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 Abstract
The intrinsic physical properties of the noble metal nanoparticles, which are highly sensitive to the nature of their local molecular environment, make such systems ideal for the detection of molecular recognition events. The current review describes the state of the art concerning molecular recognition of Noble metal nanoparticles. In the first part the preparation of such nanoparticles is discussed along with methods of capping and stabilization. A brief discussion of the three common methods of functionalization: Electrostatic adsorption; Chemisorption; Affinity-based coordination is given. In the second section a discussion of the optical and electrical properties of nanoparticles is given to aid the reader in understanding the use of such properties in molecular recognition. In the main section the various types of capping agents for molecular recognition; nucleic acid coatings, protein coatings and molecules from the family of supramolecular chemistry are described along with their numerous applications. Emphasis for the nucleic acids is on complementary oligonucleotide and aptamer recognition. For the proteins the recognition properties of antibodies form the core of the section. With respect to the supramolecular systems the cyclodextrins, calix[n]arenes, dendrimers, crown ethers and the cucurbitals are treated in depth. Finally a short section deals with the possible toxicity of the nanoparticles, a concern in public health.
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[bookmark: OLE_LINK101][bookmark: OLE_LINK107]Core tip: The article is an in-depth review of the state of the art of molecular recognition processes involving hybrid nanoparticles and bio-molecular substrates. We describe the methods of preparation and physical characterization. The capping by proteins, DNA, peptides and supramolecular assemblies, including cyclodextrins, calix[n]arenes, cucurbitals, dendrimers and crown ethers is then discussed. There is a large analysis of the interactions of these systems with various substrates, such as complimentary oligo-nucleotides, antibodies, active pharmaceutical ingredients and polluants .Finally we discuss the problem of possible toxicity.
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INTRODUCTION 
Nanoparticle (NP) science and technology is considered to be a quintessimal aspect of 20th and 21st century science and research, however the use of Noble metal nanoparticles dates back to at least the Roman epoch[1]. At that time colloidal suspensions of gold were used to stain glass. Somewhat later, in ninth century Mesopotamia copper and silver nanoparticles were used to introduce a metallic luster into pottery glazes[2]. In parallel, in India noble metal nanoparticles were first applied in medicine. During the sixteenth and seventeenth centuries Cassius and Kunckel refined the process of glass staining although still without a fundamental understanding of the subject[3]. Similarly, Herschel developed a photographic process using colloidal gold[4]. It was in 1857 that Faraday first characterized the optical properties of nanoparticles[5]. Subsequent work has shown that the differing colours observed for various forms of noble metal nanoparticles are related to the particle size[6]. With the understanding of plasmon physics, a clear understanding of the behavior of nanoparticles has emerged[7]. 
In fact, nanoparticles are based on small well defined aggregates of the Noble metals in the zero valent state. The preparation of Noble metal nanoparticles is generally based on a wet chemical reduction of a suitable metal salt in the presence of a capping or stabilizing agent to prevent both aggregation and oxidation away from the reduced state[8]. The size and more importantly the shape of the nanoparticles can be controlled by the reducing agent, the capping agent and the reaction conditions used in the preparation[9]. While spherical forms are most commonly prepared, rod-like shapes, cubes, hexagonal and even hollow forms are known[10]. 
In this review we will concentrate on how the introduction of various capping agents allows the introduction of molecular recognition properties to the surface of the noble metal nanoparticles. The choice of the capping agent has opened up applications in biomedical science[11], antibacterial systems[12], drug carriers[13] and as sensing elements[14]. The last application, sensing via molecular recognition is greatly facilitated by the sensitivity of the wavelength and intensity of the Plasmon Resonance peak to the nature of the local environment around the nanoparticles[15] and also to the aggregation state of the colloidal system[16]. In a final section we will deal with some of the health concerns related to the use of such nanoparticles[17]. 

PREPARATION AND MODIFICATION OF NANOPARTICLES
Noble metal nanoparticle preparation
Numerous techniques have been developed to synthesize Noble metal nanoparticles, including both chemical methods (e.g., chemical reduction, photochemical reduction, co-precipitation, thermal decomposition, hydrolysis, etc.) and physical methods (e.g., vapor deposition, laser ablation, grinding, etc.) The ultimate goal is to obtain nanoparticles with a high level of homogeneity and provide fine control over size, shape and surface properties[18]. 
Table 1 presents the different strategies employed in the literature for preparing and functionalizing metallic nanoparticles.

 Nanoparticle functionalization methods
Molecular functionalization on inorganic supports has been made through a variety of techniques that includes physical adsorption, electrostatic binding, specific recognition, and covalent coupling. Recently, these immobilization techniques have been applied to bring together biomolecules and nanoparticles. Willener has reviewed[19] these methods of functionalization and has identified three types: (1) Electrostatic adsorption; (2) Chemisorption; and (3) Affinity-based methods.
The electrostatic adsorption method involves the adsorption of positively charged molecules on nanoparticles that are stabilized by anionic ligands such as carboxylic acid derivatives (citrate, ascorbate). Protein and, in particular, antibodies have been used in this way, to functionalize nanoparticles since the work of Faulk and Taylor in 1971[20]. 
Chemisorption involves capping nanoparticles using the affinity of Noble metals for thiol-containing molecules or by covalent binding through bifunctional linkers. Nucleic acids can be prepared with pendant thiol groups using solid-phase synthesis, thus facilitating their attachment to the metal nanoparticle[21]. Otherwise, an anchor group can be used for covalent binding through bifunctional linkers. Such functionalization can be divided into a two-step process: in 1, the activation step, a chemical anchor layer is formed on the nanoparticle surface to provide active functional groups to which biological molecules (i.e., antibodies) can be covalently attached; and in 2, the functionalization step, biomolecules are covalently linked to the anchor layer to yield systems for molecular recognition[22]. The affinity based method is defined as the functionalization of nanoparticles with groups that provide affinity sites for the binding of biomolecules, and has been used for the specific attachment of proteins and oligonucleotides. For example, streptavidin-functionalized gold nanoparticles have been used for the affinity binding of biotinylated proteins (e.g., immunoglobulins and serum albumins) or biotinylated oligonucleotides[23]. Doria summarized the advantages and disadvantages of the three methods: the advantage of electrostatic adsorption is the ease of usage while chemisorption and affinity-based functionalisations are robust and allow an orientation of the capped molecules. The disadvantages of electrostatic adsorption include sensitivity to the external environment (pH, ionic strength) and the restricted choice of charged molecules for capping. Also, chemisorption and affinity-based functionalization usually require the modification of the capped molecules[24].

