to better understand the
mechanism of a disease such as cancer and to detect potential genomic markers for diagnosis
and prognosis [111]. An innovative approach for the detection of gene mutations using
nanowire FET has been developed by Wu et al. [112]. They demonstrated the ability of the
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nanodevice to detect BRAF gene mutations, an alteration that occurs in approximately 8% of
human tumors [113]. Another study reported the development of a three-dimensional gold
nanowire platform for the detection of mRNA with 100 fM sensitivity from cellular and clinical
samples. This highly sensitive electrochemical sensing system uses peptide nucleic acid probes
to directly detect specific mRNA molecules with no PCR amplification.

The development of immuno and aptamer-based nanowire biosensors to detect cancer
biomarkers such as VEGF [114] and CA125 [115], or SARS virus N-protein [116] has shown
a great sensitivity, providing the potential use of these nanodevices for point-of-care diagnostic
applications. To improve the diagnostic efficacy of the biosensors, a multiplexed approach is
needed to accurately identify heterogeneous diseases such as cancer. Zheng et al. have
described nanowire arrays for the multiplexed detection at pg/mL level of several proteomic
biomarkers including prostate-specific antigen (PSA), PSA-alpha1-antichymotrypsin,
carcinoembryonic antigen and mucin-1 [117].

Micro- and nanocantilever systems are another category of biosensor devices that have been
developed to realize specific and highly sensitive molecular detection. Silicon cantilevers can
be micro- or nanofabricated with multiplexed capability for a label-free and cost-effective
biomolecular detection technology. Modification of the surface stress due to specific binding
events can be measurable and translated to molecular recognition [118]. McK-endry et al. have
developed a label-free DNA microarray approach based on cantilever technology and
demonstrated that the cantilever arrays can detect simultaneously multiple molecules at
nanomolar concentrations [119]. Another study demonstrated the use of cantilever approach
to specifically detect picomolar levels of mRNA biomarkers in total cellular RNA extract
[120].

Cantilever nanosensors have also been used to detect minute amount of protein biomarkers.
Label-free resonant microcantilever systems have been developed to detect ng/mL level of
alpha-fetoprotein, a potential marker of hepatocarcinoma, providing an opportunity for early
disease diagnosis and prognosis [121]. A bioassay described by Wu et al. demonstrated the
capability of detecting two forms of prostate-specific antigen (PSA) over a large range of
concentrations (from 0.2 ng/mL to 60 μg/mL) using microcantilevers with different geometries
[72]. Recently, another group has enhanced the detection limit of this microcantilever approach
using PSA polyclonal antibody as an additional surface stress inducer and PSA polyclonal
antibody-conjugated silica nanoparticles (pAb-SiNPs) as a mass inducer [122]. This strategy
increased the sensitivity of PSA detection to 1 pg/mL. Nanofabricated and functionalized
devices such as nanowires and nanocantilevers are fast, multiplexed and label-free methods
that provide extraordinary potential for the future of personalized medicine.

The development of nanomaterials and nanodevices offers new opportunities to improve
molecular diagnosis, increasing our ability to discover and identify minute alterations in DNA,
RNA, proteins or other biomolecules. Higher sensitivity and selectivity of nanotechnology-
based detection methods will permit the recognition of trace amounts of biomarkers which will
open extraordinary opportunities for systems biology analysis and integration to elicit effective
early detection of diseases and improved therapeutic outcomes; hence paving the way to
achieving individualized medicine.

5. Implantable drug-delivery devices
Targeted and controlled drug delivery play fundamental roles towards the goal of
individualized therapies. While targeted delivery relates to the administration of drugs to the
“right” place, controlled delivery relates to administering a drug at the “right” time. Drug
targeting and controlled administration are being widely investigated through the opportunities
brought forth through the utilization of nanotechnology. As a result, new strategies and novel
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nanotechnological embodiments are being developed for the individualized treatment of
diseases, especially in the field of implantable systems, where the inherent dimensions of
nanotechnology affords the miniaturization of scale that enables the integration of multiple
functional components on a single device: telemetric control, on-board sensor systems, and
innovative mechanisms enabling unparalleled control over therapeutic release profiles.
Significant resources are being focused on the development of implantable nanotechnologies
due to their potential benefit in for systemic or local treatment of a large number of pathologies.
The ability to control the drug administration over the duration of weeks to months in
accordance to the therapeutic needs of an individual patient is the justification for the
development of implantable drug-delivery devices. Long-term therapies can potentially benefit
of devices capable of sustaining the drug delivery and overcoming the need for multiple
periodic administrations associated with conventional practice (generally oral or intravenous)
which effectively improves patient compliance. This provides tremendous patient incentive
since implantable devices can relieve people of their responsibilities of self-medication and/
or frequent visits to the clinic.

5.1. Controlled therapeutic release
A vast majority of therapies are based upon the systemic administration of drug. The systemic
delivery can be achieved orally, intravenously, arterially, dermally, transdermally, rectally,
ocularly, through inhalation, subcutaneously, intramuscularly, or sublingually. All delivery
strategies present advantages and side effects that are weighed to best address the therapeutic
needs while minimizing discomfort to the patient. While oral and intravenous administration
can deliver large doses of drugs, transdermal and ocular delivery can deploy smaller amount
of drugs systemically or to specific areas of body. Despite their differences, most delivery
strategies are associated with the rapid release of drug resulting in the subsequent increase of
plasma drug concentration. Many drugs used in the clinic have a narrow therapeutic window,
making the efficient administration of drug challenging due to possible toxicities associated
with bordering doses. In order to maximize the therapeutic efficiency and minimize the side
effects of the agents, a concentration of drug within the therapeutic range, is beneficial. This
result can be obtained by employing implantable drug-delivery devices able to sustain the drug
release over long periods of time, ranging from hours to years. While a large number of
therapies require sustained constant drug administration, other diseases would benefit from
variable drug administration over time.

Constant release—The constant sustained release of drugs has been largely investigated
for the treatment of several diseases including hepatitis and various forms of cancer. A constant
drug concentration in the plasma over a long period of time can be achievable through zero-
order release kinetics. Zero-order release is reached when the gradient of drug molecule
concentration throughout a delivery device reaches equilibrium. Commonly, continuum-based
diffusive processes are concentration dependent: the diffusion of molecules out of a delivery
device decreases with decreasing concentration in the reservoir. However, numerous
technologies are now available for the control of molecular deployment and the achievement
of concentration-independent release. A common strategy to attain zero-order release of drugs
is by employing convective driving mechanisms such as osmotic pressure, mechanical
pumping, and through electrokinetic transport. A constant drug release can also be achieved
by tuning the properties of nanofluidic devices. It has been shown that under nano-scale
molecular constraint, surface effects and charge interactions play a major role over the transport
of molecules [123–126]—charge exclusion, concentration polarization, and streaming current
phenomena have been observed [127]. Silicon nano-channel technology has provided a
platform for the study of cell transplantation in immuno-isolated devices [128,129],
biomolecular separation [130,131] and controlled concentration-driven release of drug
molecules when integrated into implantable device strategies [132,133].
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Modulable release—As opposed to a constant drug administration, multiple therapies
would greatly benefit from the ability to tune drug release according to circadian cycles. It has
been well documented that the presence of biological rhythms, such as the circadian cycles,
affect body metabolism in living organisms over a 24-h cycle [134]. Organs such as the kidney,
liver, and gastrointestinal tract, which are very critical to drug metabolism, are highly coupled
with circadian rhythms [135]. The pharmacodynamics and efficacy of treatments have been
demonstrated to be related to the time of administration during the circadian cycle [136].
Therefore, robust drug-delivery strategies need to consider the most ideal times for drug
administration in order to reduce the toxicity in addition to the optimization of treatment
efficacy [137,138]. In this regard, cancer medicine is adopting chronotherapy as a more
effective strategy to treat cancer [139,140]. The clinical utilization of implantable devices has
tremendous potential attributed to their ability to modulate the release of drugs to the
physiological rhythms of an individual. The synchronization of drug delivery to bio-cycles
represents an additional step towards personalized therapy. Numerous approaches have been
investigated for the modulation of the drug release by means of pre-programed, remote control,
and even self-regulating release of therapy.

Implantable device strategies for the remote controlled release of drugs have been largely
explored to enable the “on-demand” administration of therapeutic agents [141–146].
Radiofrequency (RF), ultrasonic energy, and magnetic fields could potentially be employed to
activate, tune, or arrest drug administration. Significant advances in the field of wireless
communication technologies have opened new avenues for the employment of RF technologies
for implantable drug-delivery devices. Micro- and nano-electronic components are
commercially available and can be readily integrated into nanofluidic chip configurations.
When combined with complex algorithms for data logging, manipulating and transmitting,
sophisticated implantable devices can be created—RF remote activation of nanoliter-scale
chemical release has been achieved utilizing novel microfabricated designs [147]. This study
provided an attractive platform for the potential development of frequency-selective remote
control of drug-delivery systems. A different remote control approach was demonstrated by
Kohane, Langer and colleagues, which employed an applied magnetic field [148].
Nanocomposite membranes based on thermosensitive nanogels and magnetite nanoparticles
were designed for the “on-demand” release of drug through a remotely applied magnetic field.
On/off release of sodium fluorescein was shown over a period of 45 days of subcutaneous
implantation. Other opportunities for remote control of drug release implants come from
“switchable” surfaces and membranes which can be controlled by light exposure [149,150]
and temperature variation [151,152]. In this context, magnetic temperature-sensitive
nanocomposite hydrogels have been developed [153] which incorporate superparamagnetic
Fe3O4 particles in negative temperature-sensitive hydrogels. The nanocomposite hydrogel was
shown to swell under a temperature variation caused by an exogenous magnetic field source.
Preliminary studies demonstrated a reduction in the molecular release rate in the presence of
an alternating magnetic field.

The ability to remotely control drug administration broadens the limit of applicability of
implantable devices. However, numerous studies are developing self-controlled implants able
to trigger, calibrate, and discontinue the administration of drug compounds at the required time.
An autonomously controlled device works in principle as an artificial gland. Such devices
would be equipped to sense physical or biological variations in the surrounding environment,
and provide a prompt response to the physiological stimulus by controlling the administration
of a therapeutic agent. Attempts have been made to integrate sensor technology into
implantable delivery devices to enable autonomous control. One such embodiment was
designed to serve as an insulin delivery system which combined electronic components with
microneedle arrays, micropumps and microsensors to sense the glucose concentration in the
blood and provide insulin administration as needed [154]. Despite the large number of studies
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focusing upon the development of self-regulating devices and their enabling components,
efforts have yet to be successful in achieving a reliable autonomous drug-delivery device. In
order to attain the desired administration profile for a specific application, a variety of devices
are currently being developed that feature multiple control strategies. In the following text,
several families of implantable devices will be discussed according to their enabling
technology. Many of the described technologies are microtechnology-based—they will remain
in this discussion because of the novelty of their approach and potential ability to be advanced
through nanotechnology.

5.2. Implantable drug-delivery nanotechnologies
Osmotic pumps—Osmotic pumps enabled by nanoporous membranes, represent one of the
most mature approaches used for implantable drug-delivery devices. These pumps have been
integrated into implantable drug-delivery devices for several decades [155,156]. Each
embodiment employs the osmotic pressure of a solution with high concentration of electrolytes
or sugars, to exert a pumping force capable of actively eluting a drug solution from a reservoir.
The device is composed of two chambers which are separated by a movable piston. One
reservoir contains a liquid solution of drug and the other compartment, sealed through a
semipermeable nanomembrane, contains an osmotic solution. Fluids enter the osmotic
compartment causing an increase in the fluid pressure thereby exerting a force which pushes
the piston into the drug reservoir. As a result, a volume of drug solution is ejected from the
device—ideally the motion of the piston is constant, forcing the drug release in a continuum
fashion.

The DUROS® system, developed by the ALZA Corporation, was one of the first osmotic
pumps brought to market [157]. The DUROS® implant is made of a titanium alloy cylinder
with dimensions 4 mm × 45 mm, and features a capacity to hold ~150 μL of leuprolide DMSO-
based solution. In vitro and in vivo studies in canines and humans demonstrated zero-order
release rate for a year [157]. Another example of an implantable osmotic pump, the
Chronogesic™, was developed for the subcutaneous delivery of sufentanil—the matchstick
size, 4 mm × 44 mm, implant was designed for the sustained treatment of chronic pain and was
used in clinical trials [158]. The titanium device held ~155 μL of concentrated solution of
sufentanil in a benzyl alcohol solution. The mentioned clinical study showed a zero-order
release profile comparable to the release achieved during in vitro test over a period of three
months with 5 μg/h rate. Another commercially available osmotic pump, ALZET®, was
developed for small animal research. Once implanted subcutaneously or intraperitoneally,
these pumps were demonstrated to continuously deliver drug molecules at controlled release
rates that ranged from one day to six weeks [159,160].

Other osmotic pumps have been designed to biodegrade after completion of therapy. In this
context micro-electro-mechanical systems (MEMS) biodegradable osmotic pumps were
microfabricated with polymeric structures [161]. This device was designed to deliver basic
fibroblast growth factor (bFGF), which induces neovascularization, modulates osteoblastic
proliferation, and promotes the differentiation in bone tissue. The pumping device was micro-
molded on a layer of synthetic biodegradable polymer. The bottom layer contains the drug
reservoir and houses an array of microchannels that facilitate drug release. An osmotic potential
drives water into the reservoir through a semipermeable membrane. The water permeation
inflates the reservoir and the increasing pressure promotes the ejection of therapeutics through
the array of microchannels. It was shown that by varying the length of the microchannels, the
design had a direct, predictable effect on the release rates [161]. This represents one of the few
attempts at employing biodegradable polymers for the design of implantable osmotic pumps
since difficulties in controlling the material properties and subsequent degradation processes,
limited the success of this approach. Although osmotic pumps made their way to the clinics,
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their employment for clinical use is strictly limited to a near-continuous drug administration
—not allowing for any modulation of the release rate.

