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    The medical application of nanotechnology (that is “nanomedicine”) has enormous potential to improve healthcare, particularly in the treatment of cancer. In that context polymer nanomedicines or polymer therapeutics plays a significant role due to specific properties of macromolecular compounds. At first insight nanomedicine is the rather more well-defined application of nanotechnology in the areas of healthcare and disease diagnosis and treatment. But, here, too, one encounters a bewildering array of programmes and projects. Artificial bone implants already benefit from nanotechnologically improved materials. Nanostructural surfaces can serve as scaffolding controlled tissue-growth. Of course, all kinds of medical devices profit from miniaturization of electronic components as they move beyond micro to nano. Nanoparticulate pharmaceutical agents can penetrate cells more effectively as well as being able to cross the blood brain barrier (BBB). After injecting nanoparticles into tumors, these can be stimulated electromagnetically from outside the body by emitting heat, the stimulated particle can then destroy the tumor cells.The discovery of new molecular targets and the subsequent development of novel anticancer agents offered more perspectives for the use of polymeric nanomedicines in the cancer treatment.




    As we are living in a changing society and life expectancy has been continously increasing, human pathologies related to aging, such as musculoskeletal disorders, arthritis, nonhealing wounds or neurodegenerative disease, are becoming major health problems. Therefore, a switch in the therapeutic armory is urgently required. I believe that polymeric nanomedicines is the appropriate strategy to achieve an effective treatment of many incurable diseases.




    The eBook “Polymeric Nanomedicines” is, in my opinion, a harmonious combination between tradition and innovation. This eBook has highlighted the use of classical organic chemistry methods for obtaining or modifying new nanoparticulate systems with specific biological activity and enhanced effectiveness. Using numerous, diverse and latest sources of information, the eBook represents a significant contribution to knowledge and development of biological active nanosystems. This eBook is useful both for specialists with experience in different fields (chemistry, biochemistry, physicians, surgeons) and young beginners who want to go deep into this fascinating field of biologically active nanoparticulate systems.




    The eBook edited by Marcel Popa and Constantin V. Uglea provides a broad overview of the synthesis, characterization and applications of nanoparticulate systems especially in cancer treatment. Written by experts in their respective fields, this eBook will make the reader acquainted with a variety of topics ranging from nanotechnology definition and synthesis and characterization of polymerdrug conjugates to various applications of nanoparticulate systems in cancer treatment and toxicological aspects of these systems.
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    Nanomedicine is the application of nanobiotechnology to clinical medicine. Nanobiotechnologies are being used to research pathomechanism of disease, refine molecular diagnostics, and help in the discovery, development, and delivery of drugs. In some cases, nanoparticles are polymeric nanomedicine. The eBook “Polymeric Nanomedicines” covers the broad area of this field. Starting with basics, the subject is developed to potential clinical applications, many of which are still at an experimental stage.




    Keeping in mind that the readers of the eBook will include nonmedical scientists, pharmaceutical personel, as well as physicians, technology descriptions and medical terminology are kept as simple as possible. We hope that readers at all levels will find it a concise, comprehensive and useful source of information.




    Chapter 1 deals with the definition of nanotechnology and nanomedicine, with main areas of application and specifies the benefits of introducing nanotechnological specific methods in the investigation and treatment of certain diseases. The main categories of metal nanoparticles, their use as imaging agents, their advantages and limits are presented in separate paragraphs.




    Chapter 2 describe the concept of physical and biological targeting. Physical targeting such as electroporation, ultrasound, photochemical internalization and hyperthermia as well as biological targeting strategies are described.




    Biomedical evaluation and toxicological aspects of polymeric nanomedicines are described in chapter 3 and chapters 4 and 5 deals with targeting moieties and design of polymer-drug conjugates, respectively.




    Dendrimers, polymeric micelles, liposomes, polymerosomes and nanocapsules are the subjects of chapters 6-10, respectively.




    Drug delivery to the brain (Chapter 11), therapy of bladder cancer (Chapter 12), treatment of renal diseases (Chapter 13), colon targeted therapy (Chapyer 14), pulmonary drug delivery (Chapter 15), treatment of inflammatory diseases (Chapter 16), nanoophthalmology (Chapter 17), transdermal drug delivery (Chapter 18), cardiovascular implants (Chapter 19) and othopedic biomaterials (Chapter 20) are the specific applications of polymeric nanomedicines described in this eBook.




    The eBook concludes by analysing perspectives and challenges in the application of polymeric nanomedicines in the treatment of various diseases.




    The second editor wishes to dedicate this eBook to Professor Ray Ottenbrite as a sign of friendship and deep respect.




    Both editors wish to thank Salma Sarfaraz for technical assistance and being understanding to publish this eBook.
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      Abstract




      The chapter deals with the definition of nanotechnology and nanomedicine, with main area of applications and specifies the benefits of introducing nanotechnological specific methods in the investigation and treatment of certain diseases. The main categories of metal nanoparticles, their use as imaging agents, their advantages and limits are presented in separate paragraphs. Finally, toxicological aspects are discussed.
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      INTRODUCTION




      There is a huge conflict about the origin of nanotechnology and who exactly was responsible for inventing it. Evidently, like any other area of science there was that person who came along with the concept in his research or practices and introduced it to the world, subsequently there were consequent developments by many other contributors. However, when scrutinizing and detailing the facts about nanotechnology (NT) it becomes clear that actually there was specifically no one who was. When




      analyzing the facts about NT, it will become apparent that not one person was accountable for this revolutionary invention. People have unwittingly employed NT for thousands of years, for example, in making steel, paintings and in vulcanizing rubber. Each of these processes rely on the properties of stochastically-formed atomic ensembles mere nanometers in size, and are distinguished from chemistry in that they don’t rely on the properties of individual molecules. But the development of the body of concepts now subsumed under the term nanotechnology has been slower.




      On the other hand, nanobiotechnology, is a recently coined term describing the convergence of the two existing but distinct worlds of engineering and molecular biology. Engineers have been working for the past three decades on shrinking dimensions of fabricated structures to enable faster and higher-density electronic chips, which have reached feature sizes as small as 20 nm using deep UV-lithography. In parallel, molecular biologists have been operating for many years in the domain of molecular and cellular dimensions ranging from several nm (DNA molecules, viruses) to several µm (cells). It is believed that a combination of these disciplines will result in a new class of multifunctional devices and systems for biological and chemical analysis characterized by better sensitivity and specificity and higher rates of recognition compared with current solutions.




      The first mention of some of the distinguishing concepts in NT (but predicting use of that name) was in 1867 by James Clerk Maxwell when he proposed as a thought experiment a tiny entity known as Maxwell’s Demon able to handle individual molecules.




      The first observations and size measurements of nanoparticles (NPs) were made during the first decade of the 20th century. They are mostly associated with Richard Adolf Zsigmandy who made a detailed study on gold sols and other nanomaterials with sizes down to 10 nm and less. He published an eBook in 1914 [1] and was also the first who used nanometer explicitly for characterizing particle size.




      The topic of NT was again touched upon by “There’s Plenty of Room at the Bottom”, a talk given by physicist Richard Feynman at an American Physicist Society meeting at Caltech on December 29, 1959. However, the term “nanotechnology” was first defined by Norio Taniguchi of the Tokyo Science University in a 1974 paper [2] as follow: “Nano-technology mainly consists of processing of, separation, consolidation, and deformation of materials by one atom or one molecule”. Since that time the definition of NT has generally been extended to include features as large as 100 nm.




      In the 1980s the idea of NT as deterministic rather than stochastic, handling of individual atoms and molecules was conceptually explored in depth. NT and nanoscience (NS) got a boost in the early 1980s with two major developments: the cluster science and the invention of the scanning tunneling microscope (STM). This development led to the discovery of fullerenes in 1985 and the structural assignment of carbon nanotubes a few years later.




      

        Definition of Nanotechnology




        A broad array of present and future development is generally lumped together as “nanotechnology”. A common feature is only that they are concerned with small things, where at least some relevant measures are in the nanometer range (10-9-10-7) and thus in the size-range of DNA molecules or viruses. More specific definitions require that nanotechnological research be restricted to the scientific investigation and technical exploitation of novel properties that appears discontinuously at the nanoscale: a ton of gold has the same chemical properties as a milligram, but a gold nanoparticle shows interesting new behaviours. This more stringent definition of nanotechnological research remains quite unspecific regarding technological applications: nanotechnology is all that these newly discovered properties and processes might be good for. And here the imagination runs wild, challenging us to identify and support promising, feasible, as well as beneficial short and medium term development.




        In an attempt to map the definitions of nanotechnology, Lajos Balogh [3] identified three types of definitions: scientific, public, and decision-enabling ones. Scientists responding to new research observation are continuously creating new definitions that fit their research field. Whenever there is a breakthrough, journalists translate these narrow scientific definitions to public ones using laymen’s terms and usually attach examples from the macro-world. Meanwhile, there is a public policy which needs to having a core standardized terminology and nomenclature to enable decision-making, so finding agencies and policy makers also generate their own more stringent (but still different) definitions of nanoscale, nanotechnology, and reiterate the origin of nanoscale properties.




        The definition of NT is the subject of confusion and controversy, and is complicated by the fact that there are naturally occurring nano-size materials and other nano-size particles that occur as byproducts of combustion or industrial processes. Size is critical in any definition of NT, but there are a variety of definitions in circulation. Some of the differences over definition are of only academic interest, but the way NT is defined in a regulatory context can make a significant difference in what is regulated, how it is regulated, and how well a regulatory program works.




        For example, the National Nanotechnology Initiative states: “Nanotechnology is the understanding and control of matter at dimensions between approximately 1 and 100 nanometers where unique phenomena enables novel applications… Encompassing nanoscale science, engineering and technology, nanotechnology involves imaging, measuring, modeling and manipulating matter at this length scale” (The National Strategic Initiative-Strategic Plan, 2007). On the other hand, an official document [4] states that nanotechnology working at the atomic, molecular and supramolecular levels, in the length scale of approximately 1-100 nm range, in order to understand and create materials, devices and systems with fundamentally new properties and functions because of their small structure. And the same source added: “Dimensions between approximately 1 and 100 nanometers are known as the nanoscale”. These properties may differ in important ways from the properties of bulk materials and single atoms or molecules [5].




        However, in 2009, for cancer nanotechnology, the field was defined as: “Individual research and development projects to address major barriers and/or questions in cancer biology, diagnosis, prevention, and/or treatment of the disease using innovative nanotechnology solutions. Devices or base materials must be smaller than 1000 nm in size although the assembly, synthesis, and/or components of these final structures at dimensions less than 300 nm should be demonstrated. Devices/materials used and/or proposed to be developed must be either (a) synthetic materials or (b) biomaterials engineered to provide novel properties or modified functions based on nanoscale size, i.e., nanomaterials” [4].




        An other prestigious institution, The British Standard Institute Publicly Available Specification (BSI PAS 136:2007, 2.8) devalues the significance of the lower limit, and laconically says:


      




      

        “nanoscale size ranges from 1 nm to 100 nm”.




        NOTE 1: Properties that are nor extrapolations from larger size will typically, but not exclusively, be exhibited in this size range.




        NOTE 2: The lower limit in this definition (approximately 1 nm) has no physical significance but is introduced to avoid single and small groups of atoms from being designated as nano-objects or elements of nanostructures, which might be implied by the absence of a lower limit. This last phrase suggests the need of non-covalent interaction between at least two nanosized objects.