PROPERTIES
Optical properties
The optical attributes of metal nanoparticles, as reflected in their bright intense colors, are due to their unique interaction with light. In the presence of the oscillating electromagnetic field of light, the free electrons of the metal nanoparticle undergo a collective coherent oscillation (Figure 1). This motion is resonant at a particular light frequency and is termed the Localized Surface Plasmon Resonance (LSPR) oscillation[25]. The surface plasmon oscillation either decays by radiating its energy, resulting in light scattering, or decays non-radiatively as a result of conversion of absorbed light to heat. The electric field intensity and the scattering and absorption characteristics of the nanoparticles are all strongly enhanced at the LSPR frequency, which for gold, silver, and copper lies in the visible region[26].
The plasmonic resonance of metallic nanoparticles will depend on several parameters: (1) the size of the nanoparticles; (2) the geometry of the nanoparticles (spherical, triangle, rods, etc.); (3) the physical properties of the medium in which the nanoparticles are dispersed (air, liquid, solid); and (4) the nature of the metallic nanoparticles. 
In water, the absorption of spherical nanoparticles, with sizes ranging from 3nm to 80nm and composed of copper (Cu), silver (Ag) or gold (Au), lies in the visible range and gives rise to a narrow peak[27], respectively at 400, 520 and 570 nm. The metal plasmon absorption frequency for copper, silver and gold nanoparticles were 500-550 nm, 390 – 400 nm, 565-570 nm respectively.

Electrical properties
The electrical properties of metal particles which have a size greater than 2 nm diameter, are similar to those of the corresponding bulk metals[28]. Electron transport is not confined to the discreet energy levels of several atoms but appears as a continuum energy level of a bulk metal. Hence, surface charging and electron transport processes in metal nanoparticles may be understood with relatively simple classical physical expressions, as for resistance / capacitor electronic circuit diagrams. In contrast to molecules and semiconductor nanoparticles whose electron transport properties require a quantum mechanical description, metal nanoparticles only require knowledge of their size and the dielectric properties of the surrounding medium to determine their properties [18]. The electronic properties of metallic nanoparticles have been used for many applications, such as electrical sensors using metal nanoparticle as a tag for recognizing a specific target molecule[29], and the development of  new electronic chips[30]. 

COATING AND MOLECULAR RECOGNITION
Nucleic acid coating
After proteins, the nucleic acids are the most studied biomolecules for capping Noble metal nanoparticles. Many reviews regarding gold nanoparticles, can be found in the literature[31-34].　Such hybrid systems have been extensively investigated since Mirkin, first used oligonucleotides as a capping agent to provide a basis for recognition[35]. Nucleic acid molecules consist of a sequence of nucleotides distinguished by which nucleobase they contain. In DNA, the four bases present are adenine (A), cytosine (C), guanine (G), and thymine (T), whereas RNA contains adenine (A), cytosine (C), guanine (G), and uracil (U) Nucleic acids have the property that two strands will only bind to each other to form a double helix if the two sequences are complementary, with A only binding to T in DNA A binds to U in RNA, and C only to G., linked by hydrogen bonds (Figure 2). 
Moreover, the ability of nucleic acids to self assemble extends their molecular recognition properties from complementary sequences to various molecular targets such as small molecules, proteins, and even cells, tissues and organisms[36]. Aptamers, oligo-nucleic acids engineered to bind a specific ligand, have shown considerable potential to be used as a capping agent for nanoparticles[21].

Oligonucleotides: As noted above, oligonucleotides bind, in a sequence-specific manner, to their respective complementary oligonucleotides, DNA, or RNA to form duplexes or, less often, hybrids of a higher order. This basic property serves as a foundation for the use of oligonucleotides as probes for detecting DNA or RNA. Many applications can be found in biology such as Polymerase Chain Reaction (PCR), DNA microarrays, Southern blots, fluorescent in situ hybridization (FISH) [37]. As an example, DNA microarrays use thousands of different oligonucleotides probes in order to measure the expression levels of large numbers of genes simultaneously or to genotype multiple regions of a genome. The fundamental idea behind most microarrays is to exploit complementary base pairing of the oligonucleotide probes to measure the amount of the different types of mRNA molecules in a cell, thus indirectly measuring the expression levels of the genes that are responsible for the synthesis of those particular mRNA molecules[38]. 
	
Gold: Oligonucleotide Gold Nanoparticle (OGN) conjugates are powerful tools for the detection of target DNA sequences by the complementary assemblage of double stranded DNA. Practically all the research and applications of these conjugates have used gold nanoparticles to the exclusion of other Noble metal nanoparticles[39]. Initially, Mirkin demonstrated the colorimetric detection of hybrid gold nanoparticles. [35]. Subsequently Mirkin used non-complementary thiolated oligonucleotide probes  attached by chemisorption on 13 nm gold nanoparticles[40],addition of DNA containing the complementary sequence for both oligonucleotide probes led to aggregation of the nanoparticles.
	Subsequent biological applications led to the development of an oligonucleotide gold nanoparticle set for the detection of mutation of a polynucleotide sequence[41]. With the development of DNA arrays, oligonucleotide capped gold nanoparticles have been shown to be alternative markers to classical fluorophores, bringing very high sensitivity (50 fM of targeted DNA) [42]. 
Sun et al[43] demonstrated the ability to use such a hybrid system for multiple DNA sequence detection by the Surface-Enhanced Raman Scattering (SERS) technique. The assembly of nanoparticles provoked by molecule junctions, enhances strongly the Raman scattering[44]. This has been used for detecting and identifying each set of oligonucleotide capped gold nanoparticles which hybridize with the unknown DNA.
	The emergence of DNA origami, first described by Rothemund[45], offered new applications of nucleic acid capped gold nanoparticles. In electronic and plasmonic applications, the self assembly properties of DNA can be associated with metallic nanoparticles to construct a variety of metallized and nanostructured shapes. Borokov has developed a method for controlling a specific number of short (25 base) ssDNA molecules[46]. This method allows variation in the size of nanoparticles, the distance between them (by changing the length of a DNA linker), and the number of connections that each particle establishes. (Figure 3) Such work opens up horizons for nucleic acid capped gold nanoparticles to be used for developing new functional materials.