Degradable polymers—Polymeric materials have shown great potential for their
application to drug delivery. Specific properties such as biodegradability and biocompatibility
make them convenient to serve as drug-delivery matrices. Fabrication techniques, (e.g. soft
lithography, direct deposition, three-dimensional printing, laser stereolithography, and
nanosphere lithograph) which are common to the semiconductor industry enable the fabrication
of polymeric structures with features ranging from 50 μm to 50 nm in size [162].
Nanostructured degradable polymers allow the achievement of near zero-order releases of
drug. Modifying the chemistry of polymers at the nano-scale allows for the inclusion of drug
nanoparticles in the polymeric matrix. For these reasons, different nanostructured polymers
are being studied for drug-delivery applications [163]. However, difficulties present when
attempting to control the polymeric degradation kinetics—an initial “burst effect” is typical
prior to reaching steady-state release regimes [164].

MEMS/NEMS—MEMS and NEMS (nano-electro-mechanical systems) represent two of the
most advanced technologies for the development of multifunctional fluidic systems. Ferrari
and colleagues focus their research on the fabrication and characterization of controlled
diffusive transport in silicon nano-channel membranes [165,166]. The constrained motion of
the molecules in nano-channels was demonstrated to affect the subsequent concentration-
driven transport kinetics. By judiciously tailoring the surface chemistry and nano-channel
dimensions, a constant release of biological molecules, such as bovine serum albumin,
interferon-α and lysozyme, have been achieved in channel sizes ranging from 13 to 20 nm over
a period of weeks [123–126]. This approach enabled the attainment of concentration-
independent control over the molecular transport of drug by taking advantage of the surface–
molecule interactions at the nano-scale.

MEMS and NEMS devices can also accommodate valves, pumps and mixers which allow for
the precise transport of fluids and analytes in small quantities. As direct result of these
capabilities, MEMS and NEMS have been developed for a variety of applications [167,168],
including DNA analysis and sequencing [169,170], proteomics [171], metabolomics [172],
and the detection of biological molecules and chemicals. MEMS and NEMS technologies can
be applied to enable the development of innovative new drug-delivery devices that address the
therapeutic needs pertaining to modulating drug release profiles, such as programable, cyclic,
pulsatile, and/or continuous drug administration [133,173]. Several devices have been
developed and characterized for in vitro and in vivo drug-delivery applications that utilize
different approaches for modulating and triggering the release of the drug. For example, silicon-
based piezoelectric micropumps were micro-fabricated by photolithographic techniques to
achieve controlled drug release [174–176], while another embodiment incorporated sensors
into a piezoelectric micropump device that featured microneedles to control the release of
insulin for diabetic applications [177]. This sophisticated system was designed to
autonomously adjust the insulin dose according to a patient’s physiologic status. Additional
studies enabled fluid micropumping by employing a micro-fabricated thin film comprised of
a nickel–titanium (Ni–Ti) shape-memory alloy [178]. Despite the potential applications of
micropumping systems for drug delivery, moving components such as valves and pumps are
difficult to successfully integrate within a microfluidic system due to failure as the result of
mechanical stress and fabrication defects.

Other notable MEMS and NEMS approaches include those that are predicated upon the “burst
release” of drug payloads. Among these are a controlled release device that features an array
of micro-fabricated drug reservoirs capped by a gold membrane [179–182]. The devices
allowed for the selective opening of reservoirs by applying an electrical potential across the
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desired number of gold membranes. As a result, the ensuing electrochemical reaction created
soluble gold complexes and a complete dissolution of the membrane allowing for the drug
release. By employing this device, the pulsatile release of therapeutic drugs was demonstrated
in vitro and in vivo [181,183,184]. The studies demonstrated a comparable inhibition of tumor
growth in rats to subcutaneous chemotherapy administration [183]. A similar technology was
developed for the release of leuprolide by MicroCHIPS. The device presents an array of 100
reservoirs which can be individually activated. Release is achieved by removing the capping
platinum and titanium layer by an electrothermal method mediated by an applied current
[185]. The device design integrated wireless communication hardware, a power supply, and
electrical components into a sealed shell, and was capable of the pulsatile release of leuprolide
in a canine model for approximately six months [186]. Pulsatile release affords the
administration of discrete amounts of therapeutic agents at any predetermined time. However,
this system fails to achieve true continuous drug delivery and more closely resembles a multiple
injection routine.

Additional devices employing burst release were developed for emergency care applications.
The IRD3 device is a three layer MEMS [187] approach that employs a thick layer that
comprises the drug reservoir, a sealing layer, and an actuation layer. The device is controlled
through an applied current to the resistors fabricated within the actuation layer. The resistors
heat the solution generating bubbles. The increase in the pressure bursts the sealing membrane
allowing for the release of 20 μL of the drug solution in 45 s. The device was tested in vitro
with of arginine vasopressin. The device demonstrated promise for further development
[185], however, the study revealed that ~9% of the drug was degraded with respect to the
original state due to the heating employed for the drug release.

Additional MEMS and NEMS technologies have been developed for the electrokinetic
transport of molecules from a drug reservoir. The electrokinetic fluid transport has been
investigated for a variety of fluidic applications. At the micro-/nano-scale, the electrokinetic
phenomena enable the motion of ions or fluids by means of an applied electrical field; thus,
mechanical moving parts are no longer required to achieve the motion of molecules.
Electrokinetic transport has showed potential in applications such as drug delivery [188].
Electrokinetic membranes can be easily implemented by integrating electrodes into the device
design; avoiding the need of moving components which are often prone to failure [189].
Electrophoretic and electroosmotic transport mechanisms have been investigated ranging from
the macro- to nano-scale. Although both phenomena have been proven to be applicable to
molecular transport, nano-scale electroosmosis will be highlighted as an efficient mechanism
for the motion of molecules and fluids in channels [190]. Micro-/nano-channeled
electroosmotic pumps have been fabricated and characterized in view of their potential
application in implantable drug-delivery devices. Most studies, however, have developed
electroosmotic pumps, which employ high applied voltages to elicit liquid flow [191]. The
need for high applied voltages represents a limiting factor for the development of safe self-
powered drug-delivery implants. For this reason additional studies have analyzed low-voltage
driven electroosmotic devices. One of these studies employed nanomembranes that afford
operation at low voltages and are capable of producing a large range of pumping rates [190,
192]. In this context, parallel to the development of electroosmotic membranes, efforts have
been spent in integrating electronics and sensors for the next generation of sophisticated drug-
delivery devices. In this regard, Ferrari et al., are aiming to leverage their silicon nanomembrane
technology for the development of a nano-channeled artificial gland that is capable of sensing
environmental changes and equipped to appropriately respond with the controlled release of
drug from an electroosmotic silicon membrane. Such an advanced integrated technology
remains futuristic; however the promise of nanotechnology offers the technical potential to
facilitate the realization of such clinical endeavors.
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6. Nano-based injectable therapeutics
In the early 20th century, Paul Ehrlich, considered by many to be the father of pharmacology,
envisioned the concept of a “magic bullet;” a notion where malignancies in the body could be
treated by chemical substances equipped with a high affinity for that malignancy [193]. That
time, the notion seemed too avant-garde and outlandish taking into consideration the fact that
no agents and molecular disease targets were known. In the last decade, tremendous advances
have been made in understanding the pathological processes and identifying molecular
moieties specific for disease location. These incredible developments provide us with an
opportunity to design specific and efficient drug-delivery carriers utilizing biology and physics
of the diseased loci. As an example, the FDA has approved over 26 anticancer drugs for clinical
use in the last decade alone [194], as well as a vast variety of other therapeutic agents for a
wide range of conditions from cardiovascular disease to inflammation. Though the curative
potential of these drugs on the molecular level is indisputable, there are several limitations
which hinder clinical translation and success. Firstly, the physico-chemical properties of the
agents prevent them from being efficiently administered in the molecular form. As an example,
the polycyclic nature of the majority of drugs makes them practically insoluble in aqueous
environments [195]. Drugs such as paclitaxel and dexamethasone have water solubility values
of 0.0015 mg/mL [196] and 0.1 mg/mL [197], respectively, which makes them unacceptable
for intravenous injection in aqueous media. Even more prominent obstacles lies in the presence
of multiple biological barriers, preventing the administered drug or imaging agent from
reaching its target tissue. When administered in a solution, the distribution of an agent is highly
unspecific, with only 1 in 10,000 to 1 in 100,000 molecules reaching their intended site of
action [198]. This lack of specificity, resulting in a much higher dose to be administered for
obtaining the desired effect also largely affects the therapeutic window of the majority of drugs,
making the range between efficiently and toxicity very narrow [199]. Doxorubicin, possessing
prominent cardiotoxicity, represents an example of such an agent [200]. Taking these factors
into account, it would be desirable to chemically modify the drug with features that would
pharmacologically guarantee increased stability, solubility, and targeting to the site of action.
However, these alterations are more than often not viable. This realization is the fundamental
driving force behind the concept of nano-therapeutic drug delivery—to enable drug function
regardless of poor intrinsic pharmacological properties.

Nanovectors are being developed and investigated as carriers for individualized therapeutic
and imaging contrast agents based on the simultaneous, anticipated advantages of homing at
the diseased site, such as cancer lesions and atherosclerotic plaque. This behavior encounters
nanoparticles’ ability to cross the various obstacles, so-called “biobarriers”, located between
the administration site and the target organ. Historically, oncology represents the field of
medicine to which nanotechnology made the most prominent contributions. During the last 15
years, nanocarriers occupied an important niche in treatment of cancer patients, with liposomes
being the first commercially available drug nanocarrier for injectable therapeutics [201–203].
Liposomal doxorubicin has been granted with FDA approval in the mid-1990s for use against
Kaposi’s sarcoma. Later, it was also approved for metastatic breast cancer and recurrent ovarian
cancer therapy. Starting from this point, a variety of nanocarrier-based drug-delivery systems
have been in different stages of development, including particles with various compositions,
physico-chemical characteristics, geometry and surface functionalizations [9,204]. The library,
generated by all the possible combinations is gigantic, and clear considerations should be taken
when developing carriers for specific drugs or conditions.

There is a general taxonomy that can be applied to nanovectors, which divides them into the
three main subclasses or generations [9,201,205] as schematically shown in Fig. 4. The first-
generation of nanovectors describes nanoparticles that home into the disease site by using
passive mechanisms. The main subclass in this category comprise the liposomes [206],
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including those in clinical applications. In the case of cancer, liposomes utilize the enhanced
permeability of the neovasculature as the mechanism to localize into the disease site through
so-called the enhanced permeation and retention (EPR) mechanism [77,207]. The
extravasation of nanovectors is favored due to the presence of the large (several hundred
nanometers) vascular fenestrations on newly formed angiogenic vessels. The carriers in this
subcategory can posses some surface modifications with, for example, a polyethylene glycol
(PEG), making the nanovectors “stealth” and preventing their uptake by the RES. “Stealth”
particles have substantially prolonged circulation time and increasing the likelihood of tumor
homing [55,206,208,209]. Significant strides in the fields of chemistry and materials science
have yielded several other nano- sized carriers with immense potential for drug delivery,
including polymer–drug conjugates [210], polymer micelles [196], and dendrimers [211].
While first-generation of nanovector describes carriers with no active mechanisms of disease
site location and therapy, the second-generation of nanovectors encompasses delivery systems
with further functionality [212–216]. This functionality can be of two origins: (1) specific
molecular recognition moieties on the nanovector to receptors overexpressed on the tumor cells
or adjacent blood vessels (e.g. mAb-conjugated liposomes) or (2) a possibility for active/
triggered release of the payload at the diseased location (e.g. magnetic liposomes). Superior to
their precursors, employing additional complexities such as targeting moieties, remote
activation, and environmentally sensitive components, enables second-generation of
nanovectors to have additional emerging degrees of sophistication, though the second-
generation predominantly represents simply a progressive evolution of the first-generation
nanovectors. The fundamental problem of various obstacles on the way of therapeutics to reach
their target, has given rise to a paradigm shift in the design of nanoparticles with the emergence
third-generation particles. We strongly believe, that further developments of the nanovectors
for personalized therapy will rely on the third-generation of the carriers, or logic embedded
vectors (LEVs) [217]. LEVs are therapeutic multi-component constructs specifically
engineered to avoid biological barriers, in which the functions of bio-recognition, cytotoxicity
and biobarrier avoidance are decoupled, yet act in efficacious operational harmony. The ideal
injected chemotherapeutic strategy is envisioned to be capable of navigating through the
vasculature after intravenous administration, to reach the desired tumor site at full
concentration, and to selectively kill cancer cells with a cocktail of agents with minimal harmful
side effects.

Further in this manuscript, we will provide examples of nanovectors belonging to the three
above-mentioned generations for advanced therapy and imaging. These nanovectors
demonstrate immense potential for enhanced drug delivery, which will undoubtedly have a
high impact on the future of personalized medicine.