        Another official document [5], acknowledges the multiple use of the term “nano”: nano, n-(1) The SI definition, a prefix used to form decimal submultiples of SI unit “meter”, designing a factor of 10-9 denoted by symbol “n”. (2) Pertaining to things on a scale of approximately 1 to 100 nanometers (nm). (3) A prefix referring to an activity, material, process or device that pertains to a field of knowledge defined by nanotechnology and nanoscience. We agree with Lajos Balogh [3] who find contradiction between (1) and (2) and that (3) is a simply tautology, reasoning that nano is there, wherever nanotechnology exists, and nanoscience is the science of nanoscale.




        One often used, yet clearly wrong, definition of NT is that proposed by the US National Nanotechnology Initiative (NNI). As in above mentioned cases, it limits NT to “dimensions of roughly 1 to 100 nm”. Government agencies such as FDA and US Patent & Trademark Office (PTO) continue to use a similar definition based on a scale of less than 100 nm. This NNI definition presents difficulties. For example, although the sub-100 nm size range may be important to a nanophotonic company where quantum effects depend on particle size, this size limitation is not critical to a drug company from a formulation, delivery, or efficacy perspectives because the desired property (e.g., improved bioavailability, reduced toxicity, lower dose, enhanced solubility, etc.,) may be achieved in a size range greater than 100 nm. In fact, several examples of nanopharmaceuticals on the market or in the process of being introduced by pharma highlight this specific point. In view of this confusion, the following definition of NT unconstrained by an arbitrary size limitation, has been developed by Bowa [6]. It was adopted as the official definition for this NanoBiotech Conference: “The design, characterization, production, and application of structures, devices, and systems by controlled manipulation of size and shape at the nanometer scale (atomic, molecular, and macromolecular scale) that produces structures, devices, and systems with at least one novel/superior characteristic or property”.




        And now, how we choose a definition for nanotechnology? Confusion and differences originate from the original meaning of “nano”, from the definition of “nano” as a characteristic property and/or a unique phenomena within a length scale and by the way “nano”-related terms are created. The original meaning of “nano” is 10-9 without a dimension. Consequently, “nano-scale” could be assigned to any dimension. For length, which is measured in meters in SI, nanoscale regime is naturally between 1-1000 nanometers.




        For materials, the “nano” world lies in between the atomic/molecular and the “macro-scale” of a specific material. Properties of nanoscale materials differ from both the macro-scale (bulk) properties and from the characteristics of an isolated molecule because they transition from a strictly quantum-laws defined atomic and molecular state towards the bulk, which is dominated by interatomic or intermolecular interactions. “This change in observable intensive properties together with particle surface interactions is what we observe as nanoscale property” [3].




        For sizes, shapes, and forms in this regime (often referred to as nano-scale “architecture”) one has to measure length, surface and volume, and may describe how the parts are connected. When length is interpreted as size, this leads to the assumption that all nano-properties are only size-related, which is incorrect. Although, length is the simplest to measure, surface, volume, mass, density, etc., are also needed to describe intensive properties. In other words, intensive properties are not exclusively determined by size, and can be defined only as a system that contains the nanosized object and includes its environment it directly interacts with.




        In the common practice of coining “nano” language, terms usually contain the word “nano” either separately as an adjective or as a prefix fused with a noun, which is usually taken from existing “macro” descriptors of materials, shapes, forms, devices, processes, and activities, such as nanosilver, nanoparticle, nanodevice, and so on. However, human brain works through associations. This suggests that nanosystem is like its macroscopic version, but much smaller. This is wrong: the world at the nanoscale operates differently from the macroscale. Use of these terms may lead to different thought associations for different people, therefore creating alternate meanings, which ultimately might result in unintentional misunderstanding of concepts.




        In the context of this chapter the question of definition raises at least two important further questions: (1) Does it make sense to regulate or manage a collection of processes or materials on size alone? (2) Can a definition be formulated that allows both manufacturers and regulators to know what is included and what is not?




        The basic reason that it makes sense to regulate NT as a separate category is that NT materials behave differently from conventional materials. The property of NT materials are often not predictable from the laws of classical physics and chemistry. The laws of electricity that apply to bigger things may not hold for NT materials. A material that conducts electricity at normal size may be an electrical insulator at NT size, and vice versa. We do not know enough about the toxicity and environmental effects to know whether NT materials are also different in these respects, but it is likely, for example, that the toxicity of NT materials is more related to their surface area than to their weight [7, 8]. Certainly the direct relationship between volume of material and exposure-assumed in most chemical regulation-is not a useful guide for dealing with NT.




        Another factor that differentiates NT materials is the importance of structure in determining their physical and biological behavior. Some experts prefer to talk about “nanostructured materials” rather than nanomaterials [9]. In many cases, NT products start with some molecules or atom-carbon, titanium or gold, for example-shaped into a basic form such as nanodor or nanotube. These forms are then combined into larger structures, and/or combined with other material such as textile, resin, or glass. The behavior of the NT product cannot be predicted from the starting chemical structure, or often even from the basic NT form, because the structure of the material will be a major determinant.




        Given the above differences, the existing regulatory and management programs are not likely to be very useful in dealing with NT. This does not necessarily mean that existing statutes cannot be used, but, at a minimum, they will require adjustment and adaptation.




        When discussing the management of NT as a separate category, it may be useful to distinguish between NT processes and NT materials. The latter almost certainly will require basic changes in government regulatory programs. NT processes, on the other hand, may be more amenable to regulation.




        The answer to the definitional question−whether regulators and those regulated will be able to make a clear demarcation between what is and what isn’t considered NT−will depend on the details of the definition and the technical capability for applying it. These issues cannot be resolved at the present time, but it is relevant that manufacturers across various industries seem to be in general agreement about what is considered NT.




        In addition to all this, we have to be aware that all definitions are products of consensus between interested parties (scientists, journalists, etc.) participating in the process, therefore the content reflects their actual views. For a general definition, we simply don’t know enough yet. Our opinion is that for now, instead of considering any definition to be exclusively descriptive, the realm, in which the given definition is valid, has to be defined.


      




      

        Nanomedicine




        At first insight nanomedicine is rather more well-defined application of nanotechnology in the areas of healthcare and disease diagnosis and treatment. But, here, too, one encounters a bewildering array of programmes and projects. Artificial bone implants already benefits from nanotechnologically improved materials. Nanostructural surfaces can serve as scaffolding controlled tissue-growth. Of course, all kinds of medical devices profit from miniaturization of electronic components as they move beyond micro to nano. Nanoparticulate pharmaceutical agents can penetrate cells more effectively as well as being able to cross the blood brain barrier (BBB). After injecting nanoparticles into tumors, these can be stimulated electromagnetically from outside the body by emitting heat, the stimulated particle can then destroy the tumor cells.




        These examples and many more of ongoing developments can be found in various reports on the prospects and promises of nanomedicine. However, these examples are nothing to be frown at, nanomedicine has been conceived as a far more ambitious enterprise: Nanomedicine came into being as a molecular understanding of cellular processes which is strategically combined with capability to produce nanoscale materials in a controlled manner. With these greater ambitions comes the formidable challenge to assess more visionary programmes not only for their feasibility, but also for the proper balancing of public and social benefits. These ambitions revolve mainly around the concepts “theranostics” (i.e., the combination of diagnosis and therapeutic functionality in one device, enabling pre-symptomatic treatment), “polymer therapeutics” (rational design of nanomedicines), “targeted drug delivery” (individual medicine), and “regenerative medicine” (cell repair). The promise associated with these terms is that of therapeutically more effective, individualized, targeted, dose reduced and more affordable medicine. Before considering these ambitions and promises (this eBook deals with polymeric nanomedicines and targeted drug delivery using polymeric nanomedicines), it helps to place them in the larger historical context of the development of nanomedicine.




        Nanomedicine has been an important part of nanotechnology from the very beginning. And since NT began as a visionary enterprise, nanomedicine started by applying mainly nanomechanical concepts to the body. In his eBook, on Nanomedicine, Robert Freitas assembled an impressive array of ingenious ideas that drive from ongoing developments and inevitably lead to extravagand speculations [9]. The 2004 presentation of the cancer nanotechnology initiative in the US revolves around the goal of eliminating death and suffering from the cancer by 2015 [10]. The 2006 European Technology Platform on Nanomedicine is more subtle than this. It speaks of a revolution in molecular imaging in the forseeable future, leading to the detection of a single molecule or a single cell in a complex biological environmental [11]. The detection of disease will happen as early as possible and “ultimately this will occur at the level of a simple cell, combined with monitoring the effectiveness of therapy” [12].




        Although defining a term such as nanomedicine may sound simple, by comparing several funding agencies from around the world, one quickly realizes that a uniform international definition of nanomedicine does not currently exist. This is typical of a new field, but can be problematic to these trying to understand the field, make significant contributions to it, and especially in the public views nanomedicine. Clearly an established international gathering of nanomedicine experts would help establish an “internationally acceptable” definition and subsequent criteria for nanomedicine research.




        The most balanced overview of nanomedicine to date is the European Science Foundation’s (ESF) 2006 “Forward Look on Nanomedicine” [13]. It is firmly grounded in current research. As it distances itself from speculation, it seeks to give shape to a nanomedical research agenda that is clearly set apart from the grab-bag of nanotechnologies. In effect, the report drives a wedge between scientific nanomedicine and something lesser that might be called medical nanotechnology. Scientific nanomedicine is based on molecular knowledge of the human body and it involves molecular tools for the diagnosis and treatment of disease. Medical nanotechnology encompasses all other ways in which nanotechnology affects both care, especially from the miniaturisation of devices and the integration of information and communication technologies in diagnostic tools and health monitoring including a radical transformation of the present day hospital with the traditional doctor-patient relationships. In addition, the particular definition of nanomedicine that the Medical Standing Committee of the ESF compiled is “the science and technology of diagnosing, treating, and preventing disease and traumatic injury, of relieving pain, and of preventing and improving human health, using molecular tools and molecular knowledge of the human body” [13]. Furthermore, they defined several main disciplines of nanomedicine: analytical tools, nanoimaging, nanomaterials and nanodevices, novel therapeutics and drug delivery systems. Also clinical, regulatory, and toxicological issues are involved in this definition. In the United States, nanomedicine is defined as “an offshoot of nanotechnology, which refers to highly specific medical interventions at the molecularscale for curing disease or repairing damaged tissues, such as bone, muscle, or nerve” [13].




        Specifically speaking, similarities in the numerous definitions of nanomedicine from around the world center on molecular events and this is where people (including scientists and clinicians) get somewhat confused. For example, many researchers in the medical field (such as biology, anatomy, pathology) often state when presented with definition of nanomedicine: “I have been examining molecular interactions for decades inside and outside cells (such as cell membrane calcium fluxes, mRNA, protein synthesis) and now my research is called nanomedicine”.




        In comparison, similar statements were made by chemists and physicists (among others) over a decade ago when nanotechnology was first emphasized in various funding agencies. That is, statements such as “I have been studying atomic interactions since decades, but why is my research now called nanotechnology?” were often asked.




        But what about the subset of nanotechnology, nanomedicine? How does nanomedicine separate itself from other traditional medical research fields? Is it really different from research that scientists conducted a decade or more ago? And a possibly more important question, does is matter to the future of nanomedicine if it does not separate itself from these other traditional medical research fields? All questions worth asking for this maturing field. The authors take a firm stance in this respect and emphasize nanomedicine research in which significantly changed medical events are elucidated only by concentrating on nanoscale events. Nanomedicine, in other words, is disease-centered, trying to do better and on molecular level what physiology, pathology, and the various specialized medical sciences have been doing so far. Nanomedicine is primarily concerned to reduce mortality from non-infection diseases, especially cancer.