Silver: In 2008 Thompson reported the synthesis of oligonucleotide silver nanoparticle conjugates and demonstrated their use in a sandwich assay format[39] (Figure 4). These conjugates have practically identical properties to their gold analogues and due to their greater extinction coefficient, absorption analyses can occur at much lower concentrations. 
Li[47] showed that oligonucleotide silver nanoparticle conjugates could be developed for multiplexed DNA electrochemical detection. Although the emergence of DNA chip technology has accelerated this process, it is still a challenge to perform ultrasensitive DNA assays at attomol concentrations. With the use of oligonucleotide silver nanoparticles and a suitable device, it is possible to detect concentrations as low as 5 aMol/L of viral DNA.
Recently Zon[48] reported the photo-induced nucleation and growth of silver nanoparticles in the presence of DNA oligomers. An organic dye (Cy5) was used as a photosensitizer to initiate nanoparticle growth. Irradiation of the precursor solutions with light at the Cy5 absorption maximum triggered the instantaneous formation of spherical particles with a metallic core of 15 nm in diameter. 
The emergence of a new class of so-called Oligonucleotide Capped Silver Nano Clusters (OSNC), consisting of silver nanoparticles from 2 to 10 atoms of silver (2 nm maximum), has led to the observation of novel fluorescence properties , including tunable emission and high photostability. At these sizes, discrete atomic energy levels merge into highly polarizable, continuous, plasmon-supporting bands, thereby leading to very strong absorption and emission[49]. The preparation is very simple, requiring mixing of a suitable salt of silver with the desired oligonucleotide and addition of a reducing agent. Interestingly, the fluorescence properties depend on the sequence of the oligonucleotide. The main applications are sensors for genes, proteins, small molecules, or metal anions. For example, OSNC can be used instead of oligonucleotide probes tagged with a fluorophore to detect a targeted DNA sequence. Their hybridization with a targeted DNA sequence enhances the fluorescence (Figure 5). Chang has developed a system able to detect single point mutations in the gene involved in the hereditary disease tyrosinemia type I[50]. Additionally, these structures promise potential for labeling biomolecules for imaging purposes, as they can be prepared to yield fluorescence in the red or NIR. Antibodies have been conjugated for imaging NIH 3T3 cells[51].

Copper: Because of their ease of back-oxidation, copper systems are still not widely used as nanoparticle cores. However, oligonucleotide capped copper nanoclusters have recently been developed and offer an excellent choice as functional biological probes. Rotaru showed that copper can selectively metallize a double stranded DNA on a oligonucleotide probe, allowing control of the size of the cluster[52]. Moreover, the fluorescence of DNA-hosted Cu nanoclusters is very sensitive to the base type located in the major groove. The advantages of this method over current fluorescence based assays employed for the detection of mismatches in DNA (as Real time quantitative PCR) are a simpler design of probes and the fact that no conjugation of fluorophore on the probes is required[53]. 

Aptamers: In comparison to antibodies, aptamers(Apt) possess certain advantages, including their relatively simple and inexpensive synthesis, tolerance to internal labeling, and long storage times without losing their biological activity. The use of aptamers as capping agents for metal nanoparticles started in 2004, when Pavlov used such nanoparticles to detect thrombin with a Quartz Crystal Microbalance (QCM)[54]. The resonance of the QCM is disturbed by small mass changes due to film deposition on the surface of the acoustic resonator. Here, the advantage of using metallic particles is to give a weight effect so as to increase the sensitivity of the targeted molecule (Figure 6). 
Chang has used Apt gold nanoparticles as biosensors for detecting Platelet-Derivated Growth Factor (PDGF) [55], which is overexpressed in some cancer cells. They proposed an aggregation-based assay using Apt gold nanoparticles to detect PDGF at the nM level. By the same principle, other Apt gold nanoparticles were developed toward adenosine triphosphate and glutathione[56].
The same group later used Apt gold nanoparticles as a contrast agent for detecting cancer cells over-expressing PDGF[57]. Nanoparticles enter the cell where PDGF induces aggregation, and produces a colour, Figure 7). When compared to immunostaining, this approach offers advantages of lower cost and minimum matrix interference. Similarly, Liu used Apt gold nanoparticles for recognizing cancer cells with a strip biosensor[58].
	Very recently, one study described the use of silver as a nanoparticle material[59]. In this case silver was chosen because of its excellent optical properties for metal enhanced fluorescence[60]. Based on the results, an aptamer based fluorescent switch has been constructed. In the “OFF” state, without the target molecule, there is a greater spacing distance between the dye and the silver nanoparticle giving comparatively lower fluorescence intensity. However in the “ON” state, in the presence of target molecules, the fluorescence signal is increased due to a shortened distance between the dye and the nanoparticle (Figure 8). This Apt-sensor linearly detects adenosine concentrations from  200 nmol/L to 200 μmol/L with a detection limit of 48 nmol/L. 