6.1. Drug delivery
6.1.1. The first- and second-generations of nanovectors
6.1.1.1. Liposomes: As it was mentioned above, the first generation of nanovectors
encompasses a delivery system that localizes into the lesion through passive mechanisms. The
homing to the disease site is driven only by the particles’ nano-dimensions, and is not related
to any specific recognition of the target. Nonetheless, localization through EPR as in the case
of tumor has been quite successful in particular in changing the pharmacokinetic behavior,
bioavailability and toxicity of the delivered drug. Liposomes are vesicular nanostructures
formed from phospholipid and cholesterol molecules—constituent components of cell
membranes [206]. These microscopic phospholipid bubbles with bilayered membrane
structures prove extremely advantageous for drug delivery given their inner hydrophilic
compartment that can encapsulate water-soluble drugs, as well as therapeutic proteins, DNAs,
and siRNAs. Non-PEGylated liposomes (Myocet™) and PEGylated liposomes (Doxil®) were
among the first liposomal systems in clinical use [206]. For the liposomal encapsulated
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doxorubicin, the elimination half-life for the free drug is only 0.2 h, but this increases to 2.5
and 55 h, respectively, for non-PEGylated and PEGylated liposomal formulations. Moreover,
the area under the time–plasma concentration profile (the AUC), which indicates the
bioavailability of an agent following its administration, is increased 11- and 200-fold for
Myocet™ and Doxil®, respectively, compared to the free drug [218]. Either through physical
entrapment within the nanoparticle, or via conjugation to constituent components, drugs are
effectively solubilized and habitually protected from enzymatic degradation and inactivation
[218]. Encapsulation into the liposomal carrier also causes a significant reduction in the most
significant adverse side effect of doxorubicin, namely cardiotoxicity, as demonstrated in
clinical trials [203,207,208]. Other liposomal drugs which are either currently in use or are
being evaluated in clinical trials include non-PEGylated liposomal daunorubicin
(DaunoXome®) and vincristine (Onco-TCS), PEGylated liposomal cisplatin (SPI-77) and
lurtotecan (OSI-211) [32].

Liposomes and other antibody-targeted nanoparticles, have also been the most investigated
example of the second-generation nanovectors [9,49,201,203,206,212,214,220,221]. The
additional functionality on the surface of the nanovectors enables specific recognition of the
ligands on the disease site. One of the main questions considering any targeting moieties on
the surface of nanovectors is the pro and contra of high or low binding affinity of the ligand
for its antigen or receptor. Inside the disease mass, when the binding affinity is high, there is
the ‘binding-site barrier’ which impairs the penetration of the carrier all the way through. The
main reason for that is the strong binding of an agent to the forefront of the target tissue blocking
further penetration in the deeper layers. On the other hand, for targets in which most of the
cells are readily accessible to the delivery system—for example, tumor vasculature and certain
hematological malignancies—a high binding affinity is desirable.

A variety of targeting moieties besides antibodies are under extensive investigation worldwide.
These include ligands, aptamers, small peptides and phage-display peptide binding to specific
target cell-surface markers or surface markers expressed in the disease microenvironment and
will be further discussed in our review [222,223]. Examples of other nanocarriers in the first-
and second-generations of nanovectors include metal nanoparticles for use in diagnostics
(further described in this manuscript) [224,225], albumin paclitaxel nanoparticles approved
for use in metastatic breast cancer [226], drug–polymer constructs dendrimers and polymeric
micelles which are described below.

6.1.1.2. Drug–polymer constructs: Much like liposomes, polymer–drug conjugates have
shown immense clinical potential early on as efficacious drug-delivery strategies. From a
historical perspective, polymer–drug conjugates were among the earliest nano-therapeutic
platforms explored for drug-delivery purposes and to achieve clinical translation [210]. At first
glance, the underlying principle of the strategy appears facile, simply involving conjugation
of drugs or proteins to water-soluble polymers. The polymers typically employed are
polyethylene glycol (PEG), N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers, and
polysaccharides such as dextran [209]. The specific advantages afforded by polymer–drug
conjugates for diseases such as cancer, for example, are similar to those of nanoparticles, chief
among them being increased blood residence times, reduced immunogenicity, and passive
targeting to tumors through the EPR effect. While attractive, a limiting factor includes the
requirement for the presence of functionalizable chemical groups on the drug molecules
[227]. Moreover, the small size of polymer–drug conjugates, typically <10 nm, means that
they can easily cross basement membranes in the glomeruli of kidneys and be quickly cleared,
leading to much shortened blood half-lives [32,228]. Nonetheless, these systems have found
widespread clinical acceptance, especially in cancer therapeutics.
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In the 1980s, Maeda and coworkers developed SMANCS, a conjugate of neocarzinostatin
(NCS) and poly(styrene-co-maleic acid) (SMA), later approved for clinical use in the early
1990s [229]. As a result of this conjugation, the blood half-life of NCS was extended to 10
times that of the free drug, yielding enhanced accumulation at tumor sites [230]. In 1994, PEG-
L-asparaginase (Oncaspar) was the first PEGylated enzyme approved for clinical use for
treatment of acute lymphoblastic leukemia [231]. This formulation rapidly showed its
advantages over free enzyme administration, mainly by reducing hypersensitivity reactions in
patients and prolonging the half-life of the enzyme to 357 h (compared to 20 h for enzyme
alone) [232]. Following the success of these polymer–drug conjugates, several HPMA–drug
conjugates were explored in clinical trials, and these included conjugation with well-
established anticancer drugs such as paclitaxel [233] and doxorubicin [234]. Presently, several
polymer–drug conjugate platforms can be found in all stages of clinical trials, including
dextran–doxorubicin, PEG–camptothecin, and polyglutamate–paclitaxel conjugates [210].

6.1.1.3. Polymer micelles: In the early 1980s, Ringsdorf and coworkers worked towards the
development of polymer micelles as drug-delivery vehicles [235]. The result of their efforts is
a promising platform with immense therapeutic potential presently on the cusp of clinical
translation. Polymer micelles are spherical, supramolecular constructs, with a size ranging from
10 to 100 nm, formed from the self-assembly of biocompatible amphiphilic block copolymers
in aqueous environments [236]. Briefly, the hydrophobic portion of the polymer forms a semi-
solid core, wherein drug molecules can be entrapped. All the while, the hydrophilic portion
forms a hydrating layer, protecting the carrier from opsonization and subsequent phagocytic
clearance by the RES [237]. The hydrophobic polymer components can be varied, and include
poly(D,L-lactic acid) (PDLLA), poly(ε-caprolactone) (PCL), and poly(propylene oxide) (PPO)
to name a few, with sizes ranging from 2 to 15 kDa [45]. The hydrophilic portion is typically
composed of PEG, although polymers such as poly(N-vinyl pyrrolidone) (PVP) and poly(N-
isopropylacrylamide) (pNIPAM) have also been explored [196]. Polymer micelles prove
attractive for drug-delivery purposes mainly because of their ability to solubilize hydrophobic
drugs within the cores. The innate chemistry of micelles, which includes a PEG component,
allows for the presence of a hydrophilic corona that prevents opsonization and RES uptake. It
is important to note at this time that ligands can be added to the hydrophilic portion of the
amphiphilic block copolymer for tumor targeting strategies [238]. Last but not least, the small
size of micelles leads to their preferential accumulation in tumor tissue through the EPR effect.

Currently, polymer micelles are being explored in various phases of clinical trials. Kataoka
and coworkers were able to formulate poly(ethylene glycol)–poly(L-aspartic acid) micelles
containing doxorubicin, and showed impressive preclinical antitumor efficacy [220]. This
formulation, known as NK911, displayed long blood circulation times, nearly tripling the half-
life of the free drug, and showed much reduced drug clearance [239]. Another micellar
formulation in clinical trials, Genexol-PM, consists of paclitaxel encapsulated within PEG–
PLA micelles. Findings from these studies have shown that the micellar formulation of
paclitaxel was much more tolerable than the clinically used formulation containing
Cremephor® EL, an excipient shown to lead to hypersensitivity reactions [240]. As a result,
Genexol-PM allowed for significant dose escalation of paclitaxel, which in turn translated into
antitumor responses in at least two patients who were previously unresponsive to traditional
paclitaxel administration [241].

6.1.1.4. Dendrimers: Dendrimers are polymeric vectors made of monomers that branch out
radially from a central core [211]. The size of these globular structures is typically on the order
of 10 nm, but this size can be fine-tuned simply by varying the dendrimer generation number.
In addition to their size, their architecture and chemical constitution (e.g. end-groups) can be
precisely controlled, a direct function of the step-by-step synthesis involved in dendrimer
fabrication [242]. While dendrimers can be formed from a variety of polymers such as

Sakamoto et al. Page 19

Pharmacol Res. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



polyesters and polyamines, the polymer of choice remains polyamidoamine (PAMAM) given
its stability, availability, and tolerability [243]. The resulting vehicle is an attractive platform
for drug delivery, in light of the presence of a central cavity and channels between dendrons
wherein drugs can be entrapped [244]. In addition to drug loading within these void spaces,
drugs can be grafted onto tailorable functional groups [245]. This affords the possibility of
incorporating not only multiple and different drug molecules within the same dendrimer, but
also multiple targeting ligands as well [246]. Of paramount importance for in vivo applications
is the ability of dendrimers to be functionalized with PEG, reducing their uptake by the RES.
Last but not least, the unique chemistry of dendrimers allows for the controlled degradation,
through depolymerization of dendrimers, which may in turn result in controlled drug release
profiles at the site of action.

While they have yet to find their way into the clinical arena, dendrimers are showing promise
as efficacious drug-delivery vehicles in several preclinical studies. Currently, dendrimers are
being explored as vehicles for transdermal, ocular, and oral drug-delivery vectors [247]. For
example, Jain and coworkers formulated artemether-containing dendritic micelles for
treatment of multidrug-resistant strains of malaria, resulting in a 15-fold enhancement of drug
solubility and increased stability [248]. For cancer chemotherapy, dendrimers have been
explored as carriers for a variety of drugs, including doxorubicin [249], 5-fluorouracil [250],
etoposide [251], and paclitaxel [252]. Recently, methotrexate-containing polyamidoamine
dendrimers, fashioned with folate for targeting purposes, were shown to reduce growth of
human KB tumors that overexpress the folic acid receptor in mice [221]. Hence, while still a
technology in its infancy, the field of dendrimer drug delivery has immense potential for
applications in a variety of diseases with a variety of administration routes. Although the
representatives of the second-generation have not yet been approved by FDA, there are
numerous ongoing clinical trials involving targeted nanovectors, especially in cancer
applications.

6.1.2. The third-generation of nanocarriers: logic embedded nanovectors—Third
generation nanovectors, such as multi-stage agents, are capable of more complex functions
which enable sequential overcoming of multiple biobarriers following a certain time/site
determined “logic” of events [217]. In these multitasking constructs each component is
responsible for a different task among the following: bio-recognition, protection from
degradation, avoidance of toxicity, overcoming biobarriers and efficient intracellular delivery.
These vectors are able to act in a pre-programable sequential manner, encoded in the properties
of the material. In these multi-stage carriers each stage performs part of the journey from the
site of administration towards the target lesion, negotiating one or more biological barriers,
and adding a degree of targeting selectivity in the process. To multiply the probability of
homing into the disease location, expertise in molecular biology, physics, mathematics,
chemistry and engineering are crosslinked. This novel generation of nano-therapeutics is
exemplified through the employment of multiple nano-based products that synergistically
provide distinct functionalities. These systems may incorporate imaging and therapeutic
component in such a manner that enables an individualization of therapy built-in in the vector.
The time dynamics of the evolution of the lesion do not necessarily require a change in cytotoxic
payload—the response to the evolution of the lesion and its microenvironment may be built in
the individualization of carrier.

Ferrari and colleagues have recently designed the multi-stage technology platform, which
incorporates the fundamental components of the above-described LEVs [38]. These are
comprised of nanoporous silicon microparticles that utilize their unique particle size, shape
and other physical characteristics in concert with active biological targeting moieties to
efficiently deliver payloads of nanoparticles to the disease loci, resolving sequential mission-
critical issues. The multi-stage drug-delivery system is predicated upon a Stage I nanoporous
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silicon microparticle that is specifically designed (through mathematical modeling) to exhibit
superior margination and adhesion properties during its negotiation through the systemic blood
flow en route to the tumor site. As an example, the optimal mathematical design of first-stage
vector particles with respect to margination [253,254], firm cellular adhesion [90,255],
internalization [37,89] was shown and the initial biodistribution studies translating the rational
design into the in vivo data were performed. Through using the photolithographic techniques
and bioconjugation methods it is possible to yield an exponential amount of particle
configurations by modifying the size and shape of “first-stage” particles and choosing specific
surface characteristics, to meet the criteria chosen by the design maps (Fig. 2). These first-
stage particles enable efficient margination of the vector in the blood vessels as well as the
recognition of the diseased vasculature. The “mother-ship” first-stage vectors carries within
its biodegradable nanoporous structure various payloads, or the second stage nanovectors,
which can essentially be any of the above-mentioned first or second generation vectors [38,
203]. It has also demonstrated that the release profiles of the second stage vector from the
multi-stage particle can be finely tuned to take place at different times, and through different
paths, particles can be intracellularly internalized [37,256] to deliver their payloads to different
subcellular structures. The multi-stage drug-delivery system is emblematic of third-generation
nanoparticle technology, since the strategy combines numerous nanocomponents to deliver
multiple nanovectors to a tumor lesion. The versatility of this LEV platform allows for a vast
variety of applications.

Other examples of the third-generation nanovectors include nanoshuttles [58,215] and
‘nanocell’ [257] vectors. Nanoshuttles are the biologically active molecular networks
comprised of self-assemblies of gold nanoparticles within a bacteriophage matrix. These
systems combine various functionalities encoded in their structure: the biological targeting
capabilities phage-display peptides and gold nanoparticles with hyperthermic response to near-
infrared radiation, CT imaging contrast and surface-enhanced Raman scattering detection.
‘Nanocell’ nanovectors are “disease inspired” systems comprised of a lipid-based nanoparticle
enveloping a polymeric nanoparticle core, each of the components of the system encapsulates
different therapeutic agents that are released in a sequential, time-sensitive manner. As an
example, a conventional chemotherapeutic drug (e.g. doxorubicin) is conjugated to a polymer
core and an anti-angiogenic agent (combretastatin) is entrapped within the lipid envelope. The
carrier is localized to the tumor site through the above-mentioned EPR effect, and then the
sequential time release of the anti-angiogenic agent, followed by the cytotoxic drug, provides
an efficient time-sensitive combination therapy.