        The term nanomedicine can be traced back to the late 1990s; according to the Science Citation Index (Institute for Scientific Information, Thomson, Philadelphia, PA, USA), the first research publications that use this term appeared in the year 2000 [14]. With research programs, conferences, and journals focusing on nanomedicine for a number of years now, it has become clear that nanomedicine is more than a semantic fashion, though it was difficult to find a precise definition for this field with its blurred borderline encompassing biotech and microsystems technology.




        In general two concepts can be distinguished. Some experts define nanomedicine very broadly as a technology that uses molecular tools and knowledge of the human body for medical diagnosis and treatment [15]. Others prefer an emphasis on the original meaning of nanotechnology as one that makes use of physical effects occurring in nanoscale objects that exist at the interface between the molecular and macroscopic world in which quantum mechanics still reigns [16]. The second concept define nanomedicine as the use of nanoscale or nanostructured materials in medicine that according to their structure have unique medical effects, for example, the ability to cross biological barriers or the the passive targeting of tissues. Such medical effects are not strictly limited to a size range below 100 nanometers. Therefore, unlike the physical definition of nanotechnology, which is restricted to objects with dimensions in the range of 1 nm to 100 nm, this definition include structures and objects up to 1000 nm in size. Such a definition also seems to be justified from a technical point of view because the control of materials in this size range not only results in new medical effects but also requires novel, scientifically demanding chemistry and manufacturing techniques. This definition does not include traditional small-molecule drugs as they are not specifically engineered on the nanoscale to achieve therapeutic effects that relate to their nanosize dimension [17-19].




        A fundamental problem associated with the term nanomedicine, ironically enough, stems from those early proponents of nanomedicine, who define the term as “More than just an extension of “molecular medicine”, nanomedicine will employ molecular machine systems to address medical problems, and will use molecular knowledge to maintain and improve human health at the molecular scale” (www.nanomedicine.com/). The problems with this definition are as follows:





        

          	By including “molecular machine” and “molecular knowledge” into the definition of “nanomedicine” or “medical nanotechnology” the whole of chemistry, physics and molecular biology are essentially included. In this way contradicting the novel and new nature of nanomedicine;




          	It is much broader than the now defined and widely accepted term of nanotechnology, which includes “materials that at least one of their dimension that affects their function is in the scale range between 1-100 nm” (www.nano.gov/html/facts/WhatIsNano.html; www.fda.gov./nanotechnology/).


        




        The close association of nanomedicine with non-realistic, futuristic and science-fiction-based imagery, such as nanorobotics, can easily lead tonegative perceptions about the term in the minds of the wider scientific and general public. The result of the problematic definition and conceptual basis of nanomedicine leads to confusion and can also be responsible for undervaluing the credibility of this emerging field, which has been very recently highlighted in widely read scientific journals [19].




        Irrespective of terms, definitions and linguistics, it is now accepted that nanomedicine is a field that is emerging and rapidly gaining acceptance and recognition as an independent field of research and technology. As our knowledge of physical properties at the nanoscale becomes more profound and novel nanometer-sized materials are developed, their use in biomedical applications will exponentially increase. Similar to the rest of nanotechnology, the novelty and significance of nanomedicine are in the new perspective and focus that thus offer: the utilization of nanometer-scale materials to monitor, diagnose and cure disease. It can be argued that all drug molecules can be considered nanomedicines since they act as the molecular level. Nanomedicine researchers should respond that their discipline is focusing at the nanoscale, which is above the molecular level and within the 100 nm scale. Whatever the argument, the fact that nanometer-sized self-assembled systems and devices, such as drug delivery systems, have been developed for a number of years, having an established role in clinical practice today. This does not mean that nanomedicine has no further potential to improve clinical practice. On the contrary, consideration of previously acquired knowledge on how nanoparticles act in the body with novel nanoscale materials and tools give promise to a very exciting future for nanomedicine.




        What about the shortcomings of nanomedicine? These lie in the “eye of the beholder”. The most dangerous shortcomings from which a promising field like nanomedicine can suffer are a detachment from reality and overhyped expectations. Nanomedicine should be encouraged to develop as a discipline based on scientifically proven realities rather than alluring science-fiction-based prospects and illustrations. Safety considerations, public awareness of what is feasibly possible and very close contact with reality and the needs of clinician who will ultimately use the nanomedicine tools and knowledge will guarantee valuable contributions and benefits to patients. Nanomedicine and the construction of a comprehensive delivery system for surveillance, monitoring, treatment and elimination of disease may be an elusive goal to achieve, but provides great motivation for a creative process that can serve and benefit medical practice.


      




      

        Medical Applications of Polymeric and Metallic Nanoparticles




        Nanomedicine offers the prospect of powerful new tools for the treatment of human diseases and the improvement of human biological systems using molecular nanomedicine. This paragraph is intended to serve as a broad introduction to the role of polymeric nanomedicines in medical sciences than as an exhaustive review.


      




      

        Cancer




        Nanoparticulate systems exerted a significant influence on the treatment methods of many diseases [20-23]. At a cellular level, cancerous tissues are usually quite different from normal tissues. Many cancer cells change the chemicals on their surface, and are therefore easy to identify. However, most cancer cells grow faster or change shape and every cancer involves a genetic change that causes a difference in the chemicals inside the cell. The immune system takes advantage of surface markers to destroy cancer cells; but this is not enough to keep us cancer-free.




        Over the past 50 years, there have been great advances in understanding fundamental cancer biology. However, for the most part, these advances have not translated into greatly improved clinical outcomes. This is largely due to the highly toxic and nonspecific nature of most cancer therapeutics, which limits their use and effectiveness in vivo. Nanotherapeutics and especially polymeric nanomedicines have the potential to actively target tumors, increasing treatment effectiveness while limiting side effects. This improved therapeutic index is one of the great promises of nanomedicine [24].




        Tacking into account that the objective of “perfectly specific” low-molecular weight drug molecule able to prevent tumor cell growth without causing non-specific side effects has been difficult to realize in practice, drug delivery systems, nano-sized vectors for tumor targeting and synthetic macromolecular therapeutics have began to make an important contribution to cancer therapy over the last decade [25-27]. Biodegradable polymers containing entrapped drug can be placed in the body, and are used for localized drug delivery and/or the controlled release of a drug over a period of months.




        The nanomedicine has enormous potential to improve healthcare in cancer [28, 29]. On one hand, miniaturization is creating device for use as diagnostics, biosensors and imaging agents, and on the other, ever more sophisticated synthetic chemistry is producing nanovectors for drug delivery. Ferrari [29] coined a useful definition for cancer nanotechnology as “a vast and diverse array of devices derived from engineering biology, physics and chemistry, including nanovectors for the targeted delivery of anticancer drugs and imaging contrast agents, and those detection systems such as nanowires and nanocantilever arrays under development for the early detection of precancerous and malignant lesions from biological fluids”. Nanovectors have also been called “nanopharmaceuticals or nanomedicines” [25].




        There has been a growing realization that the ideal anticancer nanovector requires multiple components. Polymer feature widely, and they have been used to prepare polymer-coated liposomes (with or without drug), polymer antibody conjugates, polymer-protein conjugates and nanoparticles coated with polymers and/or targeting ligand [30]. To achieve the optimal therapeutic index, careful assembly on the basis of sound biological rationale is required. The pathophysiology of the targeted disease (for example, tumor location, degree of vascularization and molecular biology) and the nature of the drug payload to be delivered must be considered [29]. It is equally essential that all components (not least synthetic and natural polymers) are inherently safe, amenable to reproducible manufacture on an industrial scale and suitable for transformation into a cost-effective pharmaceutical formulation providing a medicine that is practical to use clinically.




        Natural and synthetic polymers are used widely as components of new medical devices, for example, as rate-controlling coatings, as hydrogels or matrices for the topical administration of drugs, in tablets and capsules for oral administration and controlled-release systems for drugs, peptides and proteins, and as constructs for tissue engineering. However, it has only been during the last decade that the first polymer-based therapeutics emerged as clinically accepted medicines for parenteral administration.




        The term “polymer therapeutics” [31, 32] was coined to describe the biologically active polymeric drugs, polymer-drug conjugates, polymer-protein conjugates, polymeric micelles to which a drug is covalently bound and multi-component polyplexes (containing covalent linkers) being developed as non-viral vectors for gene and protein delivery. From the industrial standpoint, these are new chemical entities rather than conventional drug delivery systems or formulations that simply entrap, solubilize or control drug release without resorting to chemical conjugation. The distinction is between a covalently complexed bound biologically active system, and one that is non-covalently complexed or simply entrapped.


      




      

        Prevention of Brain Damage in Neurodegenerative Diseases




        The brain is unique among the body organs; it stores our memories and personality, and therefore it cannot simply be replaced if it starts to wear out. This poses a special problem for life extension; the information stored in the brain must be preserved over extended periods of time, safe from disease and accident. Obviously, it is good to prevent the premature death of neurons. Poisons such as alcohol, accidents, such as stroke, and diseases such as Alzheimer’s can all cause neurons to die. In each of these cases, neuron death can be greatly slown if not prevented entirely by controlling the chemistry inside the cell. Injurious chemicals can be vacuumed up and converted into harmless ones.




        Damaged neurons, like other cells, sometimes go into suicide mode (called “apoptosis”); as mentioned above, this can be chemically prevented, and the neuron can be stabilized until the problem is fixed and the damage is repaired. It is now acknowledged that brain cells do regenerate; the brain is generating new cells all the time. This implies that some neural death is normal.




        Drug delivery to the central nervous system remains a challenge in developing effective treatments for neurodegenerative disease [22, 33, 34]. An important part of this challenge is overcoming the natural tendency of the blood-brain barrier (BBB) to block the drug transport. This barrier is designed to protect the brain from foreign substances and blood-borne infections but it cannot recognize many therapeutic compounds. As a result, high doses must be administered, with increased risks of adverse side effects. Among the different approaches explored to overcome this limitation are nanoparticle-based systems ranging from polymer particles to liposomes. A thorough review of work in this area has been published by Garcia-Garcia and colleagues [33].




        Nanoparticles made from poly (hexadecyl cyanoacrylate) and related compounds have been shown to facilitate drug transport across the BBB. Kreuter and colleagues [35] adsorbed dalargin (an analgesic) onto poly(butyl cyanoacrylate)(PBCA) nanoparticles and demonstrated penetration across the BBB in rats. After that, Sigemund [36] showed how PBCA nanoparticles loaded with thioflavins can target fibrillar amyloid β in a murine model of Alzheimer’s disease. Calvo [37, 38] synthesized a nanoparticle system composed of a copolymer of poly (ethylene glycol) (PEG) and poly(hexadecyl cyanoacrylate) (PHDCA). Since PEG is hydrophilic and PHDCA is hydrophobic, an aqueous environment causes the copolymer macromolecule to arrange themselves as particles with an insoluble PHDCA core and a surface layer of PEG. The incorporation of PEG is common in many drug delivery systems because it is not recognized as a foreign material by macrophages in blood and can therefore increase the half life of drug carriers in blood [39]. Indeed, the incorporation of PEG enhances the ability of PHDCA to cross the BBB. Polymeric micelles can be formed by copolymers of PEG and materials similar to PEG, such as poly (propylene oxide). The commercially available Pluronic® P-85 polymer is an example, and P-85 micelles have been utilized to transport analgesics across the BBB in mice [40].