Protein coatings
The structural versatility, biological importance and biomedical impact of proteins make them one of the most widely studied classes of molecules in bio-recognition. There has long been a major interest in the use of capping metallic nanoparticles with proteins[19,61]. Among proteins with molecular recognition abilities, antibodies, key elements of the immune response, are probably the most widely studied[62,63]. Enzymes have also been studied as capping agents for metallic nanoparticles. Willner[64] reviewed recent advances in the development of enzyme–metallic nanoparticle conjugates and their specific applications for biosensing and the generation of nanostructure.  

Peptides: Peptides which are distinguished from proteins on the basis of size (typically containing fewer than 50 monomer units), and their folding, are well known to be involved in molecular recognition events. Peptide-capped metal nanoparticles combine several advantages. Peptide chemistry is versatile and provides the possibility to utilize functional groups found in the 20 naturally occurring amino acids plus the possibility to introduce non-natural amino acids[65]. Peptides and peptide conjugates are readily commercially available. The preparation of peptide-capped nanoparticles is rapid, simple, and amenable to high-throughput approaches. This allows, in a single step, the production of stable and functional nanoparticles. Peptide-capped gold nanoparticles and, more generally, peptide-capped nanomaterials have immediate applications as bioanalytical sensors and cell imaging, but, perhaps more importantly, they offer an almost unlimited range of possibilities for the design and preparation of the advanced functional nanomaterials of the future[66]. 

Gold: The use of peptide-capped gold nanoparticles as enzyme mimics, also called nanozymes has been previously reviewed[67,68]. The fundamental idea is to engineer a micro environment, within a self assembled monolayer, that resembles the catalytic site of natural enzyme. Pengo developed a functional artificial protein by grafting a thiol functionalized dodecapeptide onto the surface of gold nanoparticles. This system was able to catalyze the hydrolysis of carboxylate esters. It was found that certain substrates affected the structure of the catalytic site by altering its hydration, demonstrating that the nanozyme can regulate its own activity just as proteins do[69]. 
Brust used peptide-capped gold nanoparticles as artificial substrates for kinases to develop a colorimetric protocol for the evaluation of kinase activity and inhibition[70]. Sun reported the use of these hybrid particles in a microarray format[71]. The method is based on labeling peptide phosphorylation events on a microarray with gold nano-particles and using Resonance Light Scattering (RLS) detection[72]. They demonstrated that it is possible to screen kinases with single or multiple inhibitors simultaneously on the same microarray [73]. 
Targeting transmenbrane transport is another field of application in which peptide-capped gold nanoparticles have been used. Franzen reported a method for assessing the efficiency of various combinations of targeting peptides using nanoparticle complexes for nuclear targeting. VEC-DIC combination microscopy permits observation of the localization of the peptide-capped gold nanoparticles according to the peptide sequence[74] (Figure 9). Recently El Sayed investigated the quantitative tumor uptake of a class of elongated gold nanoparticles (nanorods) that were covalently conjugated to tumor-targeting peptides[75]. The results suggest that for photothermal cancer therapy, the preferred route of gold nanorod administration is intratumoral injection. With direct tumor injection, the peptide-capped gold nanoparticles were mainly found in the tumor cells while peptide-capped gold nanoparticles injected with intravenous injection are mainly localized around blood vessels, in the tumor stromal matrix.

Silver: To date, few articles describe the use of peptide capped silver nanoparticle for colorimetric sensing. Most studies focus on the nature of the peptide/silver interaction and the effect of the peptide on the formation of the silver nanoparticles[76,77]. Recently, Cui has demonstrated that at basic pH the peptide secondary structure was modified, and could affect the size of the silver nanoparticles[78]. 
Qu reported a homogenous assay for colorimetric and quantitative detection of a cancer marker and the promising antitumor target, cyclin A2, using the aggregation of unmodified gold nanoparticles and/or silver nanoparticles[79]. They used the difference in coagulating ability of a cationic peptide probe (P1) and its binding form toward unmodified nanoparticles, in order to detect cyclin A2. In the absence of cyclin A2, P1 aggregates particles immediately, whereas cyclin A2 binding prevents the interaction of P1 with the surface, significantly reducing the aggregation. The extent of aggregation is dependent on the concentration of the target protein cyclin A2 and the difference in color can readily be distinguished by spectrometer. (Figure 10).
	Generally, peptide capped silver nanoparticles are used for their anti-microbial activity. Taglietti studied the mechanism of action of glutathione (GSH) capped nanoparticles. GSH peptide displays a thiol function, capable of being anchored to silver surfaces, and three pH-dependent, charged functional groups (carboxylates and amines), that promote water solubility and interactions with complex biostructures[80]. GSH capped nanoparticles have shown a bacteriocidal effect related to their penetration of bacterial cells. They show a stronger bacteriocidal effect on Escherichia coli (Gram negative strain) than on Staphylococcus aureus (gram positive strain). Moreover GSH capped Ag nanoparticles showed lower antibacterial activity when grafted onto functionalized glass surfaces, which prevent the nanoparticle from penetrating the bacterial cell[81]. Ji[82] investigated another mechanism of the antibacterial effect using the peptide norvancomycin, a treatment of choice for antibiotic resistant bacteria. The silver nanoparticles decrease the stability of the LipoPolySaccharide (LPS) present in the outer membrane of gram negative strains. Using the molecular recognition ability of norvancomycin, the hybrid nanoparticles bind to the peptidoglycan inner membrane and improve the destruction of the bacteria by increasing access of norvancomycin.

Copper: Peptide capped copper nanoparticles have received less interest. Recently, Thakore produced peptide-capped copper nanoparticles of 12-16 nm by chemical reduction [83]. The synthesis was carried out using stem latex of the medicinal plant, Euphorbia nivulia. The nanoparticles were stabilized and subsequently capped by peptides and terpenoids present within the latex. The study demonstrated that peptide capped copper nanoparticles are toxic to A549 cells in a dose dependent manner. Cell viability assay (MTT) determined an LD50 concentration of 20 μg/mL. The dose dependent cytotoxicity (biocompatible below 1 μg/mL) suggests that these nanoparticles could be used in the future to induce apoptotic destruction of cancer cells. Hossieni reported a promising method for producing such hybrid compounds[84]. The group reported the bio-production of copper sulfide nanoparticles from CuSO4 solution by the reduction of NADH released from the fungus Fusarium oxysporum. TEM images demonstrated that spherical particles of 2-5 nm, were enclosed in spherical peptide shells of about 20 nm in diameter. 