To summarize, the last century has witnessed the discovery of a vast arsenal of agents for
diseases ranging from cancer to cardiovascular disease. And while efficacious in in vitro
settings, their unique chemistry, narrow therapeutic windows and unfavorable tissue
distribution, due to the multiplicity of obstacles, precludes their successful translation to the
clinics. Presently, nano-scale drug-delivery vehicles continue to enable the use of preexisting
drugs by providing longer circulation times, greater tolerability, and site specific delivery;
factors that result in better patient outcomes. And while future drugs become more and more
specific in their mechanisms of action, the future of nanotechnology in drug delivery will surely
shift towards functionalization of these vehicles, moving towards LEV as the vector of choice
to provide multiple therapeutic benefits with the hopes of affording the patient the most
personalized mode of therapy possible.

6.2. Nanovectors for thermal ablation
6.2.1. Thermal ablation: the concepts—The standard of care for patients with
unresectable malignancies is chemotherapy and external-beam radiation. When these fail,
innovative treatments are sought. These currently include local thermal ablation under
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ultrasound or computed tomography guidance [258–260]. Thermal ablation is a cancer
treatment modality that uses heat to destroy a tissue or to impair its function. It has been
routinely used in the clinics for treatment of uterine bleeding, atrial fibrillation primary lung
and liver cancers and liver metastasis [261,262].

Ablation is achieved by using various heating sources, like laser light, focused ultrasound,
microwaves, radiofrequency field and magnetic resonance. Traditionally, the most common
method used, radiofrequency ablation (RFA), is based on radiofrequency electric fields that
utilized the natural differences in properties of the normal and carcinogenic tissues to achieve
differential heat deposition. RFA has been used for the treatment of primary and metastatic
liver tumors and is credited with a low occurrence of side effects. This treatment is most suited
for small numbers of lesions since each must be targeted individually. The goal of RFA therapy
is to destroy the entire tumor and at least a 0.5 cm margin by heating the tissue to 50–100 °C,
causing “coagulation necrosis” [263]. Radio waves produce heat by ionic agitation (resistive
forces) as they travel from the implanted electrode tip to the ground source placed outside the
body [264]. Therapeutic response is typically monitored by CT or FDG-PET. Studies have
shown that RF energy has low tissue specific absorption rates (SAR) and therefore, has
excellent whole body tissue penetration with documented safety in humans exposed to an RF
field for 10 min up to several hours [265,265].

However, the difference in sensitivity of normal and abnormal tissues is too small, thus normal
tissue can also be damaged under irradiation, further the heterogeneity of electrical
conductivity of tissues makes selective heating very difficult. To overcome this problem and
increase the contrast between the two tissues, nanovectors are being studied for effective
treatment. Gordon et al. suggested the use of submicron particles to enable cellular uptake and
cause intracellular hyperthermia, thereby increasing the selectivity of the thermal destruction
[266]. Introduction of nano-scale devices have prominent advantages of increased sensitivity
to radiofrequency energy, lower required doses and exposure times, selective delivery, and
improved homogeneity of heat induction.

The nanovectors, used for thermal ablation therapies include superparamagnetic iron oxide
nanoparticles (SPIONs), paramagnetic copper–nickel alloy nanoparticles, magnetite cationic
liposomes, carbon particles (single walled carbon nanotubes and fullerenes), gold nanoparticles
and nanoshells. By definition, these nanoparticles include the second and the third-generation
nanovectors that could be injected directly into the tumor or local (e.g. hepatic) vein and heated,
or conjugated with ligands to enable active targeting, respectively. Below, a brief overview
will be provided on different classes of nanovectors used for thermal ablation therapies.

6.2.2. Thermal ablation using magnetic nanoparticles—One option for thermal
ablation includes seeding the tumor with magnetic nanoparticles for selective generation of
heat in the tumor. Iron oxide nanoparticles have a very good magnetic properties that when
placed in an alternating magnetic field gets heated up by hysteresis loss, induced eddy currents
and Neel relaxation [267]. In a study by Hilger et al. [268], three sizes of Fe3O4 nanoparticles
(i.e. SPIONs) were tested for heat induction in human breast adenocarcinoma xenografts
established by subcutaneous administration in immunodeficient mice. Tumors were loaded
with 7.7 ± 2.3 mg magnetite per 100 mg tissue. At a magnetic field amplitude of 6.5 kA/m and
400 kHz frequency the rate of energy per mass of SPIONs (i.e. specific absorption rate) was
higher for smaller nanoparticles (10 vs 220 nm). Mice were exposed to an AC magnetic field
for 4 min, amplitude 6.5 kA/m; frequency 400 kHz using a circular coil applicator. At sites
containing magnetite agglomerates, temperatures were elevated between 18 and 55 °C.
Limitations included nonhomogeneous particle distribution and migration of particles from the
tumor tissue. Similar limitations were experienced in human Phase I studies for the treatment
of prostate cancer, specifically suboptimal intratumoral distribution of magnetic nanoparticles
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[269]. The key to optimization of this technique is the future of less invasive targeted delivery
of magnetic nanoparticles to the tumor.

In a recent study [270], rabbits with malignant kidney tumors were implanted with super
paramagnetic iron oxide nanoparticles (SPIONs) using CT guided placement and exposed to
an alternating electromagnetic field (0.32 kA/m) for 15 min. The resulting tumor necrosis was
verified by CT perfusion imaging and histological evaluation. In an earlier study by the same
group [271], a single injection of SPIONs (8–10 nm) was compared to continuous infusion
during exposure to the magnetic field. Continuous infusion of SPIONs resulted in a larger zone
of necrosis compared to the single injection, however, irregular ferrofluid distribution lead to
highly variable coagulation necrosis volumes.

In a study by the German Research Foundation, cobalt–palladium thermoseeds were implanted
in the prostate of 57 cancer patients [272]. In six weekly sessions hyperthermia was induced
using a magnetic field along with 3D-conformal radiotherapy of 1.8 Gy. Temperature
elevations between 42 and 46 °C were achieved, with no major side effects. Evaluations of
efficacy are ongoing but early studies show a steep decrease in PSA levels, a marker for prostate
cancer.

6.2.3. RF and NIR ablation with carbon nanoparticles, gold nanoparticles and
nanoshells—Among the most interesting examples of the second-generation of the
nanovectors are gold nanoparticles and nanoshells that can be remotely activated by near-
infrared light (NIR, 650–950 nm) [273] as schematically presented in Fig. 4 (middle panel A).
Generally, gold nanoparticles were reported to be biocompatible [274–276].

Treatment of mammalian and human cancer cells with gold or carbon nanoparticles in vitro
and in vivo followed by brief treatments in a non-invasive shortwave RF field has been shown
to produce thermal cytotoxicity in the malignant cells [277–281]. A treatment strategy based
on molecular targeting of gold nanoparticles to cancer cells to create RF-induced hyperthermic
cytotoxicity has several advantages: gold and carbon nanoparticles are simple and inexpensive
to synthesize; they are easily characterized due to the signature optical absorptions; their
surface chemistry readily permits manipulation of charge and shape; and attaching cancer cell
targeting molecules, including antibodies, peptides, or pharmacologic agents, is easily
achieved. Lastly, a major advantage to using 5–10 nm diameter gold nanoparticles is the ability
of nanoparticles to penetrate effectively through pores and fenestrations in the neovasculature
of solid tumors [282]. These physico-chemical and biologic properties allow targeted gold
nanoparticles to gain access to the surface of cancer cells and bind to identified target surface
ligands or receptors, followed by internalization into the cytoplasm of the cells [278]. These
intracytoplasmic gold nanoparticles can then be activated by absorption of RF energy to release
heat sufficient to produce thermal cytotoxicity in the cancer cells. Finally, an additional
advantage of gold for therapeutic use is that it is already used clinically to treat some patients
with severe rheumatoid arthritis and is known to have a low toxicity profile. Carbon fullerene
nanoparticles (nano-C60) have the advantage of being even smaller (~2 nm) than traditionally
used AuNPs, can be functionalized with a number of biologic molecules, and can be loaded
into cancer cell targeting antibodies without altering the binding capacity of the antibody
[283].

In a recent study DNA-encasement of multi-walled carbon nanotubes (MWNTs) was shown
to enhance absorption of NIR energy and subsequent heat conversion. In this study thermal
effect was proportional to irradiation time and laser power and DNA-encasement required
threefold less concentration of the MWNTs to produce the same shift in the temperature of the
bulk solution. Further, intratumoral injection of MWNTs followed by irradiation with NIR
laser resulted in complete eradication of the prostate cancer xenograft tumors in mice [284].
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Nanoshells are composed of an ultrathin metal shell surrounding a dielectric core [285]. Gold-
coated nanoshells with silica core can be developed to prominently absorb light in the NIR
wavelength region and since live tissues do not posses significant absorption in this region, it
provides a pan for the selective ablation [286]. NIR-absorbing nanoshells have been used for
cancer therapy [273,287]; showing up to 100% regression of tumors after photothermal
treatment [288]. In these works nontargeted nanoshells localized passively in the tumor based
on EPR mechanism. Further degree of selectivity is achievable through linking gold
nanoparticles and nanoshells to antibodies that recognize target cells enabling active targeting
of the abnormal cells prior to applying near-infrared light or radiofrequency energy source to
heat them up, thus minimizing non-specific adverse reaction. The gold surface allows easy
conjugation of biomolecules to the surface by the use of a poly(ethylene glycol) (PEG) linker
with a sulfur moiety. The targeting moieties for gold nanoparticles and nanoshells that were
reported in the literature include Eph, HER-2, aptamers, EGF, guanylyl cyclase C ligands
[289–294]. As an example, targeting towards Eph receptors, which belong to a tyrosine kinase
family of proteins overexpressed in many types of cancers, including prostate, lung,
esophageal, melanoma, leukemia colorectal, cervical, ovarian, and breast cancers [295,296],
have shown specific binding to PC-3 cells overexpressing Eph receptor. Subsequent
photothermal therapy with NIR light selectively killed PC-3 cells, demonstrating the efficacy
of targeted nanoshell therapy [293].

Tissue thermal ablation using nanovectors as specific thermal agents has a great potential of
treating unresectable tumors with high specificity, which can be personalized based on the
ligand attached to the particle surface. The ideal system in this case is envisioned to be capable
of navigating through the vasculature after intravenous administration, to reach the desired
tumor site at full concentration, and to selectively kill cancer cells with remotely applied energy.
Some of the above-mentioned systems are now being tested in various clinical trials.

7. Nano-based contrast agents
Advances in the molecular characterization of disease have motivated the development of
molecular-specific contrast agents. The purpose of these contrast agents is to facilitate the non-
invasive detection and visualization of morphological and biochemical changes that influence
disease and/or its response to therapy. Progress in this field has been driven largely by
applications in oncology, from the identification of specific molecular pathways associated
with tumorigenesis to the clinical monitoring of cancer biomarkers before and after treatment
[297]. The integration of new molecular-specific contrast agents with more conventional
diagnostic imaging techniques is expected to have a major impact on the detection, diagnosis,
and decision-making for personalized molecular-based treatment.

Molecular-specific imaging is already in clinical practice today. Positron emission tomography
(PET), single-photon-emission computed tomography (SPECT), and magnetic resonance
imaging (MRI) are some of the first clinical imaging modalities capable of generating images
with molecular specificity. These technologies monitor the localization of different
exogenously administered contrast agents to collect information about tissue anatomy,
physiology, and metabolism. New contrast agents for these and other imaging modalities are
continually being introduced in order to enhance clinical care.

Nanoparticles have been proposed as a promising platform technology for the synthesis of
molecular-specific contrast agents. Advantages of nanoparticles include high contrast, tunable
size, shape, and surface properties, ease of integrating multiple functionalities, and long
circulation times [298,299]. A variety of nanoparticle platforms are currently in development
for a range of clinical indications, including superparamagnetic agents, metal nanoparticles,
liposomes, and more. Each of these platforms differs in bioavailability, pharmacokinetics,
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toxicity, immunogenicity, and specificity. Thus it is likely that a variety of different and
specialized nanoparticle platforms will be required for targeting different disease processes.
Several nanoparticle-based contrast agents have entered the market and additional products
are currently undergoing clinical testing or entering the pipeline.

7.1. Nanoparticle-based contrast agents approved for clinical use
The first nanoparticle-based contrast agents were developed to compete with gadolium(Gd)-
based contrast agents for MRI. However nanovectors for imaging that are currently in clinical
use are all based on SPIONs. To-date, two intravenous formulations have reached clinical use
and one additional formulation has been approved for oral use (Table 2). SPIONs are the first
nanoparticle system to be clinically approved for in vivo imaging. In 1996, Feridex I.V.®
(ferumoxides injectable solution) was introduced as the world’s first organ-specific MR
contrast agent. Later, Resovist® (ferucarbotran injectable solution) was approved in the
European Union (EU), Australia, and Japan for the detection and evaluation liver lesions using
MRI. Both Feridex I.V.® and Resovist® are considered “negative” contrast agents: their iron
content produces strong local disruptions in the magnetic field of MRI scanners, leading to
increased T2* relaxation and decreased signal intensity in areas of nanoparticle accumulation.
These contrast agents rely on passive targeting strategies to detect alterations in the
reticuloendothelial system (RES), making normal liver, spleen, bone marrow, and lymph nodes
appear dark. Inflammation, scarring, and most focal lesions of the liver reduce the uptake of
SPIONs, producing localized regions of signal [300].