        Liposome-based drug delivery systems have also been extensively investigated for drug delivery to the central nervous system [33]. Surface coverage with PEG is also effective in these systems. Schmidt [41] prepared liposomes with diameters ranging from 90-100 nm to encapsulate prednisolone, a drug used in the treatment of multiple sclerosis (MS). Following intravenous (IV) injection in mice with experimental autoimmune encephalomyelitis (an animal model for MS, the liposomes were observed to accumulate to high levels in the central nervous system within 2 h. Treatment with the drug-loaded liposomes resulted in restoration of BBB integrity and reduction in inflammation as well as macrophage infiltration. This treatment was judged to be superior to the administration of free glucocorticosteroids, which is a conventional therapy for MS.




        A further application of PEG-conjugated liposomes is in gene delivery across the BBB. This approach is being followed to develop therapies for chronic neurological diseases that do nor respond to small molecule drugs (such as Huntington’s disease, Rett syndrome, and Fragile-X syndrome, to name only a few) [42]. Shi [43] delivered plasmid DNA encoding β-galactosidase across the BBB in rats. Some of the PEG macromolecules on the liposome surfaces were attached to a targeting monoclonal antibody anti-TFR, which target the brain, liver, and spleen. Antibody attachment allowed targeted delivery of the liposomes to specific regions, and plasmid-induced gene expression in the brain was observed for at least 6 days following liposome administration. The significance of this approach is the ability to transport genes that would normally be degraded by endonucleases in vivo by loading them within liposomes with targeting capability.


      




      

        HIV/AIDS




        Many researchers have investigated the possibility of using nanoparticulate systems for the treatment of immunodeficiency diseases [44-50]. Lack of in vivo evaluations has prevented definitive conclusions on this subject [51-56]


      




      

        Ocular Diseases




        The use of nanoparticulate systems in the treatment of ocular diseases can significantly improve current treatment techniques, such as application frequency and low efficiency [57]. The use of polymeric-drug mixtures [58, 59] and synthesis of nanoparticulate systems based on bovine albumin allowed effective treatment of ocular inflammation or retinite [58-60].


      




      

        Respiratory Diseases




        NPs use in the treatment of respiratory diseases has no proper support in the literature. We selected a few examples [61-63] that mention the use of liposomes [62] or polymer-drug conjugates [63] in the treatment of pulmonary inflamation or alergies.


      




      

        Regenerative Medicine




        After the above mentioned domains, regenerative medicine appears as one of nanomedicine’s core interests. To be sure, regenerative medicine is not a single discipline but draws together a variety of medium-and long-term technical approaches, ranging from tissue engineering and wound repair all the way to various visions of cell therapy. Since these approaches predate and do not rely on nanotechnology, regenerative medicine should not be subsumed under nanomedicine contributions to it.




        Regenerative medicine aims to strengthen the self-healing processes of the human body either by stimulating or emulating them. In the case of tissue engineering, for example, this might take the form of growing tissue on an external scaffold such that the patient’s body recognizes it as its own, thus avoiding the need to suppress an immune response. Diabetes patients could be helped by restoring insulin production within the body. Among the most ambitious goals of regenerative medicine is to stimulate the growth and to reconnect severed nerves or to restore neural function in neurodegenerative diseases.




        To be sure, some would posit even more ambitious goals for regenerative medicine, namely a kind of cell-repair that might prevent, even reverse ageing. Though this idea attracts much attention in popular discourse [64], it does not occur in the reports of nanomedical working groups. It is important to note this clear demarcation of nanomedical ambitions from speculative visions. However, the more modest aim to understand and treat degenerative disease processes requires a further demarcation. Support of medical research, in general, and nanomedicine research, in particular, should be dedicated to the advance of public health and quality of life but not the increase of longevity as an end in itself. Increased average life-expectation should be considered as nothing but welcome side-effects of improved access to health care and better health maintenance overall. Indeed, some proponents of nanomedicine prematurely anticipate just this side-effect. One of the earliest public documents to acquaint a general audience with nanotechnology singles out as a societal issue that “longer average lifetimes will mean more people on Earth. But how many more people can the Earth sustain?” In a similar vein, the European Technology Platform notes that one large impact of nanomedicine will be “increased costs of social security systems due to the ageing of population” [65].




        It is important to be clear about the achievable goals of nanomedicine that are in the public interest. Popular fascination with envisioned technologies of life extension does not render longevity a public good. Conversely, before worrying about increased life-expectancy as one of potential impacts of nanomedicine, one should ensure that nanomedicine gets off the ground and meets the formidable challenge to convert even its more modest ambitions into reality.




        As it is converted from vision to reality, the notion of cell repair will be a testing ground for the very idea that cellular processes involve a nanotechnological machinery that can also be repaired. This metaphor of nanomachinery has proven to be productive for understanding cellular mechanisms but it is unclear as of yet how far this metaphor carries when it comes to the precision control of highly complex biological realities [66]. It also leads to the ethical question of whether we may mechanically reduce the human being to a sum of physical traits [67].


      




      

        Magnetic Resonance Imaging




        Magnetic resonance imaging (MRI) is a test that uses a magnetic field and pulses of radio wave energy to make pictures of organs and structures inside the body. In many cases MRI gives different informations about structures in the body than can be seen with an X-ray, ultrasounds, or computed tomography scan. MRI also may show aspects that cannot be seen with other imaging methods. Clinical use of MRI require the use of a contrast agent [68]




        Biocompatible and water-soluble polymers have demonstrated unique pharmacokinetic properties, including prolonged blood circulation and tissue retention, and preferential accumulation in lesions with blood vessel hyperpermeability, because of their large size. Biocompatible synthetic polymers have been used as a platform for the modification of pharmacokinetics of small molecular therapeutics and imaging agents to improve their efficacy in drug delivery and molecular imaging [69, 70]. The conjugation of therapeutics to biocompatible polymers prolongs in vivo drug retention time, increases drug bioavailability, reduces systemic toxicity and enhances therapeutic efficacy [71, 72]. The incorporation of imaging agents into biocompatible polymers prolongs their retention in the tissues of interest with increased concentrations, which allows more accurate disease detection and characterization [73, 74]. For example, the incorporation of a MRI contrast agent into macromolecules would increase its blood circulation time for effective contrast enhanced cardiovascular imaging and tumor imaging [75, 76].




        Both drug delivery and molecular imaging can benefit from the large sizes and unique pharmacokinetics properties of biomedical polymers. However, the applications of biomedical polymers in these areas are not mutually exclusive. In fact, the concept of drug delivery can be applied to molecular imaging for the design and development of effective and specific imaging agents and probes. Molecular imaging provided a non-invasive tool for visualization of real-time pharmacokinetics of polymeric drug delivery systems after labeling with appropriate imaging agents or probes [77, 78], which can unveil the complicated mechanisms of in vivo drug delivery and its correlation to pharmacodynamics. Thus, the combination of drug delivery and molecular imaging on the same polymer platform will result in more effective therapeutic regimens-image-guided therapies, which include earlier and more accurate diagnosis, efficacious treatment, rapid and non-invasive assessment of responses to the therapies, and personalized patient care.




        The applications of biomedical polymers in drug delivery and molecular imaging are broad and comprehensive. Polymers have been used in the design and development of novel imaging agents for various imaging modalities, including computed tomography (CT) [79], MRI [73], single photon emission computed tomography (SPECT) [80], positron emission tomography (PET) [81], ultrasound [82] and optical imaging [83].




        MRI contrast agents are paramagnetic metal chelates, e.g., Mn(II), Fe(III), Gd(III) complexes, gold nanoparticles [84, 85], silica-gold nanoshells,and ultrasmall supermagnetic iron oxide, which are able to alter the relaxation rate of the surrounding water protons, resulting in image contrast enhancement [86, 87].




        A commonly used metal in nanoparticle formulations for use as MRI contrast agents is iron oxide. Two types of iron oxide have mainly been investigated for their use in magnetic nanoparticle formulation: maghemite (γ-Fe2O3) and superparamagnetic iron oxide (SPIO) magnetite (Fe3O4), where proven biocompatibility of magnetite has caused it to be a more promising candidate. One of the more important advantages of this material is that it exhibits superparamagnetism, a property that allows for stability and individual dispersion of the particles after the external magnetic field has been removed. The strong magnetic property of magnetic makes it well suited for use as an MRI contrast agent. Although MRI is a very useful technique for the detection of solid tumors (by providing clear anatomical details and soft tissue contrast), in the past MRI has been quite insensitive for smaller events in cancer imaging, such as the detection of lymph node metastasis and therapeutic efficacy of cancer treatment. Harsinghani et al. showed that even unmodified iron oxide nanoparticles allowed for 90.5% detection of lymph node metastasis in patients with prostate cancer, as opposed to 35.4% detection using conventional MRI [88].




        Surface modification with active targeting ligands improves target localization of the nanoparticles. A method for visualizing therapeutic efficacy of cancer treatment proved possible when Zhao et al. targeted iron oxide nanoparticles to anionic phopholipid present on the surface of apoptotic cells [89]. This was achieved by incorporating the C2-domain of synaptotagmin I onto the surface of the nanoparticles as an apoptotic targeting moiety. The functionality of the nanoparticles by inclusion of active targeting moiety not only guides the particles beyond the tumor solid mass, but also aids in internalization of the particles. The inclusion of folic acid on the surface of iron oxide nanoparticles improved targeting and intracellular uptake to BT20 breast receptors cells in vitro [90]. Keeping in mind that folic acid receptors are desired targets to direct targeted tumor therapy. Kohler et al. [91] found a way to use this principle in their multi-functional iron oxide nanoparticle formulation. Methotrexate is an anologue of folic acid that, in addition to recognize folic acid receptors, exerts a chemotherapeutic effect on many cancer types that express folic acid receptors. Kohler et al. showed that iron oxide nanoparticles can be multi-functionalised by binding methotrexate to the surface to produce a targeting construct, and once internalized by the cancer cell, lysosomal pH cleaved methotrexate from the surface allowing it to further serve as a chemotherapeutic for cancer eradication [91], hereby producing a multifunctional system that allows for simultaneous tumor therapy and real time imaging of drug delivery. Multiple functionality of iron oxide nanoparticles by combining such tumor targeted imaging with drug delivery is an obvious and applicable step in the creation of an all-in one cancer therapy. Magnetic particles have the limitation that their magnetic strength and bioavailability depends strongly on their size and surface chemistry [92, 93]. So far, magnetite nanoparticles formulated with poly(D,L-lactide-co-glycolide) have been successful in combining the delivery of chemotherapeutic drugs to the tumor, while retaining enough magnetic strength for imaging contrast enhancement [94], although reports of a significant loss of magnetic strength (≈40-50%) must be taken into consideration [95, 97]. A more recent successful approach involved the formulation of iron oxide core nanoparticles with oleic acid, which were able to carry water-insoluble anticancer agents to the tumor site while retaining their magnetic strength [98-101]. Besides combining imaging with therapy, drug-loaded magnetic nanoparticles raise the potential to magnetically guide nanoparticles to deposit drugs at the intended target site, although in vivo data are not conclusive enough to prove clinical success. The major limitation of magnetic targeting in vivo is dampering of the external magnetic field with increasing depth in the biological environment.




        Superparamagnetic iron oxide (SPIO) nanoparticles have emerged as effective contrast agents for T2-weighting, thereby serving as a complement to gadolinium based agents. T2 weighting is important for the imaging of the liver, lymph nodes, and bone marrow [71]. The relaxation times of superparamagnetic nanoparticles (such as iron oxide) are much higher than those of gadolinium-based agents.