Antibodies: Antibodies constitute one of the most important specific defense mechanisms in vertebrate animals. All of them are bifunctional molecules in a Y-form with two identical domains for antigen recognition (Fab fragment), and two identical domains with effector functions (Fc fragment). The antigen-binding region is highly specific to individual antibodies and large numbers of different antibodies are available[85].  Antibodies act as neutralizers of pathogens or toxins, as well as in the recruitment of immune elements (complement, phagocytosis, antibody dependent cytotoxicity by natural killer cells, etc.). In addition they may transport molecules including toxins, drugs, fluorophores, and be used in diagnostic procedures, or in therapy to destroy a specific target. The conjugation of antibodies to nanoparticles generates a versatile product that combines, the small size and their thermal, electrical, or optical characteristics of nanoparticles with the abilities of antibodies for specific and selective recognition[61,86]. 

Gold: So far, antibody capped gold particles are the most popular hybrid systems for the exploitation of the molecular recognition properties of the capping agent. In 1971, Faulk reported their use as a specific marker for Salmonella surface antigens using Transmission Electron Microscopy (TEM) because of their high electron-dense metal density[20]. Later Horisberger demonstrated their use for Scanning Electron Microscopy[87]. Subsequently, Sokolov showed that when 12 nm gold nanoparticles were conjugated to anti-epidermal growth factor receptor (anti-EGFR) antibodies, they specifically bound to EGFR proteins overexpressed on the surfaces of cervical cancer cells[88]. Illumination of nanoparticle-labeled cells with laser light lit up the gold nanoparticles, and thus, the associated cancer cells. Later, El-Sayed used simple dark field optical microscopy to detect gold nanoparticle-labeled cancer cells. Anti-EGFR antibody conjugated gold nanoparticles were incubated with a nonmalignant epithelial cell line (HaCaT) and two malignant oral epithelial cell lines. The hybrid nanoparticles bound to the surface of the cancer type cells with 600% greater affinity than to the noncancerous cells[88].
Within the last decade, there has been substantial interest in antibody capped gold based contrast agents for in vivo X-ray imaging[89,90]. They are a promising candidate for next generation X-ray contrast materials, and their use in combined radiotherapy is under evaluation[91]. 
One of the most promising aspects of gold nanoparticle use in medicine, is targeted drug delivery. The most popular objects for targeted delivery are antitumor drugs[33]. Combination with antibody capping has been demonstrated to increase the intracellular uptake of gold nanoparticle carriers as compared to non-functionalized conjugates[92]. Chan investigated the cellular uptake of antibody-functionalized gold nanoparticles of different sizes, 2–100 nm[93]. It was found that nanoparticles with diameter of 40–50 nm enter cells more efficiently than either smaller and larger sized gold nanoparticles. At this size the antibody-capped gold nanoparticles maximize interactions with cell surface receptors and thus enter via receptor-mediated endocytosis (Figure 11)[94]. 
Another promising therapeutic application of antibody capped gold nanoparticles concerns photothermal damage to cells. Current research is focused on the treatment of cancer and infectious diseases[95]. Gold nanoparticles have an absorption maximum in the visible or near infra-red region and become very hot when irradiated at the resonant frequency. If the gold nanoparticles are located inside or at the surface of target cells, these cells will overheat and die. Such work has been reviewed in depth[96,97].
Finally, gold nanoparticle-antibody conjugates have been used for as biosensors for their complementary antigens. A wide variety of such antibody-antigen interactions been reviewed[19,24,33] As an illustrative example, the aggregation of gold nanoparticles by antigen-antibody interactions in solution was applied to develop immunoassay procedures with optical detection of the association process[98,99]. A laser based double-beam absorption detection system for aggregation immunoassays has been developed. The assay is based on the aggregation of antigen capped gold nanoparticles, in the presence of the corresponding antibodies. The aggregation of the gold nanoparticles resulted in a change in the absorption bands with a detection limit for an antibody of 3x10-8M.

Silver: A range of highly sensitive biosensing methods using antibodies have been developed by exploring different physicochemical properties of the Noble metal nanoparticles, such as LSPR, metal fluorescence enhancement/quenching, surface-enhanced Raman scattering (SERS), electrochemical activity, etc[24]. To date, a number of colorimetric sensors using silver nanoparticles as probes have been developed[100]. In an effort to overcome the lower stability of silver nanoparticles Yuan reported a colorimetric sensing scaffold for neurogenin 1 (ngn1), a peptide expressed in neuronal precursor cells with the function of controlling the differentiation of neurons[101]. The detection procedure is based on an anti-aggregation mechanism, by which ngn1 inhibits the aggregation of the probe in the presence of NaClO4. The anti-ngn1 antibody conjugated silver nanoparticles (AgNP-Ab) is negatively charged, and binding of the negatively charged ngn1 to the probe enhances interparticular electrostatic repulsion. Accompanying the increase of ngn1 concentration, the color of the solution varies from red to yellow, presenting an approach for the detection of ngn1. This assay exhibits a linear response range over nearly two orders of magnitude, from 50 to 800 ng/mL, and a detection limit of 30 ng/mL (Figure 12). 
In the area of micro- and nanotechnology-derived biosensors the use of antibody capped silver nanoparticles has received attention[102]. Silver nanoparticles are promising as the detection agent for electrochemical sensors. Porter highlighted the fact that although the number of assays reported with gold nanoparticles is much higher than those with silver, it is the silver nanoparticles that exhibit the better electrochemical properties[103]. Chen has developed the most sensitive electrochemical immunosensing method with a dynamic concentration range of 1-1000 ng/mL and a detection limit of 0.4 ng/mL[104]. 
The anti-microbial properties of silver are well documented[105], and the antimicrobial activity of silver nanoparticles dominates research in this area[106]. Recently, Singh reported the use of these hybrid compounds as anti-viral agents. The addition of silver nanoparticles to antibodies significantly increased the neutralizing potency in prevention of cell-associated HIV-1 transmission/infection (from 10% of inhibition for antibodies alone to 60%-71% for antibody capped silver nanoparticles)[107].