A key advantage of SPIONs in comparison to other heavy-metal based MRI contrast agents is
their ability to integrate physiologically. Iron and iron oxides are metabolized, stored in
intracellular pools as ferritin, and incorporated into hemoglobin. Dose escalation studies in
rodent models elicited no identifiable side effects at 100 mg iron/kg [301], a dose well above
that used for MRI procedures (<5 mg/kg). Radiotracer and histological studies in rodents have
demonstrated that nanoparticulate iron becomes part of the body iron pool, first accumulating
in the RES and then slowly disappearing over the course of 14–28 days [302–304]. In humans,
intravenous administration of iron oxide nanoparticles coated with semi-synthetic
carbohydrates was found to safely increase mean blood hemoglobin concentrations by
approximately 1.0 g/dL over a 35-day period [305]. As a result, in June 2009, Feraheme™

(ferumoxytol injectable solution) was approved for the treatment of iron-deficiency anemia in
adult patients with chronic kidney disease. Ongoing clinical trials are evaluating the suitability
of ferumoxytol as an MRI contrast agent for nervous system disease, brain neoplasms, and
peripheral artery disease.

These first-generation SPIONs will likely play an important role in advancing personalized
medicine. Feridex I.V.® is administered as a slow infusion in conjunction with delayed phase
imaging and is therefore well suited for the detection of small focal lesions with high accuracy,
particularly when images are collected before and after contrast agent injection [306,307].
Resovist® can be administered as a rapid bolus and can therefore be monitored using dynamic
imaging to produce higher liver-to-tumor contrast [308]. New applications of these contrast
agents are also being actively pursued, including the pre-operative staging of pancreatic cancer
(currently in Stage IV clinical trials), monitoring of tissue margins following radiofrequency
ablation to predict tumor recurrence [309], non-invasive differentiation of hepatocellular
cancer grades [310], and the monitoring of macrophage infiltration into other pathologic tissues
[311]. There is also interest in using SPIONs to track cell movement in vivo following
transplantation (reviewed in [312]) for the long-term goal of developing and monitoring
personalized cell-based therapies.
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7.2. Nanoparticle-based contrast agents in clinical trials
Increasing numbers of nanoparticles are currently undergoing clinical trials (Table 3). The most
advanced nanoparticles are still based on the SPIO platform, but vary in surface coating, size,
and function. Also under investigation is the first molecular-specific, nanoparticle-based
injectable contrast agent. These contrast agents are described in further detail below.

Combidex®(ferumoxtran-10) is an ultra-small (20 nm diameter) SPIO (USPIO) coated with
low-molecular weight dextrans under development for lymph node imaging. Following
intravenous administration, these nanoparticles are phagocytosed by macrophages and
accumulate in benign lymph nodes. Disturbances in lymph flow and/or nodal architecture lead
to abnormal patterns of nanoparticle accumulation that can be detected by MRI [313]. Although
Combidex® has been approved for use in some EU countries, it has had difficulty gaining
widespread regulatory approval due to a high false-positive rate. For example, a recent multi-
center study evaluated the use of Combidex® and MRI to identify lymph node metastases
occurring outside the normal area of pelvic lymph node dissection in 296 patients with prostate
cancer [314]. There was a 24.1% false-positive rate in this study, leading to unnecessary
surgical interventions. Based on advice from the FDA, Combidex® is currently undergoing
additional clinical trials in attempt to better define the specific applications for which
Combidex® is both safe and accurate. These potential applications include the screening and
assessment of therapeutic response to “anti-inflammatory” interventions [315], the imaging of
brain and pelvic neoplasms, lymph node staging in prostate cancer, and the prediction
abdominal aortic aneurysm instability.

Two SPIOs are under clinical investigation as contrast agents for MR angiography (MRA).
Supravist® (Ferucarbotran), a T1-weighted reformulation of Resovist®, has been developed
for “positive” detection of blood pooling. Supravist® has shown promising results using both
first-pass and steady-state angiography following bolus injection [316], comparable to those
achieved using gadolinium(Gd)-based contrast agents [317]. Phase III clinical trials in patients
with peripheral artery disease and renal vascular disease have been completed but not yet
published [318]. VSOP-C184, a 7 nm citrate-coated SPIO formulation, has also generated first-
pass images equivalent to those using Gd-based agents [319]. Phase I clinical trials have
demonstrated favorable safety, tolerability, and efficacy data [320]. Such nanoparticle-based
MRA agents are expected to advance angiography as imaging modality for personalized
medicine, since their long plasma-half-life is well-suited for detection of small vessels with
slow and/or complex flow [321]. Potential applications tested in humans and/or animals include
perfusion imaging [322], functional imaging [323], dynamic detection of bleeding [324], and
the characterization of tumor-related angiogenesis [325].

The first molecular-specific nanoparticle-based contrast agent, an engineered compact three-
helix bundle (i.e. affibody®) that binds Her-2, is poised to enter Phase I clinical trials. In August
2009, Affibody AG announced that it has obtained the final approval and funding for a Phase
I study of its ABY-025 compound. Her-2 is a growth factor whose over-expression is associated
with more aggressive and malignant breast cancer phenotypes [326,327]. In clinical practice
today, breast cancer treatments are selected based on the expression (or lack) of specific
biomarkers including Her-2. And while treatments are personalized based on disease
stratification, there is no available method for detecting or monitoring changes in Her-2
expression in a non-invasive manner. The 18F-labeled ABY-025 affibody® has the potential
to revolutionize how and when Her-2 specific treatments are administered. In animal studies,
ABY-025 allowed the direct assessment of Her-2 expression in vivo using PET and the
monitoring of changes in Her-2 expression following therapeutic intervention [328]. In
humans, this technique could be used to detect Her-2 expression without the need for biopsy,
both before and after treatment. It is easy to envision that this approach could be used to perform
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regular non-invasive follow-up studies to evaluate treatment efficacy for on-demand therapy
tailoring.

7.3. Nanoparticle-based contrast agents in preclinical development
The recent success of nanoparticle-based contrast agents has led to the development of more
complex nanoparticle systems. A search of the NIH Molecular Imaging and Contrast Agent
Database (MICAD) reveals over 40 nanoparticle-based systems in preclinical development.
These systems utilize a variety of different chemical, physical, and biological properties for a
range of clinical indications. The latest designs in nanoparticle-based contrast agents are
comprised of one or more contrast generating materials (para/superparamagnetic, radioactive,
electron dense, or fluorescent), bioactive targeting moieties (peptides, antibodies, growth
factors, etc.), a biocompatibility coating (carbohydrates, polymers, etc.), and other promising
surface functionalizations (Fig. 5). These nanoparticles are generally designed and assembled
in a modular manner, allowing multiple properties to be integrated at desired ratios. Besides
SPIOs, the most common nanoparticle platforms include non-magnetic metals, liposomes,
synthetic carbon structures, polymeric nanoparticles, and emulsions (Table 4).

New classes of superparamagnetic nanoparticles, as well as nanoparticles similar to those in
clinical trials, are being tested for use with MRI. USPIONs, which have demonstrated higher
liver-to-tumor contrast than conventional gadolinium and SPION contrast agents [308], are
under investigation for cancer and inflammation detection [340–344]. New classes of SPIONs
include magnesium-doped iron oxide (MnSPION) and magnetism-engineered iron oxide
nanoparticles (MnMEION) [346,347] for MRI contrast enhancement, and crosslinked iron
oxide nanoparticles (CLION) for the controlled addition of nanoparticle surface modifications.
MnMEIONs have been used to study in vivo cancer biomarker expression [346] and perform
sentinel lymph node mapping in animals. CLIONs, comprised of a magnetite core caged by
dextran and functionalized with amine groups, have been developed for a wide range of clinical
indications [350–358].

Nanoparticles containing non-magnetic metals have fluorescent and scattering properties that
make them attractive for optical imaging. Gold nanoparticles, for example, can be designed to
absorb or reflect light at specific wavelengths [390]. Nanoshells and solid particles of various
size, shape, and surface properties have been tested preclinically as optical contrast agents
[287,359,360]; however, their optical properties have not yet been validated in humans. The
electron density of gold has also made it a popular for X-ray computed tomography (CT)
[391], although it is not yet clear whether gold is the best material for this use [392]. Quantum
dots (QDs), another popular metal nanoparticle platform [361–364,366], provide excellent
contrast for fluorescence imaging. These nanoparticles have a broad excitation window, a
narrow emission window, high quantum yield, and minimal photobleaching. Interest in use of
QDs has resurged with advent of heavy metal-free quantum dots, which are expected to have
less toxicity than earlier designs [393].

Liposomes present a popular platform for contrast agent design. Comprised of natural or
synthetic amphiphilic lipid molecules arranged in bilayer membrane structure, liposomes can
encapsulate a range of hydrophilic and hydrophobic agents. Lipids functionalized with
polymers, targeting moieties, radiolabels, and/or paramagnetic ions can be intercalated into the
membrane structure to provide unique surface properties [394]. To date, several liposome
formulations have been clinically approved for therapeutic applications, validating the clinical
promise of this approach. Liposomes bearing contrast sources are under development for CT,
PET, SPECT, MRI, MRA, and optical imaging [337,367–373]. For example, liposomes loaded
with an electron-dense iodinated aqueous interior have been proposed for CT imaging, offering
significant advantages over more traditional CT contrast agents [373].
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Carbon nanotubes and fullerenes have shown promise as contrast agents for a variety of
imaging modalities. These synthetic molecules respond to local dielectric changes, allowing
them to absorb and emit light without photobleaching for near IR imaging [374,395]. More
recent approaches have used these molecules as a structural backbone for the incorporation of
alternative contrast sources, including confinement of gadolium ions within the carbon
structure [377] and functionalization of the exterior with radio-and fluorescent labels [378–
380]. A major advantage of single-walled (SWNT) and multi-walled (MWNT) nanotubes is
that a single molecule provides many potential attachment sites, allowing different surface
functionalizations and their replicates to co-exist [378]. As a caveat, synthetic carbon-based
molecules have not yet been tested in humans.

Many other nanoparticle platforms are also under investigation. Polymers offer a flexible
approach for the controlled assembly, functionalization, and degradation of contrast agents
[396]. Dendrimers, like carbon nanotubes, provide a large number of functional sites for
contrast agent and targeting moiety attachment [397]. Lipid-based emulsions and micelles,
which are structurally distinct from liposomes, have also demonstrated promise as in vivo
contrast agents [398,399]. Nature-derived nanoparticles including viruses and bacteriophages
are also under development but few have been tested in animals.

7.4. Design trends for individualized medicine
Many of the new nanoparticle systems in development contain active targeting moieties. These
moieties are used to enhance the specificity of contrast agents, resulting in the localized
accumulation of contrast agents at the molecular target of interest. Targets include cancer
biomarkers (e.g. Her-2, EGFR, integrin αvβ3, PSMA, CD20), inflammatory biomarkers (e.g.
E-selectin, ICAM-1, VCAM-1), apoptosis markers, and many others. An early example of
molecular-specific targeting for in vivo imaging was provided by Weissleder et al., who used
monocrystalline iron oxide functionalized with antimyosin Fab fragments to detect myocardial
infarcts in rats [400]. More recently, considerable effort has been directed towards the rational
design of targeting moiety attachment [49]. It has been demonstrated, for example, that
nanoparticles can accommodate multiple small ligands, enabling multivalent targeting to one
or more biomarkers and increasing target affinity for individual probes [401]. Mathematical
models that consider parameters such as ligand density, ligand accessibility, and receptor
distribution have been used to successfully improve nanoparticle specificity in vivo [402,
403].

Molecular-specific nanoparticle-based contrast agents have the ability to provide information
that is not readily available using conventional techniques. In the simplest case, intravenously
injected contrast agent could be used to non-invasively detect the expression of biomarkers
important for disease diagnosis and treatment selection, without the need for biopsy. Many
nanoparticle-based contrast agents in preclinical testing today are designed around this
principal. The design of contrast agents with long circulation times, or the repeat administration
of contrast agents, would facilitate dynamic monitoring of how biomarker expression changes
with time, which is important for determining disease progression and response to therapy.
More complex contrast agents, also known as “smart” bioprobes, could be used to collect
functional information from specific molecular targets. In cancer, for example, elevated
telomerase activity is associated with poor prognosis and increased risk of recurrence [404–
407]. Measurement of telomerase activity and other prognostic proteins could be used for the
smarter selection of personalized therapy.

Another emerging trend in the field of nanoparticle-based contrast agents is the synthesis of
multi-modal particles, i.e. particles that can be detected using two or more imaging modalities.
An elegant example is the protease-activatable CLION developed by the Weissleder group
[350]. Multiple Cy5.5 molecules are bound in close proximity along a polymer backbone
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encapsulating the iron oxide particle. The fluorescent emission remains quenched until
cleavage of the lysine–lysine bonds by specific enzymes such as cathepsin-B. When injected
into atherosclerotic-prone mice, nanoparticle fluorescence was found to co-localize with
histologically confirmed atherosclerotic regions [408]. The uptake of this nanoparticle by
macrophages was subsequently studied in the infarcted myocardium of mice. In vivo
fluorescence tomography images showed co-registration with MR images, demonstrating the
possibility of simultaneously monitoring macrophage localization and activity with a single
contrast agent [409]. Besides CLIOs, other multi-modal nanoparticles tested in animals include
radiolabeled QDs [364,365], gadolium-coated QDs [366], radio-labeled dye-filled liposomes
[369,370], and fluorescently labeled gadolium-encapsulating liposomes [371].