        In 2005, Hugh and colleagues [103] described how SPIO nanoparticles can be used to detect cancer in vivo using a mouse xenograft model. In this investigation, the nanoparticles were conjugated to herceptin, a cancer-targeting antibody. SPIO nanoparticles were prepared by the thermal decomposition of iron acetylacetonate and made water-soluble by binding with 2,3-dimercaptosuccinic acid before conjugation with herceptin. When administered IV to mice, a rapid change was observed in the T2-weighted MRI signal from the tumor located in the thigh of the animals. The specificity of antibody binding was verified in a control experiment where the same iron oxide nanoparticles were bound to a nanoparticle antibody.




        SPIO nanoparticles can also be used to visualize features that would not otherwise be detectable by conventional MRI. Thus, Harisinghani and colleagues [104] utilized SPIO nanoparticles in human patients with prostate cancer to detect small metastases in the lymph node. In this case, the nanoparticles were coated with dextran for retention in the blood stream and gradual uptake into the lymph nodes where they are internalized by macrophages. The significance of this work is that patients with localized disease have the option of easily treatment by surgery without being restricted to radiation therapy, the primary treatment for advanced-stage patients [105].




        Going one step beyond the ability of iron oxide nanoparticles to deliver drugs and image tumors in one multi-functional systems, it was also found that the magnetic properties of the iron-oxide core could be further exploited for use in guided hyperthermia. The most obvious problem with hyperthermia treatment is the challenge of heating only the tumor region without damaging healthy tissue [106]. With their ability to localize to a great extent in the tumor region, iron oxide nanoparticles are excellent candidates for such local heat conduction. By alternating the magnetic field externally, heat is generated around the magnetic particles due to hysteresis loss [107], and when the temperature is raised above 43oC, cell apoptosis/necrosis results [108, 109]. Local hyperthermia also enhances the perfusion of systematically administered drugs into the core of the solid tumor mass. The usefulness of this principle on tumor shrinkage has been readily shown in many in vivo studies [104, 105] and although here has been much progress using hyperthermia to enhance efficacy of separately administered chemotherapeutics [106] and gene/protein therapy [107-109], a unified polymeric iron oxide nanoparticle that combines tumor imaging, drug delivery and hyperthermia treatment remains to be developed [110-121].




        Gold nanoparticles are another class of metal nanoparticles that have found a niche in the tumor-imaging and guided hyperthermia market. Gold nanoshells, silica core nanoparticle surrounded by a layer of gold coating are favorable to use as contrast agents in optical coherence tomography because variation in their size and shape allows for the precise tuning of their resonance wavelength [122]. This flexibility translates into the potential to tune absorbance of the nanoshells anywhere between near-ultraviolet and mid-infrared [123-125]. As opposed to conventional near infrared dyes, gold nanoshells are robust, which prevents thermal denaturation. In addition, they scatter light more intensely, allowing for detection and use at femtomolar concentration and they also do not photobleach. The latter two characteristics are important for their optical imaging properties. Combined imaging and therapeutic use of these gold nanoshells has been proven in several cancer models, both in vitro and in vivo [126]. It has been shown that thiolated PEG [126], which easily assembles onto the nanoshell surface, allows for incorporation of tumor targeting antibodies into the nanoshell system, to functionalise the particles to target tumors actively, in addition to their passive targeting properties by the enhanced permeability and retention (EPR) effect. Use of polymer linker with free carboxylic or amino groups expands the option for antibody/antigen incorporation, as not all proteins have free sulfhydryl groups for covalent linkage. Several reports investigating additional uses of gold nanoparticles helps classify these carriers as multifunctional and may allow for the development of gold nanoparticles with multifunctional uses [125].




        Gadolinium-157 is a stable (non-radioactive) nuclide that, following irradiation with thermal neutrans, produces cytotoxic γ-ray radiation [127, 128]. This feature enables it for use in neutron capture therapy (NCT) of cancer [128]. As opposed to other radiation producing elements, such as boron-10, which are also used in NCT, gadolinium compounds are used as contrast agents in MRI diagnostics [129]. Thus, the therapeutic and imaging properties of Gd make it an excellent candidate for multivalent tumor therapy. Studies show that tumor-specific Gd localization with Gd ion-containing nanoparticles significantly suppresses tumor growth and increase survival time with NCT in mice bearing a radio-resistant melanoma [127]. The use of Gd low molecular weight complexes Gd-DTPA (Gd-diethylenetriaminepentaacetate) and Gd-DOTA (Gd-tetraazacyclodecanetetraacetic acid) as MRI agents is limited by transient plasma retention time and cannot effectively differentiate diseased tissue from normal tissue (Fig. 1).
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Figure 1)




        The structures of Gd-DTPA and Gd-DOTA.




        Delivery of Gd through Gd-DTPA allows for the association of Gd into polymeric nanoparticles, a principle proven by Tokumitsu et al. who used this concept to associate Gd into chitosan nanoparticles [128, 130] for NCT. Although, prior use of Gd-DTPA as a MRI contrast agents [131] suggests the dual use of these chitosan nanoparticles in imaging and therapy, the authors have yet to investigate that particular principle. Chitosan nanoparticle have been employed in the delivery of chemotherapeutics such as paclitaxel and doxorubicin to tumors [132], suggesting a future potential to further multi-functionalise this Gd nanoparticle formulation for drug delivery capabilities. A currently feasible feat is the association of targeting ligands to Gd-nanoparticles for improved site-specific localization. Conjugation of folic acid or thiamine to the surface of Gd-containing nanoparticles, through distearoylphosphatidylethanolamine and a PEG spacer, greatly enhanced the cell uptake of Gd to cancer Cell expressing receptors for folic acid and thiamine, respectively (in vitro and in vivo), potentially improving localization and tumor eradication by NCT [133-135].




        Although these macromolecular contrast agents [71] have demonstrated superior efficacy in cardiovascular and cancer MR imaging in preclinical studies, their clinical development is limited because of the potential toxicity related to their slow excretion. Toxicity of an imaging agent is much more problematic in biomedical imaging than that of an anti-cancer agent in drug delivery. The strategy of drug delivery is to maintain anticancer drugs in tumor tissue for a sufficiently prolonged period at an efficacious concentration. This strategy may not be suitable for the design and development of imaging agents and probes, supposedly because they should not have any pharmacological effect. Gd(III) ions are highly toxic and long-term tissue retention of macromolecular MRI contrast agents may result in release of toxic Gd(III) ions due to metabolism. Various macromolecular MRI contrast agents have been prepared by conjugating the Gd chelates to the biodegradable macromolecules [130, 136-138]. However, biodegradation of these biomedical polymers is an enzymatic process that mainly occurs in cellular lysosomal compartments. Since MRI contrast agents are extracellular agents, degradation and excretion of macromolecular MRI contrast agents based on these biodegradable polymers are still too slow for clinical development.




        Lu and colleagues introduced a biodegradable disulfide spacer in the polymer Gd (III) chelates conjugates to develop a novel class of biodegradable macromolecular MRI contrast agents with rapid excretion of Gd(III) chelates. Literature suggests that the disulfide spacer can be gradually cleaved in the plasma by the endogeneous thiols including cysteine and glutathione (reduced form) via thiol-disulfide exchange reaction [139]. However, the in vivo degradation of the disulfide bonds is much more complicated than mere thiol-disulfide exchange reaction. The cleavage of the disulfide spacer might also involve enzymatic and oxidative reactions because of high oxygen concentration in the blood plasma. Further studies are required to unravel the detailed degradation mechanism of the disulfide spacer. Nonetheless, the disulfide spacer resulted in the rapid excretion of Gd(III) chelates of a prototype biodegradable macromolecular MRI agent, poly(L-glutamic acid)-cystamine-(Gd-DO3A) in an animal model as compared to a corresponding conjugate with a non-degradable spacer [140].




        Targeted MRI contrast agents for the specific detection of molecular biomarkers can be prepared by incorporating a targeting agent into polymeric contrast agents. For example, the incorporation of a cyclic RGD peptide into poly(L-glutamic acid)-cystamine-(Gd-DO3A) resulted in a targeted MRI contrast agent for the detection of ανβ3-integrin, an angiogenesis biomarker [141, 142].




        The conjugation of anticancer drugs to biomedical polymers modifies their pharmacokinetics and tumor targeting efficiency, resulting in improved therapeutic efficacy. The pharmacokinetics, biodistribution and tumor targeting efficiency of the polymer conjugates are traditionally evaluated using blood and urine sampling, and surgery-based methods. These methods are sometimes invasive and a large number of animals are also required in preclinical studies. Moreover, the pharmacokinetic data obtained with surgical methods cannot accurately reflect true real-time biodistribution in tissues. Molecular imaging provides a non-invasive tool for continous visualization of pharmacokinetics of polymer drug conjugates in a small number of experimental animals after they are labeled with imaging probes or contrast agents. Non-invasive visualization has a potential to provide valuable information for understanding the in vivo delivery mechanisms, which is critical for the design of more efficacious drug delivery systems.




        Though a variety of molecular agents will likely play a role, the physical, chemical, and biological characteristics of branched polyamidoamide (PAMAM) dendrimers make this class of macromolecules an ideal platform for targeted therapeutic and contrast agents [143, 144]. PAMAM dendrimers are synthetic biocompatible macromolecules possessing multiple free amino groups on the surface. Generation-5 (G-5) PAMAM dendrimers offer a carrier system having a defined branched structure capable of carrying multiple molecular entities, with a highly uniform size of about 5 nm in diameter [145]. The surface amino groups can be used for conjugation to molecules such as dye or drug to target cells in vitro and in vivo [143, 146, 147]. PAMAM dendrimers are among the most promising nanoparticle systems suggested recently because of their proven solubility in aqueous solutions, accessibility through the vasculature, lack of immunogenicity, and excretion through the kidney [143]. The dendrimer platform allows synthesis of a nanometer size contrast particles [148].




        Targeting of the high affinity folate receptor for drug and contrast agent delivery provides one pathway for selective enhancement and/or treatment [149]. Initial studies by Konda et al. [148] using G4 dendrimers coupled with both folic acid (FA) and chelate (DTPA), and then complexed with Gd showed a promising targeted enhancement in ovarian tumor xenograft. Therapeutic uses [143] of G-5 PAMAM dendrimers conjugated with FA and methotrexate showed that this system specifically killed FA receptor-expressing human epithelial cancer cells (KB) by intracellular delivery of the drug through receptor-mediated endocytosis in vitro and in vivo [146]. Further studies [147-150] reveal that G-5 PAMAM dendrimer functionalized with FA and Gd(III) NCS-DOTA (Fig. 2) showed specific and statistically significant signal enhancement in tumor as compared with non-targeted agent.


      




      

        Quantum Dots




        Conventional imaging of cells and tissue sections is performed by loading organic dyes into the sample.
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Figure 2)




        Structures of non-targeted (A) and targeted (B) dendritic chelates.




        Dyes such as fluorescein isocyanate (FITC) and rhodamine are often tethered to biomolecules that selectively bind to cells or cell components through ligand/receptor interactions. Two problems often encountered in this mode of imaging are inadequate fluorescence intensity and photobleaching. Photobleaching is the gradual decrease in fluorescence intensity often observed over time due to irreversible changes in the molecular structure of the dye molecule that render them nonfluorescent.