Copper: Since copper is easily oxidized, gold and silver nanostructures are more attractive for optical applications. In an effort to overcome this issue, research has been undertaken using different strategies. Zhang proposed to cover the surface of copper nanoparticles with gold in order to combine the voltometric activity of copper and the stability and biocompatibility of gold[108]. The functionalization with antibody permits the detection of Escherichia coli with a detection limit of 30 CFU/mL. More recently, Wang developed a method using antibody capped copper nanoparticles[109]. When Cu2+ is released into solution by HCl treatment, it can be assayed (Figure 13). The limit of detection for the GP41 glycoprotein of HIV was about 150 ng / mL. 

Molecules from the family of supramolecular chemistry
Supramolecular chemistry concerns the domain of chemistry beyond that of the covalent bond and focuses on chemical systems made up of a discrete number of non-covalently assembled molecular subunits or components. The forces responsible for the spatial organization may vary from weak (intermolecular forces, van der Waals), through medium (aromatic-aromatic stacking or dipole-dipole) to strong (electrostatic, coordination bonds or hydrogen bonding)[110]. The assembly of the molecules will depend on molecular recognition events. Because of their recognition capability, molecules such cyclodextrins, calix[n]arenes, dendrimers, crown ethers or cucurbiturils have attracted interests as capping agents on metallic nanoparticles[111] (Figure 14). 

Cyclodextrins: The cyclodextrins (CDs) are a family of soluble molecules generally consisting of 6, 7 or 8 D-glucopyranosyl residues (denoted as α-CD, β-CD and γ-CD, respectively) linked in a cyclic structure by α-1,4 glycosidic bonds. They can form inclusion complexes incorporating various molecular guests within their hollow, truncated cone shaped cavity structures, enabling them to be used as drug carriers. The host–guest interactions involved have been attributed to a combination of weak interactions such as van der Waals forces, and hydrophobic interactions and stronger interactions including hydrogen bonds[112,113]. Their combination with metal nanoparticles was the first reported among the supramolecular family [114].

Gold: Cyclodextrin (CD) capped gold nanoparticles were initially investigated by Kaifer, in 1998, with the development of a new method based on the aqueous solubilization of aliphatic thiols by α-cyclodextrin (Figure 15), which effectively binds to the aliphatic chains and carries the hydrophobic thiol molecules to the surface of the gold particles, where they undergo chemisorption[115]. This method can be used to prepare gold colloidal particles (diameter > 10 nm) modified with long chain alkanethiols. If the alkanethiol contains a bulky terminal group, such as ferrocene, the α-cyclodextrin host is trapped after surface attachment, yielding cyclodextrin-based rotaxanes supported on the gold nanoparticles. With the use of thiolated cyclodextrins, Liu et al[116] functionalized gold nanospheres (2-7 nanometers). The resulting monolayer-protected nanoparticles behave as multisite hosts in aqueous media, engaging in host-guest interactions with conventional guest molecules for cyclodextrins. Similarly, the group of Liu used the recognition ability of γ-CD for C60 fullerene, in order to create γ-CD –capped gold nanoparticles as a C60 extracting agent. Even though C60 is extremely insoluble, an aqueous suspension containing γ-CD-capped gold nanoparticles (3.2 nm diameter) can partially solubilize C60[117]. This solubilization involves the formation of complexes between one molecule of C60 and two γ-CD hosts attached to different nanoparticles (Figure 16). Therefore, the fullerenes act as a sort of “molecular glue”, leading to the formation of soluble nanoparticle aggregates with sizes around 290 nm.
A number of studies describe the use of cyclodextrins as capping agents for gold nanoparticles in order to construct nanoparticular superstructures in a reversible way[118, 119]. In this area, Chen and Jiang have developed a reversible self-assembly of α-CD capped gold nanoparticles to vesicles, mediated by a guest (azobenzene) conjugated to the double hydrophilic block copolymers Poly-Iso-Propyl-Acrylamide (PNIPAM) and Poly Di-Methyl Acrylamide (PDMA)[120]. This assembly mechanism occurs in pure water under the stimulus of temperature. A possible mechanism is via the thermal responsive coil-to-globule transition of the PNIPAM block (Figure 17). 
	Recently, cyclodextrin-capped gold nanoparticles have been used as nanozymes[121]. They were utilized as a backbone to install metal catalytic centers by supramolecular assembly of the copper complex of triethylnetetramine-adamantane and 6-thio-β-cyclodextrin 15.2 receptors immobilized on the gold surface by thiol groups. The catalytic behaviour of β-CD-15.2-modified gold nanoparticles with adjacent multi-metal catalytic centers were investigated as an esterase mimic. Strong hydrolase activity for cleavage of an active ester 4,4’-dinitrodiphenyl carbonate (DNDPC) was observed. The rate acceleration is approximately 2600-fold with CD-capped gold nanoparticles compared to the reaction rate for the non-catalyzed hydrolysis of DNDPC in the same buffer solution. 