The combination of data from multiple imaging techniques offers many advantages over data
collected from a single modality. Potential advantages include: improved sensitivity and
specificity of disease detection and monitoring, smarter therapy selection based on larger data
sets, and faster assessment of treatment efficacy. The successful combination of imaging
modalities, however, will be difficult to achieve with multiple contrast agents. Multimodal
contrast agents stand to fill this niche by providing spatial, temporal, and/or functional
information that corresponds with anatomic features of interest.

There is also great interest in the design of multi-functional nanoparticles, such as those that
combine contrast and therapeutic agents. The integration of diagnostics and therapeutics,
known as “theranostics”, is attractive because it allows the imaging of therapeutic delivery, as
well as follow-up studies to assess treatment efficacy. The Wickline group has extensively
studied perfluorocarbon-based emulsions targeted to various atherosclerotic plaque lesions
components including the Integrin αvβ3 integrin [384], fibrin [385], and collagen type III
[386]. Their innovative use of gadolium-containing lipids around a perfluorocarbon core allows
both 19F and conventional MR imaging. Animal studies were performed in which Integrin
αvβ3-targeted nanoparticles containing the anti-angiogenesis drug fumagillin were repeatedly
administered to atherosclerotic rabbits [384]. In the first round, the theranostic showed
significant accumulation at the atherosclerotic lesions. A week later, a second round of
theranostic injection showed little accumulation in the same regions, which the authors
attributed to the successful anti-angiogenic effect of the first injection. This study supports the
idea of detecting disease, targeting therapies, and assessing therapy response with a single
nanoparticle agent. Other theranostic nanoparticles currently under development include
siRNA CLIONs [358], siRNA molecular beacons [410], polymer-coated SPIOs [411,412], and
liposome-encapsulated quantum dots [413].

8. Nanotechnology in tissue engineering
8.1. Benefits of nanotechnology and of nanomaterials in tissue engineering

To achieve optimal tissue growth, the natural extracellular environment must be mimicked for
the necessary cell adhesion, mobility, and differentiation to occur [414]. Synthetic polymers
meet most demands for tissue engineering (TE) scaffolds; they are capable of serving as bulk
mechanical and structural platforms as well as enable the molecular interactions with the cells
that are necessary to induce tissue healing. Most of the synthetic polymers used in TE are non-
toxic, consistently available, inexpensive to create, and easy to alter [415]. However, they often
lack the ability to create biological cues as natural polymers do in order to induce a desired
cell response [416]. For this to happen, the cells rely on several topographical and
physiochemical signals. These signals can be provided either by the proteins contained in the
extra cellular matrix (ECM) or by the growth factors that bind to the receptors present on the
cell surface. As the cells move over a natural matrix or an artificial scaffold, they sense the
presence of grooves and ridges through the extension and retraction of filopodia [415]. Through
this interaction, the cells determine their behavior, adjust their response to the environment,
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and regulate their terminal differentiation [414]. In response to these phenomena, the relevance
of chemical modifications and physical features at the nano-scale proves crucial in the
development of the ideal scaffold for the repair and growth of tissue. The emergence of
nanotechnology offered a new toolset for the discovery, engineering and manufacturing of
nanopatterned surfaces, and nanostructured scaffolds for implantable devices. Moreover,
nanotechnology offers novel and improved solutions for the localized release of the
biomolecules and growth factors that are needed in any TE approach. Nanotechnology in TE
overcomes many downfalls that micron structured implants face, such as infection, chronic
inflammation, and poor binding with the surrounding tissue. To improve these issues, nano-
scale features have been implemented, providing enhanced biointegration [417]. Natural
tissues contain various nanometer features because of the presence of collagen fibrils and other
proteins that are less than 100 nm in one dimension [417]. The nanometer-scaled surface
structures enhance cellular response through mimicking natural tissue. Due to the tunability
and adaptability of the manufacturing processes, several different scaffold types can be
obtained and ideally optimized for the particular needs and requirements of the individual
patient or application. Currently, nanomaterials have been proven to assist in the restoration
of several tissues and organs as seen in Fig. 6 [417].

8.2. Nanostructured scaffolds
The primary approach to achieve optimal tissue repair is to implement a scaffold capable of
mimicking the structure of the tissue [418]. In order to ensure the host cell colonization the
scaffold, besides being biodegradable and biocompatible, has to be capable of replacing the
function of the extracellular matrix [414]. Nanofibrous scaffolds physically resemble the
extracellular environment needed for tissue repair and growth and have been proven to be
advantageous over other materials for several reasons. Their high surface area and porous
structure promote the colonization of the host cells as well as the necessary exchange of
nutrients and metabolic waste between the scaffold and the surrounding tissues [414]. They
are also suitable for high-density functionalization and can be modified in order to provide the
right environment for the recruitment, growth, and differentiation of cells. Nanofibers can be
made out of synthetic and natural materials and can be formed through electrospinning, phase
separation, template synthesis, melt-blowing, drawing and self-assembly of peptides and block
copolymers [414,415]. However, only electrospinning and self-assembly techniques have been
used for the production of scaffolds for regenerative medicine [419–421] for applications as
diverse as cartilage, bone, nerve, skeletal muscle, skin and blood vessels replacement [422–
424].

Nano-fibrous scaffolds can be created through a bottom-up self-assembly approach through
which the material is assembled molecule by molecule. This assembly takes place through non-
covalent bonds such as hydrophobic, van der Waals, and ionic interactions. In order to achieve
an efficient assembly, not only do the components need to possess a certain level of
complementary chemical, but they also have to maintain a conformational complementary
relationship as well. Recently in the field of TE, amphiphilic peptides have gained popularity
due to their ability to form into strong and fast recovering hydrogels through self-assembly.
The resulting 3D nanofiber scaffolds show biomimetic properties, can resemble the structure
of the ECM, and naturally support cell proliferation and differentiation [425].

The creation of nano-fibrous scaffolds through electrospinning is a relatively more complex
and cost-effective process that results in the production of either aligned or randomly dispersed
fibers [414]. The use of an electric field is at the basis of the manufacturing process and it leads
to fibers with diameters around 100 nm or less. Also these fibers closely resemble the ECM
arrangement and are able to mimic the proteins found in the structural make up of the ECM
and mimic the dimensions of the collagen fibrils within the ECM. Electrospinning is capable
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of producing nanofibers that vary in size, shape and composition. For example, they can be
solid, composite, hollow, decorated, helical and branched [426]. Materials used to create these
scaffolds vary from natural polymers such as collagen, gelatin, elastin, silk fibroin, fibrinogen,
chitin, chitosan and hyaluronan to synthetic polymers such as poly-(α-hydroxy ester), poly
(ethylene terephthalate), poly(ethylene oxide) and polyurethane [427–430].

8.3. Nanopatterning of surfaces of devices
In order for an implantable device to be successfully grafted in the body, the interaction between
the cells and its surface is critical. When strong biointegration of an implant to the surrounding
tissue is achieved, there is a significant increase in the lifetime of the biomaterial [417]. The
type of chemical modification, biomaterial used and coating process employed, must aim at
promoting cell adhesion, mobility, and differentiation. The nanotopography and chemical
composition of the surface greatly influences the cell behavior [431]. In several instances
nanomaterials have been used to tailor the surface features of an implant or of a drug eluting
device to reduce the instance of infection, inhibit chronic inflammation and accelerate the
appropriate tissue growth [417]. As a general statement, implants presenting surfaces that
mimicked those of natural tissues resulted in better and faster tissue growth compared to
conventional implants that possessed flat or atomic smooth surfaces. The control of the
chemical composition of a scaffold and the tailoring of its surface charge are closely linked to
protein adsorption which is an essential step for the initial interaction of cells with the synthetic
platform and for the subsequent cascade of biologic events that lead to tissue regeneration
[417]. This is particularly true for orthopedic implants where surface features at the nano-scale
have been shown to increase interactions with cell-adhesive proteins such as collagen and
laminin which is key for promoting osteoblast functions [417].

Nanomaterials and nanofeatures can also be used to avoid or postpone the onset of harmful
complications. As an example, orthopedic devices often fail due to a prolonged inflammatory
response induced by an up regulation of macrophage activity, overproduction of cytokines,
chemokines and matrix enzymes [417]. Implementation of nano-scale features onto the surface
of implants has been shown to reduce the function of these overactive macrophages. The
deposition of carbon nanotubes on polycarbonate urethane increased both roughness and
surface energy thus down regulating macrophage adhesion [432]. Also alumina with surface
texture at the nano-scale level showed decreased macrophage adhesion proliferation, and pro-
inflammation cytokine release, compared to alumina with surface feature in the micron size
[433]. Another major factor in the failure of orthopedic implants is the formation of biofilms.
Having a chronic bacterial infection surrounding an implant can lead to osteomyelitis, acute
sepsis, and even death [417]. The most common bacteria found to invade orthopedic implants
is Staphylcoccus epidermidis which originates from the patient’s skin and can easily spread to
the scaffold during implantation. Materials such as ZnO and AgO have shown anti-microbial
properties that become even more pronounced when formulated at the nano-scale [434].
Notably, even materials that have not been generally referred to as anti-bacterial (like TiO2)
acquire anti-bacterial properties at the nano-scale.

8.4. Nanoparticles
Nanoparticles have been profusely used in the realm of TE for the delivery of molecules, drugs,
growth factors and DNA. They can be either embedded within the scaffold or adsorbed to its
surface for the release of the necessary biomolecules. Nanoparticles provide for three main
advantages: control over the dosage, over the release kinetics and over the spatial distribution.
The controlled delivery of biomolecules is a crucial step in the growth of tissue. Within the
realm of regenerative medicine it is common knowledge that colonizing cells need multiple
factors in a sequential and well-ordered fashion to proliferate and differentiate as they do in
natural tissue. Nanoparticles also allow for the targeted delivery to specific sub-populations of
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cells through standard receptor–ligand interactions or through more sophisticated forms of
intracellular delivery. Several nanoparticles have been explored for their potential as delivery
systems, each with specific release properties. Examples of these are spheres, capsules,
liposomes, micelles and dendrimers. These different types of nanoparticles have been
developed as solid, hollow, or porous [414]. Biodegradable polymers such as polylactic acid
(PLA), poly-glycolic acid (PGA), polyethylene glycol (PEG) and its co-polymers have been
used due to their different release properties and for their ability to be responsive to the
environmental or external stimuli such as temperature, pH, and magnetic field.

Nanoparticles are not only used as delivery systems, but can also be exploited as enclosures
for the mechanical reinforcements of polymeric scaffolds [431]. Nanoparticles appropriately
dispersed in the polymeric matrix, have been shown to increase the compressive, tensile,
torsional or flexural strength of synthetic polymers such as PLA, PGA, polycaprolactone (PCL)
or crosslinked poly(propylene fumarate) [415]. If the nanoparticles are added directly to the
polymer solution, poor interfacial interactions will lead to precipitate formation. However, a
surfactant can be added to enhance dispersion or the surface of the nanoparticles can be
chemically modified to covalently crosslink to the polymer network [435].

8.5. Nanotechnology in skin regeneration
Skin is considered to be the first successful TE endeavor. Several products for skin regeneration
are already FDA approved for the treatment or replacement of skin damaged by severe burns
or diabetic ulcers [436]. One example of a successfully developed product is Apligraf®

produced by Organogenesis. This graft is primarily for treating venous leg ulcers and diabetic
foot ulcers and has been used to treat over 200,000 patients thus far. The graft itself consists
of a layer of human keratinocytes cultured on a matrix of bovine type I collagen and human
dermal fibroblasts. As a drawback, products such as Apligraf® are usually very expensive
mainly because of the time needed for the graft to mature in vitro before being clinically viable.
The use of nanotechnology has the potential to reduce this culture time making the scaffold a
more desirable and cell friendly environment.

The electrospun scaffolds aforementioned have been shown to promote a more rapid
vascularization compared to the tightly woven proteins with sparse winding voids which are
characteristic of decellularized human dermis scaffolds. Electrospinning methods have also
been used to develop silk fibroin and collagen nanofibers [437,438]. In all cases, skin
fibroblasts, keratinocytes, and endothelial cells (individually and in co-culture) integrated
within the scaffold and displayed distinct regions of organization when cultured on an
electrospun scaffold. The high porosity and surface area contributed to the promotion of
keratinocytes/fibroblast adhesion and spreading, making these nanofibers ideal scaffolds for
skin TE. Solvent spin-etching of PCL scaffolds grafted with nanostructured chitosan (CS) were
recently described as relatively inexpensive and successful scaffolds for the growth of human
dermal fibroblasts. Their significantly higher surface roughness compared to the traditional
smooth CS/PCL surfaces proved to induce higher rates of fibroblast proliferation and viability
compared to the smooth polymer surfaces [439]. Similarly, electrospun PCL fibers and gelatin
about 300–600 nm in diameter seeded with human dermal fibroblasts exhibited a significant
amount of proliferation and solid viability. This novel technique called autologous layered
dermal reconstitution (ALDR) holds several advantages over the traditional methods since it
allows for the rapid, layer-by-layer deposition of tissue in deep wounds. This is possible due
to the electrospinning process that occurs on top of a commercially available polyurethane
wound dressing. After the scaffold is implanted the wound dressing can be removed after a
couple of days and be replaced with another scaffold construct and this process is repeated
until the wound is fully healed. Using a layer-by-layer technique such as this eliminates the
long problematic in vitro culture time that is usually needed in order to establish cellular
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infiltration and growth throughout an entire single-layer scaffold. The final result of the ALDR
technique is a continuous layer of tissue with rapid cell proliferation and integration between
the layers made possible by porous nanostructured scaffolds [440].