        Quantum dots (QDs) are nanoparticles composed of inorganic semiconductor molecules. These nanoparticles emit strong fluorescent light under ultraviolet (UV) illumination, and the wavelength (color) of the fluorescent light emitted depends sensitively on particle size. This size dependence is a unique characteristic of these materials. Inorganic semiconductor molecules derive their properties from the presence of a “band gap”. The band gap is the difference in energy between the valence band (or energy level), where the electrons primarily reside, and the conduction band, to which they can be “promoted” by the supply of energy of a specific wavelength (excitation), usually in the form of a photon. When an electron moves from the valence band to the conduction band, it leaves behind a “hole” (this is a term given to an energy level lacking an electron, and is not a physical feature). When the excitation ceases, electrons move back to the valence band, releasing their excess energy. In the case of QDs, this energy is released entirely as light. Larger QDs have more electron-hole pairs and are therefore capable of absorbing and releasing more energy. Since energy is inversely related to wavelength (E= hc/λ), this means that the wavelength of emitted light decreases as QD size increases. QDs can emit light that is far more intense and significantly more stable against photobleaching, compared with conventional organic dyes. This is a major advantage in 3D tissue imaging where photobleaching is a major concern during acquisition of successive sections in the 2-directions.




        The early experiments in QDs were extended from layers of atoms in sheets (quantum wells) to lines of atoms (quantum wires), and ultimately to quantum dots, small three dimensional groupings of atoms (perhaps a few hundred or as many as 10,000) in which the electron motion is “confined” by potential barriers in all three dimensions. This was followed closely by the realization that colloidal quantum dots are the size of typical protein, and that thus it should be possible to introduce QDs into cells.




        Being inorganic materials, QDs are insoluble in aqueous solutions. An essential part of using QDs in biological and medical applications is therefore coating them with a thin layer of a water-soluble material. Typically, this step is followed by coating with a material that binds preferentially to a particular cell or cell components. The surface of each QD has a large number of sites onto which soluble or bioactive molecules can be tethered. Furthemore, more than one type of molecule can be attached to each QD, giving it multiple functionalities. In a review of the application of QDs for live cell and in vivo imaging, Michalet and colleagues [151] have described different surface modification strategies such as targeting and prolonged retention in the blood stream (Fig. 3).




        Kim and co-workers [152] described the use of oligomeric phosphine coated QDs to map lymph nodes in mice and pigs. These QDs were made of CdTe capped with CdSe, a combination that is capable of light emission under near infrared excitation. The significance of this work is the ability to map lymph nodes up to 1 cm below the skin surface without the need for surgical incisions. The toxicity of the injected QDs was not examined in this study and the authors inferred that the concentrations used were below knowed toxic levels.




        QDs can be targeted to specific organs within the body by coating the QD surface with appropriate molecules. Akerman [153] and co-workers demonstrated that ZnS-capped CdSe QDs can be directed to the lungs of mice by coating the QD surface with a peptide sequence, CGFECVRQCPERC, which is known to bind to endothelial cells in lung blood vessels. The same methodology was used to direct QDs to blood or lymphatic vessels within tumors in ice. In both instances, the QDs were internalized by the targeted cells by endocytosis but not by cells in surrounding tissue.




        Gao and colleagues [154] encapsulated semiconductor QDs within an amphiphilic copolymer and modified the polymer surface with targeting ligands. The QDs were made of CdSe capped with ZnS and protect from aggregation in solution by a coordinating ligand (tri-n-octylphosphine oxide [TOPO]). The copolymer was a triblock, consisting of butylacrylate, ethylacrylate, and methacrylic acid segments, the former two segment types are more hydrophobic than the latter. In solution, the hydrophobic segments of the copolymer are attracted to the TOPO, resulting in a structure which has the carboxylic acid groups of the hydrophilic segment sticking out. These acid groups can be used as attachment points for molecules such as poly (ethylene glycol) or affinity ligands. The composite particles were 20-30 nm in diameter. Tumor targeting was achieved by tethering to the particle surface an antibody against prostate specific membrane antigen (PSMA). As hypothesized, these particles did indeed selectively bind to tumors in mice upon intravenous injection. No accumulation was observed in the brain, kidney, or lung.




        These unique properties [155-166] of QDs have improved the sensitivity of molecular imaging and quantitative cellular analysis by 1-2 orders of magnitude. Recent advances have led to multifunctional nanoparticle probes which are highly bright and stable under complex in vivo conditions.
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Figure 3)




        Multifunctional QDs usually employed for targeting tumor cells.




        QD bioconjugates can be delivered to tumors in vivo by both active and passive targeting mechanisms although the passive targeting is much slower and less efficient than active targeting. In the passive targeting mechanism, QD bioconjugates accumulate preferentially at tumor sites due to enhanced permeability and retention (EPR) effect [167-169]. This effect can be attributed to the facts that angiogenic tumors (i) produce vascular endothelial growth factors, which are responsible for enhanced permeability, (ii) lack an effective lymphatic drainage system, which results in QD bioconjugates accumulation. On the other hand, in the active targeting mechanism, antibody-conjugated QDs are employed where the antibody gets attached to their specific tumor biomarkers such as prostate specific membrane antigen present on the tumor cells at the target site.


      




      

        Potential Applications of QDs in Biology, Disease Diagnosis and Treatment




        The use of quantum dots for sensitive and multicolor cellular imaging has been a major advancement due to significant improvements in QD synthesis, surface chemistry and conjugation.




        Biologically conjugated QDs have shown great promiseas multiwavelength labels for on-chip bioassays and eukaryotic cells. However, use of these photoluminescent nanocrystals in bacteria has not previously been reported, and their large size (3 to 10 nm) makes it unclear whether they inhibit bacterial recognition of attached molecules and whether they are able to pass through bacterial cell walls. The conjugated CdSe QDs were used for strain and metabolism specific microbial labeling for a wide variety of bacteria and fungi. While cell surface molecules, such as glycoproteins, make excellent targets for conjugated QDs, internal labeling is consistent and leads to large spectral shifts compared with the original fluorescence, suggesting that there is breakup or dissolution of the QDs. Transmission electron microscopy of whole mounts and thin sections confirmed that bacteria are able to extract Cd and Se from QDs in a fashion dependent upon the QD surface conjugate [170].




        The study of microorganisms at the aqueous/substratum interface is of great interest because bacterial attachment to surface is often associated with surface deterioration and corrosion. Extracellular polymeric substances anchor bacteria to the substrate [171] and serve as a survival mechanism in diverse environments including water distribution systems [171]. Decontamination of biofilms by dynamic changes in fluid shear resulting in biofilm deformation and detachment may be a viable alternative to chemical disinfection methods, however, detachment mechanisms have yet to be elucidated. QDs with two different surface chemistries (amine and carboxyl modified) were utilized to measure solute mobility and diffusion in bacterial cells and biofilms as a function of fluid shear. Bulk surface chemistry measurements were used to predict the governing interfacial interactions between QDs and bacterial cells/biofilms upon initial contact. Interaction energies of QDs with bacterial biofilms, governed by interfacial forces include van der Waals, electrostatics, and hydrophobicity (including Lewis acid/base contributions), are predicted to be largely attractive for bacterial and drinking water biofilms grown on PVC pipe. Diffusion coefficients for QDs in single (Pseudomonas aeruginosa PAO1 and MCF-7 breast cancer cells) and native drinking water bacterial biofilms were dependent on the size and chemistry of the QDs and, in general, agreed well with predicted attractive interaction energies. However, uptake of QDs by cells was not observed and was attributed to significant aggregation at or near the cell surfaces.




        In 2004, Gao and colleagues [172] reported a landmark paper on in vivo cancer targeting with semiconductor quantum dots, and since that time numerous papers on this topic have been published [173-180]. However, most of these papers fail to consider the autofluorescence of living tissue, the passive targeting caused by leaky tumor vasculature, the use of a receptor-negative tumor as a control, and the high background accumulation of nanoparticles in the reticulo-endothelial system (RES). Indeed, most tumor targeting of nanoparticles in animals described so far is probably the result of enhanced permeability and retention effect [167-169].




        To render nanoparticles viable for clinical translation, it is necessary to understand the key design considerations that govern the behavior in vivo. Choi and colleagues hypothesized that it should be possible to define the ligand properties, ligand conjugation ratio, hydrodynamic diameter (HD) and surface characteristics that permit tumor-specific targeting in a living system, and to develop targeted nanoparticles that are eliminated completely from the body if not bound to the desired tumor [181]. To demonstrate the generality of the strategy, Choi and colleagues [181] developed two different types of QDs, one targeting prostate-specific membrane antigen (PSMA)-positive prostate cancer cells via the small molecule ligand and one targeting integrinα αvβ3-positive melanoma cells via the small molecule cRGD. In this study the authors demonstrated that it is possible to target renally cleared QDs to tumors, but the HD increase due to the targeting ligands is severely limiting. Only 5 to 10 small molecule ligands could be conjugated to the surface of QDs before the increased HD precluded rapid renal clearance. Nevertheless, using this strategy, the majority of the injected, unbound dose was excreted by 4 h, while preserving receptor-specific targeting. Interestingly, the ability to control the number of targeting ligands on the QD surface while maintaining renal clearance preserves the option of using “multiplexed” targeting. That is, it should be possible to conjugate two (or more) different targeting ligands to the QD surface to more effectively target tumors that express multiple receptor types [172, 182].




        For in vivo detection, clinical values of QDs as immunofluorescent probes require them to have high sensitivity and high specificity for cancer cells. QDs linked to immunoglobulin G IgG and streptavidin were studied and used to label the breast cancer marker Her2 on the surface of fixed and live cancer cells, which showed that QD probes can be very effective in cellular imaging and offer substantial advantages over organic dyes [183].




        In another study [184], QDs were first used as stable fluorescent tracers for nonspecific uptake studies and lymph node mapping in living animals. In an important improvement, PEG-coated QDs were functionalized with antibodies to prostate-specific membrane antigen and were I.V. injected in mice for tumor targeting and imaging [185].




        Most recently [186], self-illuminating quantum dot was conjugated as new probes for in vivo imaging. Specific immunofluorescent probes were synthesized by linking QDs to alpha-fetoprotein AFP antibody for specific recognization of AFP, an important marker for hepatocarcinoma cell line HCCLM6. In vivo,active tumor targeting and sensitive spectroscopic hepatoma imaging was achieved with an integrated fluorescence imaging system. The inhomogenous of the QD probes in tumor by using a site-by-site measurement studies of cancer cellsin tumor. These results demonstrate the potential of QD probes as attractive immunofluorescent probes for cancer detection.


      




      

        Detection of Myocardial Infarction




        Rapid, sensitive detection of blood borne Troponin I is extremely important for early detection of myocardial infarction. An optical biosensor has been proposed as a versatile, adaptable, and effective method for detection of Troponin I. The biosensor architecture utilizes fluorescence resonance energy transfer (FRET). In order to launch FRET, a donor-labeled Protein A molecule is bound to an acceptor-labeled capture antibody. When exposed to the Troponin I antigen, the antibody-antigen binding event initiates a conformational change within the structure of the antibody. As this morphological change in the antibody takes place, the distance between the donor and acceptor changes, resulting in a measurable shift in energy transfer. QDs were utilized as the FRET donors to further increase the efficiency of the biosensor system and organic dyes were utilized as the acceptor. This biosensor demonstrated an ample sensitivity to the analyze, achieving a lower limit of detection of approximately 32 nM in phosphate buffered saline and 55 nM in human plasma. A high degree of specificity was also observed when the response to cardiac Troponin I is compared with that of a nonspecific protein. Response time of the biosensor was determined with other Troponin diagnostic assays [187].