Silver: Cyclodextrin capped silver nanoparticles were developed more recently than cyclodextrin capped gold nanoparticles, being first demonstrated by Fan[122]. The method is simple, addition of NaBH4 to an aqueous solution of silver nitrate and α-CD. The authors explain the stabilization of the silver nanoparticles by hydrophobic interactions of α-CD primary faces. Then, hydrogen-bonding interactions between the exposed secondary -OH groups facilitates the threading of neighboring cyclodextrins, leading to the self-assembly of the silver nanoparticles into 1-D “pearl necklace” arrays. 
Other studies have focused on the use of such hybrid systems to develop new antibacterial agents[123,124]. Wang developed silver nanoparticle-embedded one-dimensional β-CD-Poly-Vinyl-Pyrrolidone composite nanofibers using a one-step electrospinning technique. This composite exhibited good antibacterial properties against Escherichia coli and Staphylococcus aureus[125]. 
[bookmark: OLE_LINK50][bookmark: OLE_LINK51]Cyclodextrin capped silver nanoparticle have also been used as biosensors by using SERS[126] or visual inspection[127]. In the latter case, Chen described the development of a robust, colorimetric detection method, sensitive to different isomers of aromatic compounds. 6-thio-β-cyclodextrin-15.2 was capped by chemisorbtion of the thiol function on 10 nm sized silver nanoparticles. The assay relies on the distance-dependent optical properties of silver nanoparticles and the different inclusion binding strength of the aromatic guests to cyclodextrin. In the presence of different isomers of aromatic compounds, silver nanoparticles could be rapidly induced to aggregate, thereby resulting in an apricot to red colour change. With a spectrophotometer, this method is quantitative for monitoring the behaviour of the CD-modified silver nanoparticles as a function of the aromatic (Figure 18). The cited detection limit for different isomers of aromatic compounds is 5 × 10-5 mol/L. 

Copper: Cyclodextrin based copper nanoparticles have been developed according to various methods. Zhu used 2-Hydroxypropyl-β-cyclodextrin 4 (Figure 19) as a template to fabricate hollow spherical copper sulfide nanoparticle assemblies using sonication. The average size of the prepared copper sulfide nanoparticles was estimated to be 10 nm[128]. Geckeler reported the preparation of uniform copper oxide (tenorite) nanoparticles via a green pathway by thermal decomposition, using a novel supramolecular complex, in which β-CD is selected to encapsulate the precursor copper(II) acetate[129]. 

Calix[n]arenes: The calix[n]arenes are one the most widely studied classes of organic supramolecular hosts[111]. This popularity arises from their ease of synthesis and the fact that they contain two very different chemistries, one at the phenolic functions and a second at　the para-position on the aromatic ring.　This is coupled with the　possibility to region-selectively modify them with varying degrees of　controlled substitution at either face (Figure 20) Finally, their molecular recognition abilities added to their lack of toxicities[130] have given calix[n]arenes many applications in biology from protein sensors, stabilizers, enzyme inhibitors to Active Pharmaceutical Ingredient (API) solubilizers[131]. A secondary property that has proved highly advantageous is the propensity of the calix[n]arenes to crystallize, allowing solid-state studies of a wide range of their complexes with bio-active molecules[132]. Combined with the electronic and optical properties of metal nanoparticles, calixarene capped nanoparticles have already started to show new applications, as recently described [133,134].

[bookmark: _GoBack]Gold: So far, calixarene based gold nanoparticles have been mainly applied as colorimetric sensors. Pochini has carried out a large body of work in the use of thiolated derivatives of calix[4]arene for capping gold nanoparticles (Figure 21). The recognition of immobilized cationic pyridinium moieties with 5_GNP[135], or quaternary ammonium salts with 5_GNP or 6_GNP[136] by the unmodified upper rim of the calix[4]arene present on the gold nanoparticles was demonstrated.
Menon has introduced a simple route for the preparation of water soluble para-sulphonatocalix[4]arene thiol 7 capped gold nanoparticles[137] (Figure 22). 7 possesses an electron-rich cyclic cavity that can attract specifically cationic amino acids (lysine, arginine and histidine). These interactions between one amino acid molecule and two calix-modified gold nanoparticles tend to aggregate the assemblies more than the other amino acids (Figure 23). Similarly Li[138] used para-sulphonato-calix[6]arene 9, gold nanoparticles in order to detect pollutant aromatic amines isomers (Figure 24).
Other studies have focused on the recognition of cations. Yan et al have developed 6 nm sized gold nanoparticles capped with methylthio-para-tert-butyl-calixarene derivatives 11, 12 and 13[139] (Figure 25). They used the cationic recognition of structurally-tailored para-tert-butylcalixarenes to control access of the cationic guest to the cone cavity. This novel strategy has been shown to yield a specific red shift of the surface plasmon resonance band of gold nanoparticles, according to the cationic metal added. Solution of 0.4 μmol/L, calix GNP showed apparent rates of 1.4 x 10-2 s-1 for Cu2+ and 2.5 x 10-1 s-1 for Cs2+.
Recently, Menon modified para-sulphonatocalix[4]arene with dithiocarbamate 14, for capping gold nanoparticles[140]. Sulfide ion recognition triggers particle aggregation through N-H-S hydrogen bonds and provides an easy way to measure color change (Figure 26). The lower detection limit was 10 nmol/L. This result validates the use of calix[n]arene capped gold nanoparticles in applications requiring high sensitivity and specificity.