8.6. Nano approach to vascular tissue engineering
Tissue engineering is a desirable solution to the problems of intimal hyperplasia and thrombosis
associated with synthetic vascular graft materials such as PTFE and Dacron because it yields
autologous, healthy vascular tissue [416]. However, current methods for the bio-fabrication of
vascular scaffolds rely on the use of bio-reactors which makes them expensive, time consuming
and not automated [441]. This drastically limited the transition of these technologies into
clinical use. In the future years, nanotechnology will play a crucial role for the survival of the
field of vascular TE as nanotechnology-based methods such as nano-assembly of natural-like
vascular ECMs, magnetic-force-driven TE and electro-spinning of vascular scaffolds and
living cells introduce cheaper and more efficient alternatives to the current bio-reactor based
methods [442].

As mentioned before, nanostructured scaffolds can mimic the organization of a natural vascular
ECM and thus improve cell attachment. Vascular graft patterned with nanofilms can reduce
athrombogeneity and increase adhesion of circulating endothelial progenitor cells [441].
Hydrogels have been modified using nanopatterned growth factors and ECM peptides to
increase their functionalities and improved their capacity to direct cell and tissue differentiation
[443,444]. By varying ligand identity, presentation and density, nanopatterning, material
architecture, and mechanical properties it is even possible to control the vascular cell phenotype
[443], cell behavior [445,446] and intracellular signaling in stem cells [447].

Thromboresistant luminal surfaces are critical in the design of vascular grafts. There are three
different ways nanotechnology is used in creating a thromboresistant luminal surface. One way
is through immobilization of athrombogenic molecules; the second way is the immobilization
of molecules to enhance endothelialization; the third way is to increase endothelialization via
iron oxide nanoparticles coating and magnetically labeled endothelial cells. It has been proven
possible to magnetically label cells or cell sheets using functionalized iron oxide nanoparticles
[441]. Once magnetically labeled, the cells or cell sheets can then be driven to the desired
locations via magnetic forces. This technology has been named magnetic-force-driven TE
[441]. The endothelialization of the internal lumen can then be achieved faster as the magnetic
forces have been shown to significantly accelerate the cell seeding, adhesion and monolayer
assembly [448–450].

An interesting one-step rapid fabrication of a vascular scaffold with integrated living cells has
been developed combining methods for the encapsulation of living cells with the
electrospinning of nanofibers thus eliminating the time consuming and expensive bioreactor-
based cell seeding and scaffold cellularization which is a key component to the future success
of vascular TE [451,452].

8.7. Nanostructured materials for neural tissue engineering
There are several barriers that must be overcome when approaching the repair of the nervous
tissue. Formation of scar tissue after tissue injury, gaps in the tissue due to phagocytosis of
dying cells, inhibition of axon growth in the mature central nervous system (CNS), and the
failure of many adult neurons to initiate axonal extension are all likely events that one needs
to consider when attempting to regenerate nerves [453–457]. Implantable nanometer-scale
scaffolds such as nanotubes and nanofibers that mimic the ECM and tubular structures of axons
and dendrites have been used for neural tissue regeneration applications. Achieving axonal
regeneration after injury in the CNS is particularly challenging and until now the use of
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nanotechnology and molecular self-assembly to repair injured brain structures has not been
fully explored. In particular, self-assembling peptide nanofiber scaffolds (SAPNS) have been
used for the regeneration of central nervous system function. Injury of the optic tract in a
hamster model of induced blindness resulted in the restoration of vision within a mere three
weeks after the scaffold-forming nanomaterial was injected into the brain. The regenerated
axons reconnected the target tissue and restored functional vision to the animal. This study is
evidence that it is in fact possible to reconnect or in a sense “knit” two separate damaged areas
of the brain through the use of a scaffold tissue-bridging structure. The nanofibers themselves
provided a framework structure for axonal re-innervation by direct interaction between the
scaffold, the ECM and the neural tissue on both sides of the inflicted lesion. SAPNS are
nontoxic and the degradation products of L-amino acids have the potential to be uptaken by
nearby cells that can use them in turn for their growth and repair. Having the ability to also
facilitate neural tissue reconstruction within 24 h after injury peptide scaffolds are a promising
alternative to autografts of peripheral nerve or other tissues currently used for recovery from
CNS injury. Other studies have shown advantageous results using nanofibrous scaffolds to
promote neuron growth and differentiation for regenerating damaged neural tissue [458,459].

Nanomedicine has also made strides in peripheral nervous system (PNS) regeneration by
morphologically orienting Schwann cells and directing neurite growth from neurons [460,
461]. Using biomimetic materials created via soft lithography, researchers have proven that
through nanotopographical cues that replicate the cellular features of Schwann cells, they can
enhance the functions of neurons [462] and without any biochemical signal differentiate
mesenchymal stem cells into neuronal-like cells [463]. Another way to promote neuron growth
is through electrical stimulation, which has become a key consideration in the design of
neuronal implants. Carbon nanotubes are ideal candidates for applications such as TE [464],
bionics [465], neural interfaces [466,467] and electrochemical biosensors [468,469] because
of their unique electrical, chemical and physical properties. Nanomaterials have also
demonstrated an ability to limit gliotic cell responses. Since device failure often occurs due to
the fibrotic response which is mediated by the glial cells [470,471], limiting their activity will
reduce the likelihood of failure. Novel carbon nanofiber based electrode arrays were developed
for the CNS neuronal stimulation using compressed carbon nanofibers with reinforcing
polycarbonate urethane. The strong interaction with neurons on the carbon nanofibers limited
astrocyte functions and therefore decreased gliotic scar tissue formation [472].

8.8. Nanocomposite materials for bone regeneration
In 2008, the US Department of Defense’s special project division, the Defense Advanced
Research Projects Agency (DARPA) sent out a request for proposals addressing the immediate
need to develop innovative medical solutions to be applied on the battlefield that are capable
of stabilizing and treating severely fractured bone as the result of roadside bombs or other
explosive devices. This type of injury is called a non-union fracture and generally leads to the
amputation of the wounded limb(s). The ideal solution to this common wartime injury would
be an injectable material, or “fracture putty”, that is capable of being administered in the field
of action and would allow load bearing use within 24 h post-injury. The success of the fracture
putty will be measured by its ability to remodel the shattered bone, provide sufficient
mechanical properties to facilitate the return of load bearing responsibilities to the injured limb,
and the ability to regenerate natural bone in harmonious synchronicity with putty
biodegradation over time; without loss of continuity of mechanical strength. It is obvious that
such technology has tremendous translational potential for applications in civilian and
veterinary medicine as well.

In 2009, Ferrari et al. elected to approach this complex regenerative bone problem by
employing nanotechnology to develop a nanocomposite material. Mathematical models, as
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mentioned in Section 3 of this review, are being used to rationally design a biologically active
construct capable of promoting rapid bone regeneration, while simultaneously restoring the
essential biomechanical functions of the missing bone, fighting biofilm formation, controlling
pain and promoting angiogenesis. Biodegradable nanoporous silicon enclosures (NSEs) are
being embedded into a polymer matrix to provide immediate mechanical reinforcement at a
level comparable to healthy bone. The putty is being engineered such that independent
ambulation will be attainable as early as one week post-fracture. The degradation of the
polymer matrix and its strengthening inclusions gradually transfer the mechanical load to the
regenerating bone; aiding in its functional recovery. Due to the integration of multiple
biodegradable and biocompatible nano-components, this fracture putty prototype will be
tailored to match the exact mechanical and biological requirements for a specific individual to
ensure optimal healing for any bone fracture. The envisioned formulation of this novel
composite can be seen in Fig. 3.

8.9. Conclusions and future perspectives of nanotechnology and tissue engineering
Through the use of nanotechnology within TE, tissue regeneration will be impacted in ways
that will change the face of medicine indefinitely. Through the use of nanostructures capable
of mimicking natural tissues, nanopatterning of the surface of materials, and in combination
with the use of nanoparticles capable of delivering multiple biomolecules in a time and space
defined fashion, optimal constructs and scaffolds can be formed, leading to an ideal
biointegration between regenerating and pre-existing tissues. One of the possible scenarios for
the future is the generation of “cell-free” scaffolding materials “off the shelf”. Those constructs
will have the perfect structure and function, they will be biodegradable and will be personalized
by the addition of autologous stem cells freshly isolated from the patient. As soon as the
necessary studies to assess the biocompatibility of nanomaterials and to rule out any toxicity
for the body will be performed a new era for TE will begin.

9. A patient advocate’s perspective
To use the analogy included in the introduction to this chapter, one would equate the trees with
patients. My tree has been pruned starting nearly 20 years ago. Since that time much has
changed in cancer treatment. In 1989 tests were ordered to help the medical oncologist
determine the course of my treatment, but basically the question was whether or not
chemotherapy was indicated. There was at that time a typical “chemo cocktail” for my disease.
With the awareness that medical advances are made initially through research, and eventually
validated in clinical trials, and with the benefit of a nearby comprehensive cancer center, unique
opportunities were available to me. Therefore when presented with the opportunity to
participate in a clinical trial, I accepted, even though it involved four additional courses of an
experimental regimen with notable side effects. Patients are an important ingredient in the
formula for progress. Clearly, new approved treatments result from such trials and other trials
lead to the elimination of treatments that are shown not to work in humans. Over the course of
time, through the careful evaluation of the results of clinical protocols and the conduct of
epidemiologic studies, critical knowledge is gained relevant to the treatment of specific
diseases.

Much more is known today regarding different tumor cell types, cell-surface receptors,
potential for metastasis and resistance to therapeutics to name a few new criteria. Consequently
the numbers of tests have greatly increased resulting in the accrual of much more data on each
individual patient. More often now, a formally defined disease is viewed as a category with
numerous subtypes each requiring specialized treatments based on identifiable patient
characteristics. Surveys and questionnaires evaluate life styles and this data coupled with
assessment of family histories are scrutinized to categorize patients.
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We are fast approaching the ability to use preventative, diagnostic and therapeutic interventions
that are targeted to patients based on their specific risk as determined through genetic testing,
clinical determinates and family histories. Additionally, physicians are better able to
understand the molecular signatures of cancer cells enabling them to target abnormally
activated pathways. The times of one shot for all are over. The medical professionals are
learning to recognize patterns of biomarkers and subsequently use this knowledge to tailor
strategies for detection, treatment, or prevention of life threatening diseases. If appropriate
testing could accurately predict individual risk, there might be behavior modifications or early
interventions to actually prevent the disease.

Ultimately, each patient’s data could be analyzed and a personalized plan of action formulated.
There would be more information to determine the possibility of recurrence, and which courses
of action would be critical for success. Would there be a necessity for surgery or radiation? Is
immune therapy appropriate? Could hormone therapies be beneficial? These treatments would
only have to be as invasive as necessary. For the patient the results could be immeasurable
with respect to increases in quality of life. There are significant side effects and recovery time
with surgery, radiation and chemotherapy. One would hope that the medical professionals
would take the time to explain each of the tests, their outcomes and other clinical indications
in order for the patient to make informed decisions. In my case, I felt very much a part of the
team making treatment choices. The journey to fight the disease was 14 months long and
included surgery, chemotherapy and radiation. Mind you, I am grateful, as I have had no
recurrence in the time since. With personalized medicine and the advancements made in the
last 20 years, it might be a shorter journey in the future. For those patients, my hope would be
that each would be treated with the most optimal methods to cure their specific disease.

10. Concluding remarks
It is certain that nanotechnology has yet to impart an enabling contribution towards the overall
movement to individualized medicine; however, the potential of nanomedicine remains
undeniable. This manuscript has assembled a comprehensive review of the clinical indications
that have been influenced by nanotechnology and a discovery roadmap which may lead to
effective personalized therapy. In the foreseeable future, a single drop of blood may provide
sufficient clinical information to accurately assess the current state of patient health; including
critical prognostic insights on appropriate future treatment strategies and preventative care.
Nanotechnology has revealed itself as an effective mechanism to extracting vast amounts of
data from multiple clinically relevant biologic panel inputs and then leveraging this patient-
specific information to elicit favorable therapeutic outcomes through the utilization of its
inherent scale domain. The complexities of disease, such as found in cancer, has taught us
several hard truths: (1) a one-size-fits-all therapy is not a clinically responsible course of action;
(2) the problem is too overwhelmingly complex for a single discipline to resolve—a
multidisciplinary, and integrated effort is required to successfully unravel the mysteries of
disease processes; and (3) emerging technologies, such as nanomedicine, must be employed
to address the biological complexities of disease at a scale relevant to the processes driving the
pathologic condition.

From a technology perspective, it is realistic to anticipate that nanotechnology will continue
to achieve incremental advances on numerous clinical fronts from early detection, tissue
engineering, to drug delivery. Eventually, a critical mass of clinical innovations will be reached
that will allow the patient population to received individualized treatment pending upon the
detailed analysis and integration of patient data. In reality however, the most formidable barrier
to individualized medicine is not a technical challenge; it is regulatory issue. At the time of
publication, the FDA does not offer any official regulatory guidelines that address nano-based
medical products—each biomedical nanotechnology is evaluated on a case-by-case basis. This
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represents a very responsible approach by the Agency to ensure the safety and efficacy of all
nano-based products; however it presents a serious impediment for the translation of
individualized therapy. The current practice for evaluating medical products is through a robust
series of clinical trials that enroll patient populations to evaluate products. This obviously poses
a fundamental problem for those advocating personalized treatment strategies, which by
design, are not created to be safe and efficacious for a population; but for an individual. The
current state of technology affords us the ability to choose the size, shape, surface modification,
and therapeutic payload of nanoparticles, which offers an exponentially large combinatorial
library of nanovector possibilities. It is inconceivable to attempt to “approve” the entire menu
of possible nanoparticle configurations, especially when the average therapeutic has an
associated development cost of 10 years and $1.0 billion [473].