      




      

        Imaging of Biological Processes




        Whereas identifying and monitoring tissues in vivo with various pathologies have received most attention to date, the use of molecular imaging to noninvasively quantify biological changes is potentially far more informative but also more challenging. For this, the imaging probe is a biosensor that not only requires specific targeting but also reporter system that can be imaged. These probes may be useful for quantifying changes in a biological function such as enzyme activity, ion channel activity, protein-protein interactions, or gene expression. Nanoparticles that bind with high affinity to specific receptors could be used to monitor receptor density in real time. Diagaradjane et al. [188] designed a fluorescent probe comprising functionalized quantum dots bound to epidermal growth that can be used to image epidermal growth factor receptor-positive tumors. Whereas initial distribution in vivo was nonspecific, the tumor to background ratio increase with time providing a potential means to monitor tumor regression with treatment [188]. For gene expression, several reporter systems have been investigated, including luciferase and green fluorescent protein genes engineered downstream of specific promoters are then activated in a tissue or cell-specific manner. An innovative approach for imaging gene expression has taken advantage of the herpes simplex virus thymidine kinase. This enzyme selectively phophorylates substrates such as ganciclovir to membrane-impermeable metabolites that accumulate in cell expressing the gene.18F-labeled substrates for herpes simplex virus thymidine kinase have been developed that are detectable by PET. These include 9-(418F-fluoro-3-[hydroxymethyl] butyl)guanine and 18F-fluoropenciclovir. The first of these probes has been evaluated in clinical trials for imaging herpes simplex virus thymidine kinase transgene expression in humans involved in gene therapy trials [189, 190]. However, this imaging approach requires the targeted delivery of an exogeneous gene in vivo, an important limitation that has not been achieved using nanoparticles with any certainity to date.




        A number of different enzyme activities have been imaged in vivo using some innovative combinations of fluorescent probes [191]. Because normal biological tissues autofluoresce, probes that emit in the near infrared are best suited for this approach. In 2003, Kircher et al. [192] showed that nanoparticles labeled with different fluorescent dyes (Cy3.5 and Cy5.5) attached with cathepsin B-sensitive and resistant peptides could be used to quantify cathepsin B activity in vivo. In tissues expressing the enzyme, one of the dyes was removed by proteolytic cleavage, and thiscould be readily quantified by a change in the fluorescence ratio of the two dyes. Fluorescence quenching, or resonance energy transfer, is another approach that has been useful for quantifying enzyme activity in vivo. It is based on the principle that the emission fluorescence from one probe is quenched by a second when they are in close proximity to each other. Cleavage of one of the probe, usually by a protease, results in the activation of the second probe that can then be detected in vivo [193]. Lee et al. [194] demonstrated matrix metalloprotease-dependent activation Cy5.5 after its cleavage from gold nanoparticles, which are highly efficient fluorescence quenchers. The Cy5.5 was attached to the surface of the gold using a peptide containing a metalloprotease-specific cleavage site. In tissues or cells with high extracellular metalloprotease, the dye is removed from the gold and then imaged by fluorescence. In theory, many different proteases could be quantified by this method because the peptide linker can be altered to suit the target enzyme [195]. An interesting extension of this approach has been demonstrated using sugar-dependent binding proteins attached to quantum dots. A fluorescent quencher is designed to interact with the binding site of the sugar-dependent binding protein. In the absence of the substrate sugar, the quencher prevents detection of the quantum dot. However, in the presence of the substrate sugar, the quencher is displaced and the quantum dot can be imaged. For example, Medintz et al. [196] ligated Escherichia coli maltose binding protein to CdSe-ZnS quantum dots, and then the a cyclodextrin conjugated to the quencher QSY9 was bound to the maltose binding protein.In the presence of micromolar concentration of maltose, marked fluorescence enhancement was observed in a dose-dependent manner. A similar approach for glucose has been reported using a novel glucose indicator protein [197].




        Fluorescence quenching has also been used to measure kinase activity in vivo [198]. The near infrared dye Cy5.5 was attached to a polycation along with a substrate for protein kinase A. This polymer was then self-assembled into a nanoparticle in which the dye was in close proximity to itself and therefore effectively quenched. Phosphorylation of the kinase substrate introduced a strong negative charge resulting in polymer repulsion and separation of the dye molecules. This was detected by a substantial increase in fluorescence intensity.




        Not all quantitative imaging involves enzyme activity. Lee et al. [199] used peroxalate nanoparticles containing the dye pentacene to measure hydrogen peroxide production in vivo. The nanoparticles react with the hydrogen peroxide to chemically excite the dye resulting in chemiluminescence detectable at 630 nm. This approach was used to quantify hydrogen peroxide in the peritoneal cavity of mice treated with lipopolysaccharide.




        Calcium-sensitive MRI contrast agents have also been developed to quantify calcium levels by molecular imaging [200]. Two complementary probes were fabricated from superparamagnetic iron oxide nanoparticles coated with either calmodulin or a calmodulin binding peptide derived from myosin light chain kinase. In the presence of calcium, the two different nanoparticles bind together to promote clustering. This resulted in a 5-fold increase in T2 relaxivity and detection by MRI. Interestingly, they showed that the MRI signal could be altered by introducing specific mutations into the peptide, potentially allowing tuning of the system to a particular calcium concentration.




        These examples demonstrates some of the diverse and innovative approaches currently under development for quantitative imaging in vivo. Translation of the methodology to humans is still forthcoming, but their development beyond proof of principle is clearly warranted.




        Now, many researchers focus on using quantum dots as carriers for gene delivery to overcome the obstacles of cell membranes. Klem and coworkers have developed functionalized silicon QDs (SiQDs) to serve as self-tracking glutathione-mediated release of functional plasmid DNA from positively charged CdTe quantum dots, which suggested potential applications of these QDs in selective unpacking of payload in living cells in a visible manner [201].




        The applicability of QDs for cancer therapies based on the mechanisms of photosensitization and radiosensitization has also been investigated. Possessing electronic energy of 1-5 eV, quantum dots can perform as photosensitizers applied in photodynamic therapy (PDT), which has recently become an approved treatment modality for some type of cancer. Due to high atom and electron density, QDs could absorb high-energy photons acting as radiosensitizers to cause localized and targeted damages to cancer cells, which was reviewed in details by Juzenas [202, 203].




        Taking into account the specificity of JT-95 monoclonal antibody IgM antibody, which recognizes the antigen thyroid carcinoma Fujioka and coworkers [204] opened the possibility of a new detection system of thyroid carcinoma using a conjugated QDs.


      




      

        Problems Associated with Biofunctionalization of QDs




        For potential applications it is important to know if the functionality of the molecules is retained or whether it is impaired by the quantum dot. Since colloidal QDs have the size of a few nanometers, the attachment of such objects to a biological molecule might well influence its properties, for example, in terms of steric hindrance. As for example that the conjugation of single-stranded oligonucleotides to the surface of gold nanoparticles reduces hybridization capacity with complementary oligonucleotides [205]. Functionality of biological molecules can be regarded from different perspectives. Generally, the significance of QDs in cell biology is their use as fluorescence markers to label structure/compartments/molecules in cells. For this purposes quantum dots are conjugated to ligand molecules that recognize specific receptors, that is, the structure/compartments/molecule which is to be labeled. Therefore, it is important that the QDs do not interfere with molecular recognition. These QDs may effect enzymatic action of the biological molecules to catalyze certain reaction and neurotransmitters for opening and blocking channels. Some studies are available at present in which the functionality of biological molecules labeled with colloidal QDs is investigated. Zhang et al. claim that enzymatic activity of the ribosome-inactivating protein trichosantin did not change significantly when it was attached to colloidal CdSe/ZnS QDs [206]. Dahan et al. [207] report that labeling of membrane-bound receptors withquantum dots did not have drastic effects on the diffusion behaviour of the receptors in membrane. Kloepfer et al. have investigated the effect of QD conjugation on the functionality of the protein transferring and conclude from three experiments that the protein’s function is not compromised by its attachment to QDs [208]. In a detailed study by the Pellegrino group the effect of QD conjugation to the neurotransmitter serotonin was investigated [160]. Their experimental data suggest that conjugation to quantum dots dramatically reduces the binding affinity of serotonin to serotonin-transporter proteins. Moreover, for Xenopus oocytes expressing ionotropic serotonin receptors a serotonin-induced inward current was recorded for perfusion with free serotonin, but no current was observed in the case of perfusion with serotonin-QD conjugates. The experiments from Pellegrino group clearly demonstrate that the conjugation of biological molecules to quantum dots can impair their functionality. However, to our knowledge there are no detailed studies available at present in which the functionality of molecules conjugated to QDs is analysed in a quantitative way, for example, in terms of binding constants of catalytic activity.


      




      

        Disadvantages of Nanoparticles for Imaging




        Many of the studies that use nanomaterials for in vivo imaging have focused on the need to overcome sensitivity sensitivity or resolution limitations. However, there are other limitations that require condideration when designing potential probes for in vivo use. Not surprising, nanoparticles must traverse a complex and often hostile environments that have evolved to seek out and exclude foreign material [209]. Nanoparticles can interact with plasma proteins effectively altering their surface properties. Moreover, they can be recognized by phagocytic cells and consequently accumulate in macrophages or the reticuloendothelial system (RES) of the liver, spleen, or lymph nodes. This has led to more sophisticated surface modifications, such as pegylation or dextran coating, to try and avoid nonspecific targeting effect. Perhaps the least studied limitation is the potential acute and chronic toxicity of the particles themselves.




        The opsonization of pathogenic material in the circulation has been known for decades. It involves the coating of the particle with serum proteins, in particular with immunoglobulins and proteins of the complement system, to enhance their recognition by the immune surveillance system. In the last years, a number of studies have begun to define the binding of serum proteins to engineered nanoparticles [210-212]. These studies have shown that the types of proteins that absorb to the surface are affected by size, shape, and surface characteristics. Importantly, there is now strong evidence that the proteins that surround the nanoparticles play a critical role in determining their fate in vivo [213-215]. In an interesting study using poly-sorbate-coated poly (butyl cyanoacrylate) nanoparticles, Kreuter et al. [215] showed that transport across the blood brain barrier was initiated by surface bound apolipoproteins, which can be taken up by brain capillary endothelial cells. They also showed that the antinociceptive effect of the enkephalin analog dalargin was significantly enhanced when loaded in apolipoprotein-coated nanoparticles. Another study using iron oxide nanoparticles modified with chlorotoxin to image brain tumors showed transport across the BBB and excellent tumor imaging [216]. However, the mechanism of transport was not clear. It is possible that circulating apolipoproteins may have contributed to the uptake of these nanoparticles as well. These studies are the example of using serum protein binding as an advantage. However, the protein corona surrounding nanoparticles is rarely controlled or beneficial for targeting because it can lead to accumulation in the reticuloendothelial system.




        Many studies take advantage of the uptake of nanoparticles by the RES to specifically image the liver, or macrophages associate with diseases such as cancer [217], inflammation [218], or cardiovascular disease [219]. However, general uptake by nonspecific phagocytosis lead to a loss in targeting specificity and unwanted imaging of the liver and spleen, in particular [220]. Accumulation in RES can sequester much of the probe leaving little for specific targeting. Moreover, it may lead to localized toxicity due to accumulation. For example, silica nanoparticles have been evaluated for potential hepatotoxicity because of their propensity to be taken up by the liver [221]. Whereas large particles (>300 nm) showed little adverse effects, particle less than 100 nm induced acute liver damage and cytokine release.