Current efforts by the FDA have clearly indicated a proactive approach to resolve the issues
pertaining to nanotechnology. In August 2007, the FDA formed the FDA Nanotechnology
Task Force (FDA-NTF) to lead Agency efforts to define regulatory processes that encourage
the continued development of innovative, safe, and effective FDA-regulated products that
employ nanotechnology. Furthermore, the FDA created the NanoTechnology Interest Group
(NTIG) to facilitate the regulation of nano-based products, which is comprised of
representatives from all of the Centers of the FDA. In March 2009, the FDA published a news
release announcing a new collaborative effort under their Nanotechnology Initiative, that
involves a consortium of eight universities and hospitals of the Texas Medical Center in
Houston, Texas, called the Alliance for NanoHealth (ANH) [474]. The FDA-ANH
Nanotechnology Initiative (FANTI) is a program envisioned to help speed development of safe
and effective medical products in the field of nanomedicine.

“FDA’s Nanotechnology Initiative with the Alliance for NanoHealth is an effort to
engage resources and technical expertise in this rapidly advancing field and is a clear
example of leveraging science and scientists to advance the public good,” said the
FDA’s Acting Commissioner, Frank M. Torti, M.D., M.P.H. “Nanotechnology holds
great promise for the advancement of novel medical products.” [474]

The overarching goal of FANTI is to develop a framework of collaboration—that will include
stakeholders from industry (pharmaceutical, biotech and devices), non-profit organizations,
government and others—to work pre-competitively in identifying high priority scientific and
translational gaps in moving nanoengineered medical products from preclinical stages of
development through clinical stages and then to commercialization [204]. Further, under this
first-of-a-kind partnership, it is anticipated that a series of projects will be implemented to
address these gaps with immediate benefit to the partners and public health. These projects,
which will be executed through a mechanism called a public–private partnership (PPP), which
are intended to modernize the product development and regulatory sciences needed to reduce
uncertainties about product performance throughout the product life cycle. Ultimately, the
FANTI program was established to improve the safety and efficacy of nanoengineered
biotechnologies and to optimize the regulatory process for industry members seeking approval
for their nano-based products [475]. The activities and goals of the FANTI effort are aligned
with the FDA’s Critical Path Initiative which cites nanomedicine as a priority in its 2006 report,
“The Critical Path Opportunities List and Report”[204].

The resolution of the regulatory challenges that face nanotechnology will positively impact the
research and development of nano-based products and facilitate their translation into clinical
use. Regulatory reform will also significantly reduce the commercialization risks associated
with the clinical translation of biomedical nanotechnologies and will certainly invoke the
attention and interest from the corporate and investment sectors. Fortunately progress is being
achieved on all fronts advocating that individualized therapy will be driven by the harmonious
advancement of innovative science, progressive regulatory reform, and market demand. We
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are steadily approaching the horizon of a personalized healthcare system that is established
upon saving the forest…one tree at a time.
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Fig. 1.
The iceberg: the promise of “-omic” technologies. Nanotechnology will play a critical role in
the discovery and validation of future biomarkers by providing access to a wealth of
information provided by “-omic” technologies. Furthermore, nanotechnology offers a
mechanism to utilize this patient-specific information to create novel individualized therapies
and treatment strategies for patients in form of implantable devices, diagnostics, contrast
agents, and innovative drug-delivery vectors.

Sakamoto et al. Page 61

Pharmacol Res. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Design maps for spherical beads as a function of the patient-specific parameter β and F[90].
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Fig. 3.
Schematic of fracture putty.
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Fig. 4.
Schematic presentation of three generations of therapeutic nanovectors. First generation:
nanoparticles localizing in tumor through the EPR passive mechanism; second generation:
nanovectors possessing additional level of complexity such as (a) remote activation by means
of radiofrequency (RF) or near-infrared (NIR) energy or (b) active targeting through specific
ligands overexpressed on tumor cells; third generation: logic embedded vectors, LEV
comprised of different nano-components which act through a time-sequence of synergistic and
logic-driven events.
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Fig. 5.
Generalized cross-section of a nanoparticle-based contrast agent, adapted from [329].
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Fig. 6.
Various applications of nanotechnology in regenerative medicine.
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Table 1

“-Omic” technologies.

Technology Definition Clinical significance

Genomics The study of the function and interactions of all of the
genes in the genome.

Genomics provides information regarding the molecular
mechanisms and the relationship between genetic and
environmental factors of disease [1].

Transcriptomics The study of the complete set of RNA transcripts, or
transcriptome, produced by the genome at any given
moment.

Transcriptomics provides information about the global mRNA
expression of particular tissue yielding information about the
transcriptional differences between two or more disease states [2].

Proteomics The study of all proteins in a cell, tissue, or organism—
including their identity, their biochemical properties and
functional roles, and how their quantities, modifications,
and structures change in response to the needs of the
body or in disease [3].

Proteomics provides genomic and post-translational information
that yields functional signatures of biological events associated
with pathophysiology.

Metabolomics The study of the complex time-related concentration,
activity, and flux of endogenous metabolites in cells,
tissues, and other biosamples: blood, urine, and saliva.
Metabolites include small molecules that are the
products and intermediates of metabolism, as well as
carbohydrates, peptides, and lipids [4].

The metabolomic profile provides a “snapshot” of the cumulatively
reflects the states of gene expression, protein expression, and the
cellular environment as well as multidirectional interactions among
these elements [5]. The metabolomic information can provide
important insights into physiological and disease states and
facilitate in depth understanding of underlying biochemical
pathways [5].
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Table 2

Clinically approved nanoparticle-based contrast agents.

Composition Trade name Company Indication Administration

Dextran-coated SPIO (ferumoxides) Feridex I.V./Endorem Bayer Healthcare
Pharmaceuticals, Inc.

Detection and
evaluation of liver
lesions associated
with an alteration in
the RES

i.v.

Carboxydextran-coated SPIO (ferucarbotran) Resovist/Cliavist(EU,
AUS, JPN only)

Bayer Schering
Pharma AG

Detection and
evaluation of liver
lesions associated
with an alteration in
the RES

i.v.

Silicon-coated SPIO (ferumoxsil) GastroMARK Covidien, Ltd. Bowel marking Oral

Pharmacol Res. Author manuscript; available in PMC 2010 August 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Sakamoto et al. Page 69

Ta
bl

e 
3

N
an

op
ar

tic
le

-b
as

ed
 c

on
tra

st
 a

ge
nt

s i
n 

cl
in

ic
al

 tr
ia

ls
.

C
om

po
si

tio
n

T
ra

de
 n

am
e

D
ev

el
op

er
In

di
ca

tio
n

A
dm

in
is

tr
at

io
n

St
at

us

D
ex

tra
n-

co
at

ed
 U

SP
IO

 (f
er

um
ox

tra
n-

10
)

C
om

bi
de

x/
Si

ne
re

m
A

M
A

G
 P

ha
rm

ac
eu

tic
al

s, 
In

c.
D

iff
er

en
tia

tio
n 

of
 c

an
ce

ro
us

 fr
om

no
nc

an
ce

ro
us

 ly
m

ph
 n

od
es

i.v
.

Ph
as

e 
II

I

C
ar

bo
xy

 d
ex

tra
n-

co
at

ed
 U

SP
IO

 (f
er

uc
ar

bo
tra

n)
Su

pr
av

is
t

B
ay

er
 S

ch
er

in
g 

Ph
ar

m
 A

G
D

et
ec

tio
n 

of
 b

lo
od

 p
oo

lin
g 

us
in

g 
M

R
A

i.v
.

Ph
as

e 
II

I

Po
ly

gl
uc

os
e 

so
rb

ito
l c

ar
bo

xy
m

et
hy

l e
th

er
-c

oa
te

d 
SP

IO
(f

er
um

ox
yt

ol
)

–
A

M
A

G
 P

ha
rm

ac
eu

tic
al

s, 
In

c.
N

er
vo

us
 sy

st
em

 d
is

ea
se

, b
ra

in
ne

op
la

sm
s, 

pe
rip

he
ra

l a
rte

ry
 d

is
ea

se
i.v

.
Ph

as
e 

II

C
itr

at
e-

co
at

ed
 v

er
y 

sm
al

l S
PI

O
V

SO
P-

C
18

4
C

ha
rit

é 
- U

ni
ve

rs
itä

ts
m

ed
iz

in
 B

er
lin

D
et

ec
tio

n 
of

 b
lo

od
 p

oo
lin

g 
us

in
g 

M
R

A
i.v

.
Ph

as
e 

I

R
ad

io
la

be
le

d 
H

er
-2

 a
ff

ib
od

y
A

B
Y

-0
25

A
ff

ib
od

y 
H

ol
di

ng
 A

B
B

re
as

t c
an

ce
r

i.v
.

Ph
as

e 
I

Pharmacol Res. Author manuscript; available in PMC 2010 August 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Sakamoto et al. Page 70

Table 4

Nanoparticle-based contrast agents in preclinical development.

Composition Contrast source Target Indication Ref.

Superparamagnetic metal nanoparticles

Poly-L-lysine coated IO IO Mammalian cells Tracking of transplanted cells [330–333]

Antibody-targeted IO IO Her-2 Breast cancer [334]

Peptide/protein-targeted SPIO IO Clotted plasma proteins, MMP-2 Various tumors [335,336]

Radiolabeled antibody-targeted SPIO 111In, IO, IRDye
800CW

Membrane glycoproteins, EGFR-2 Various cancers [337,338]

Aptamer-doxorubicin SPIO conjugate IO, doxorubicin PSMA Prostate cancer [339]

Peptide-targeted USPIO IO αvβ3, E-selectin Various tumors, inflammation [340,341]

Antibody-targeted USPIO IO CD20 antigen, E-selectin Non-Hodkin’s lymphoma, inflammation [342,343]

Baculovirus-targeted USPIO IO, LacZ Mammalian cells Gene therapy [344]

Micelle-encapsulated MnSPIO IO Macrophages Liver lesions [345]

Antibody-targeted MnMEIO IO Her-2 Breast cancer [346]

Radiolabeled passive-targeted MnMEIO 124I, IO Lymph nodes Lymph node mapping [347]

Fluorescent CLIO IO, Cy5.5 Macrophages Macrophage infiltration [348]

Radiolabeled fluorescent CLIO 64Cu, IO, Cy5.5 Macrophages Macrophage infiltration [349]

Fluorescent peptide-targeted CLIO IO, Cy5.5/FITC Proteases, bombesin receptor,
plectin, uMUC-1, hepsin, αvβ3,
H-2Kd, VCAM-1,
phosphatidylserine

Various tumors, autoreactive T-cells,
inflammation, apoptosis

[350–357]

Fluorescent siRNA-CLIO conjugate IO, Cy5.5 Birc5 gene Various cancers [358]

Other metal nanoparticles

Polymer-coated gold nanoshells Au Tumor accumulation Solid tumors [287]

Fluorescent passive-targeted gold Au, Hilyte 647 Tumor accumulation Solid tumors [359]

Fluorescent antibody-targeted gold Au, ICG EGFR Epithelial cancer [360]

Antibody-targeted QD QD Her-2, PSMA, VEGFR Various tumors [361,362]

Growth factor-targeted QD QD EGFR Epithelial cancers [363]

Radiolabeled peptide-targeted QD 64Cu, QD αvβ3, VEGF Various cancers [364,365]

Protein-targeted paramagnetic QD Gd, QD Phosphatidylserine Apoptosis [366]

Liposome-based nanoparticles

Radiolabeled peptide-targeted liposomes 18F Macrophages Inflammation [367]

Antibody-targeted paramagnetic liposomes Gd, Texas red ICAM-1 Inflammation and neuroinflammatory
disease

[368]

Radiolabeled, dye-filled liposomes 99mTc, blue dye Lymph nodes Lymph node identification,
inflammation

[369,370]

Fluorescent protein-targeted paramagnetic
liposomes

Gd, AF680 Transferrin receptor, E-selectin Various cancers [371,372]

Electron dense liposomes Iodine – Blood pooling [373]

Synthetic carbon-based nanoparticles

Peptide-targeted SWNT SWNT Integrin αvβ3 Various cancers [374]

Gd-filled fullerenes, fullerenols, and SWNT Gd Macrophages Macrophage infiltration, blood pooling [375–377]

Radiolabeled antibody-targeted SWNT 111In, SWNT CD20 Lymphoma [378]

Radiolabeled peptide-targeted SWNT 64Cu, 111In, SWNT Integrin αvβ3,EGFR Various cancers [379]
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Composition Contrast source Target Indication Ref.

Radiolabeled MWNT 99mTc, 125I – TBD [380]

Other platforms

Bismuth sulfide polyvinylpyrrolidone
nanoparticles

Bi – Blood pooling [381]

Radiolabeled hormone-targeted bacteriophage 111In MC-1 receptor Melanoma [382]

Ioxilan carbonate particles Iodine Macrophages Liver lesions [383]

Antibody-targeted paramagnetic
perfluorocarbon emulsions

Gd, 19F Fibrin, Integrin αvβ3, collagen III Atherosclerosis [384–386]

Radiolabeled amphiphillic block copolymers 64C Folate receptor Various cancers [387]

Iodinated amphiphillic block copolymers Iodine Macrophages Lymph lesions [388]

Fluorescent paramagnetic dendrimers Gd, Cy5.5 – Sentinal lymph node identification [389]
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