        Designing nanoparticles to avoid the RES is critical for targeted imaging. The most common approach has been the addition of PEG to the surface of nanoparticle to reduce nonspecific protein binding (pegylation). However, whereas PEG modification can increase circulation times and reduce hepatic accumulation, the liver often remains the site of greatest accumulation. This has been demonstrated for polymeric nanoparticles synthesized from poly(lactic acid) and coated with PEG [222]. Although, the PEG increased the circulation time of the nanoparticle, rapid and persistent accumulation in the liver was still evident. Similarly, pegylated quantum dots also primarily distributed to the liver of mice after IV administration, albeit slightly more delayed than uncoated nanoparticles [223]. Thus pegylation can reduce reticuloendothelial targeting, but it does not appear to prevent it. This may be an important issue when attempting to image tissues located around the liver in vivo.




        Other approaches to avoid the RES have also been reported. One common coating component is the polysaccharide dextran. Dextran is clinically approved for modifying superparamagnetic iron oxide particles. It not only prevents aggregation but also serves to avoid phagocytosis, at least for nanoparticles smaller than 30 nm [224]. Nevertheless, liver accumulation is still evident.




        To date, several different approaches have been reported to reduce nanoparticle accumulation in the RES, but none prevent it completely or reduce it to a level in which tissues such as the liver are notseen during imaging. Further investigation of the cellular processes involved in nanoparticle distribution to the liver and spleen in particular may result in novel methods for increasing the signal to noise ratio for imaging near to these organs.


      




      

        Toxicological Hazards of Nanoparticles




        To use the potential of nanotechnology in medicine, full attention is needed for safety and toxicological issues. For pharmaceuticals, specific drug delivery formulations may be used to increase the so called therapeutic ratio or index being the margin between the dose needed for clinical efficacy and the dose inducing adverse side effects (toxicity). However, also for these specific formulations a toxicological evaluation is needed. This is particularly true for the application of nanoparticles for drug delivery. In these applications, particles are brought intentionally into the human body and environment, and some of these new applications are envisaged an important improvement of health care [11, 12, 225, 226]. Opinions started to divert when when toxicologists claimed that new science, methods and protocols are needed [227, 228]. However, the need for this is now underlined by several expert opinions and more importantly by the following concepts:





        

          	Nanomaterials and nanoparticles are developed for their unique (surface) properties in comparison with bulk materials. Since surface is the contact layer with the body, and a crucial determinant of particle response, these unique properties need to be investigated from a toxicological standpoint. When nanoparticles are used for their unique reactive characteristics it may be expected that these same characteristics also have an impact on the toxicity of such particles. Although, current tests and procedures in drug and device evaluation may be appropriate to detect many risks associated with the use of nanoparticles, it cannot be assumed that these assays will detect all potential risks. So, additional assays may be needed [229, 230]. This may differ depending on the type of particles used, i.e., biological vs. non-biological origin.


        




        2. Nanoparticles are attributed qualitatively different physico-chemical characteristics from micron-sized particles, which may result in changed body distribution, passage of the blood brain barrier, and triggering of blood coagulation pathways. In view of these characteristics, specific emphasis should be paid on investigation in pharmacokinetics and distribution studies of nanoparticles. What is currently lacking is a basic understanding of the biological behavior of nanoparticles in terms of distribution in vivo both at the organ and cellular level.




        It may be argued that some if not all of these specific effects will be detected during routine testing and post marketing evaluation after clinical use. All would depend on the types of assays used in the preclinical evaluation, which should be considered in the light of the use of the final products. In addition, one cannot rely on the toxicological profile of the bulk material when that material is used in a nanoformulation. What is clear is that safety evaluation and the risk benefit analysis used to be performed on a case by case basis.




        The use of nanoparticles as drug carrier may reduce the toxicity of the incorporated drug. In general, the toxicity of the whole formulation is investigated while results of the nanoparticle itself are not described. So, discrimination between drug and nanoparticle toxicity cannot be made. So, there should be a specific emphasis on the toxicity of the “empty” non-drug loaded particles. This is especially important when slowly or non degradable particles are used for drug delivery which may show persistence and accumulation on the site of the drug delivery, eventually resulting in chronic inflammatory reactions.




        In the last few years a number of papers have described the toxicology of newly engineered nanomaterials, including fullerenes [231], carbon nanotubes [232], quantum dots [233] and have illustrated that apart from size and surface area, many more parameters describing the material (surface) properties have to be included especially in the case of nanoparticles used as healthcare products [234]. All these data again stressed the limited availability of toxicity data of the nanoparticles in use. For medical application certain routine assays need to be performed which will detect a number of potential hazards. However, it can be anticipated that not all hazards are at this moment known for the use of nanoparticles. In the report of Castigan [234] it is specified the limited availability of toxicity data of the nanoparticles in used as drug carriers. However, in nanoparticles for healthcare products most if not all mechanisms of toxicity could be identified by conventional hazard identification testing as currently required to comply with the regulation for healthcare products. There are four possible mechanisms of nanoparticle toxicity: chemical toxicity of one of the constituents, toxicity of the degradation products, toxicity due to endocytosis of the nanoparticles, and membrane lysis due to the nanoparticles possibly via chemical toxicity. For parenteral use interactions with blood components, systemic distribution and kinetics are of importance, when engineered nanoparticles are being used as devices to target drugs to specific tissues, to increase their biological half time, or for imaging purposes. Each nanoparticle formulation should be tested on a case by case basis in the requisite ways focusing on their portal of entry. In this respect also the potential adverse (toxic) effects of empty particles should be considered. In developing testing procedures and protocols a number of basic issues need to be considered: the determination of specific effects of a certain category of nanoparticles, the possibility of extrapolation of available data and concepts, and the evaluation of current methods for nanoparticle toxicity determination.




        Perhaps the last understood characteristic of nanoparticles designed for molecular imaging is their potential to induce toxicity after administration. As described, QDs are inorganic nanoparticles that typically have an organic coating them makes them biocompatible or bioactive. The main toxicological risk associated with the use of QDs in vivo is the exposure of the inorganic core by the deterioration of the organic layer. QDs can also be made from a large variety of inorganic-metal complexes, such as CdSe, ZnS, CdTe, InP, InAs, GaAs to name only a few. Each such compound has unique chemical properties that can profoundly influence its toxicology. Although the literature on the toxicity of such compounds in vivo is not extensive, there are reports that highlight major concerns and illustrate the need for some work. Several reviews of the toxicology of QDs were published and in this chapter only a summary of recent toxicological investigation on QDs are given [22, 233-237].




        Derfus and colleagues [238] examined the toxicity of a range of cadmium-based QDs using an in vitro model consisting of primary rat hepatocytes. The choice of this type was motivated by the fact that the liver is the primary target of Cd exposure. QDs with CdSe cores capped with mercaptoacetic acid (MAA) and TOPO were determined to be acutely cytotoxic at a QD concentration of 62.5 µg/mL. This behavior was correlated with the liberation of Cd2+ ions following oxidation of the CdSe lattice by air and ultraviolet light. Surface oxidation and cytotoxicity were nearly eliminated by coating the CdSe particles with ZnS and further improvement was observed by polymer or protein coating on top of the ZnS. While this was an encouraging result, some Cd release was also observed from commercial QDs made with CdSe/ZnS with an overcoat of polyacrylate and streptavidin.




        Ballou [184] examined the in vivo toxicity of CdSe/ZnS QDs coated with either amphiphilic poly(acrylic acid) or PEG in mice. QDs were administered to the animals at a concentration of 20 pmol/g animal weight. No necrosis was observed in liver, spleen, and bonemarrow, were the QDs were observed to deposit, and the animals remained viable for 133 days when tissue analysis was performed.




        In fact, many biomedical imaging and detection application of QDs encapsulated by complex molecules do not exhibit noticeable toxic effects [238]. One report states that the tumor cells labeled with QDs survived in circulation and extravasated into tissues just as effectively as unlabeled cells; there was no obvious difference in their ability to form tumors in mice after 40 days; and QDs had no adverse effects on the physiology of the host animal or labeled cells [239]. Another study also revealed that water-soluble quantum dots encapsulated by amphiphilic polymers (with PEG) had very low toxicity to cells if the dosing level was lower than 100 nM [240].




        Though a lot of stable and robust coating strategies were developed in order to minimize the toxicity of current available QDs particles, a lot of effort was put to develop new high-quality quantum dot systems that do not contain very toxic components. Peng and his colleagues have synthesized Cu-or Mn-doped ZnSe quantum dots which emitted 470-600 nm lights with relatively narrow FWHM (45-65) and acceptable quantum efficiency (10-30%) [241]. This is ultimately eliminate the extracellular and intracellular cytotoxicity of QDs from the toxic components.




        However, QDs toxicity may also come from their native properties no matter what components or coating strategies are being used. QDs can transfer absorbed optical energy to nearby oxygen molecules to generate reactive oxygen species (ROS) such as free radicals (hydroxyl radical (OH) and superoxide (O2-) and singlet oxygen (1O2), and then result in cell damage and death. Reactive oxygen species have been found in several QD systems, such as CdS, CdSe, CdSe/ZnS [238], and CdTe [242, 243]. These reactive species on the contrary make quantum dots possible probes for photodynamic therapy (PDT) applications [244, 245]. DNA nicking by free radicals generated from CdSe and CdSe/ZnS quantum dots have been reported even under dark conditions [246]. Quantum dots have been found accumulated in mouse bone marrow, spleen, and liver for at least four months after administration [184]. Particles larger than 50 nm could not be easily cleared from kidney; and the typically negative charged QDs may further reduce their clearance size from kidney [247]. Large and stable nanoparticles may be cleared from animal and human bodies through liver [248-251].




        Regarding the toxicity of superparamagnetic iron oxide nanoparticles used as MRI contrast agents in rats, Muldoon and colleagues [252] demonstrated nonpathological changes in brain tissues. These findings are consistent with a toxicity study of iron oxide nanoparticles in mice and dogs performed nearly two decades aggo by Weissleder and colleagues [253]. In this work, the nanoparticles were administered intravenously and no acute or subacute toxicity responses were found in the histology of targeted tissues or in blood tests. The safety of various iron oxide based nanoparticles used as contrast agents in clinical use is well-established [254-257].




        Hainfeld and colleagues [258] examined the toxicity of gold nanomarticlea within the context of their use as X-ray contrast agents. When injected intravenously into mice, accumulation was observed in kidneys and within tumors (retention was low in the liver and spleen). Organ histology and blood analysis did not show any indication of toxicity up to 30 days following injection. These observations are consistent with the findings from an in vitro study of gold nanoparticle toxicity performed by Connor [259] with a human leukemia cell line. The chemical surface modification of gold nanoparticles can, however, impact toxicity. Goodman demonstrated that attachment of a cationic polymer monolayer onto gold nanoparticles can render them cytotoxic. Attachment of an anionic monolayer, however did not results in cytotoxic behavior [260, 261].




        The above examples illustrate the complexities of measuring the toxicity of QDs and metallic nanoparticles. The in vitro and in vivo studies cannot be directly compared because of inherent differences in experimental design and differences in the organic coating. Nevertheless, they point to the need of long-term animal studies before metallic nanoparticles can be approved for commercial use; they also point to the potential need for controlled conditions in storing and handling metallic nanoparticles and QDs. Questions that arise with regard to the safety of metallic nanoparticle manufacturing process, such as the risk of exposure by inhalation or dermal contact, also need to be answered definitively [229, 256, 257].


      


    




    

      CONCLUSIONS




      Nanotechnology and nanobiotechnology (the convergence of nanotechnology and biotechnology) and in particular its applications in the medical sciences are considered the most promising and most advanced areas of research. These applications include the use of nanoparticles for molecular diagnosis, imaging and therapy as well as complex nanostructured surfaces to control tissue repair on a cellular level.
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