Silver: Sanchez-Cortez used 25,27-diethyl-dithiocarbamic 26,28-dihydroxy para-tert-butylcalix[4]arene 15 in the functionalization of silver nanoparticles for pyrene detection by surface enhance Raman spectroscopy(SERS)[141]. SERS spectra provided information about the calix[4]arene orientation on the metal surface and the interaction mechanism (Figure 27). 
Later Diao proposed a new method to change the surface properties of oleic acid stabilized silver nanoparticles and was successful in transferring silver nanoparticles from an organic phase into an aqueous phase[142]. By vigorous shaking of a biphasic mixture of the silver organosol protected with oleic acid and an aqueous solution of  para-sulphonato-calix[4]arene 8, it is believed that an inclusion complex is formed between oleic acid molecules and 8, and the protective layer of the silver nanoparticles shifts from hydrophobic to hydrophilic in nature, which drives the transfer of silver nanoparticles from the organic phase into the aqueous phase. The 8-oleic acid inclusion complexation stabilized the nanoparticles for several weeks in the aqueous phase under ambient atmospheric conditions (Figure 28). Raston proposed new methods for environmentally friendly capping of silver nanoparticles with phosphonated derivatised calixarenes. Para-phosphonatedcalix[n]arenes 16, 17, 18 and 19 were used as stabilizers for evaluating the effect of hydrogen gas as an environmentally benign reductant of silver nanoparticles[143] (Figure 29). Other phosphonated derivatized calixarenes 20 and 21 have been tested for possible their effect on the growth of silver nanoparticles by photochemical synthesis[144] (Figure 29). 
It is the work of Li which has made popular calix[n]arene capped silver nanoparticles with his easy route for producing them[145]. The group demonstrated the application of 8 capped silver nanoparticles for the recognition of cationic amino acids (Histidine, Lysine, Arginine) and  pesticides including methyl parathion[146] . 
Later, Coleman gave a more reasonable explanation for the structure of the assembly of 8 on the surface of the silver nanoparticles[147]. It lies in the formation of the classic bilayer solid-state structure, where alternate coordinated para-sulphonato-calix[4]arene molecules give available cavities at the surface of the nanoparticle(Figure 30). Such assembly allows differentiation between the interactions, nucleic acids and nucleotides with 8 capped silver nanoparticles. Subsequently, the group investigated the assembly of the calixarene with one nucleotide (cytosine) in different states: in solution, in the solid-state and on the surface of silver nanoparticle[148]. The assembly was quite different according to the states involved, and needed the use of multiple physical methods to probe the complex assembly process. Recently, the group of Coleman has shown that 8 capped silver nanoparticles could interact with active pharmaceutical ingredients[149]. More interesting was the use of calixarene capped silver nanoparticles for the determination of the Critical Micellar Concentration (CMC) of some cationic surfactants[150]. This method generates a new means of studying CMC in media containing proteins and in particular membrane proteins. 

Copper: Interestingly, only one study from 2007 reports on the use of copper as material support for calix[n]arenes[151]. Uniform cuprous oxide nanospheres with diameter of 10 nm were prepared by the reduction of CuSO4 in para-sulphonato-calix[8]arene 10 aqueous solution using hydrazine as a reducing agent. The host molecule, 10, was used as a bridge linker to make nanoparticles connect to each other and form large aggregations, which possess two types of properties: the photonic, catalytic and semiconductor properties of copper oxide and the supramolecular recognition function of 10- modified nanoparticles. As yet, there are no reports of any applications of this type of particle. 

Dendrimers: Dendrimers are a class of hyper branched oligomeric materials. Dendrimers are large and complex molecules having defined chemical structures. They possess three distinguishing architectural components, namely (a) an initiator core, (b) an interior layer (generations), composed of repeating units, radially attached to the initiator core and (c) exterior (terminal) functionality attached to the outermost interior generation (Figure 14). Dendrimers have been applied in biomedical applications, for drug-delivery systems and also for cancer therapy[152]. At this time, the major prospective applications of nanoparticle-dendrimer composites are in catalysis, biomedical research, and electronic devices. The catalytic applications are mainly determined by properties of various mono- and bimetallic nanoparticles, while the dendrimer role is in templating or stabilization of nanoparticles, which, in turn, controls the nanoparticle size and morphology. There are a few examples where dendrimer generation (size) puts a limitation on the accessibility of the active centers for reacting molecules, due to a different size cavity in the dendrimer, thus creating size selectivity for a catalytic reaction. A similar effect was demonstrated for mesoporous catalysts with reactants of different sizes. The biomedical applications become possible due to the biocompatibility of many nanoparticle-dendrimer composites and their optical, magnetic, and sensor properties[153]. 
In the last decade dendrimeric gold nanoparticle systems have been widely studied. Crooks was the first to first encapsulated small gold nanoparticles (1-2 nm of diameter) by using a thiolated fourth-generation poly(amido-amine) (PAMAM) dendrimer 22 mixed with tetrachloroauric acid and reduced with an excess of NaBH4[154] (Figure 31). Crooks also used dendrimeric gold nanoparticles in catalysis including intradendrimer hydrogenation and carbon-carbon coupling reactions in water, organic solvents, biphasic fluorous/ organic solvents, and supercritical CO2[155] .
	Li[156] reported the use of resonance light scattering (RLS) as a method for detecting trace quantities of protein. Here, RLS measures the change of light intensity scattered from the gold nanoparticles. The signal is known to be amplified upon aggregation. Generation of polypropylene imine hexadecane amine dendrimers 23 (PPIHA) was employed to synthesize uniform gold nanoparticles modified with amine groups on their surface (Figure 32). The amine groups strengthen the covalent coupling between gold nanoparticles and bovine serum albumin (BSA). As illustrated in Figure 33, the size of the gold nanoparticle–BSA conjugates was increased in the HAuCl4–NH4OH_HCl reaction system, enhancing the RLS intensity of the bioconjugates. The RLS intensity is related to the concentration of gold nanoparticle–BSA and has a lower detection limit of 0.090 μg/mL. By employing BSA as a model protein, this work introduced a novel method for the quantitative detection of trace proteins[157]. Recently, Baker has developed a simple approach to fabricating multifunctional dendrimer-stabilized gold nanoparticles for cancer cell targeting and imaging[158]. In this work, amine-terminated generation 5 (G5) poly(amidoamine) (PAMAM) dendrimers pre-functionalized with folic acid (FA) and fluorescein isothiocyanate (FITC) are complexed with Au(III) ions, followed by acetylation of the amine groups on the dendrimer surfaces. This one-step process leads to the spontaneous formation of 6 nm Au nanoparticles stabilized by multifunctional dendrimers bearing both targeting and imaging functionalities. 
Wang used dendrons, segments of dendrimers that possesses a focal point onto which the branching units of a dendritic architecture are attached to associated gold nanoparticles[159] (Figure 34). It was demonstrated that dendrons modified with a metal-coordinating functionality can be utilized as stabilizing media for the controlled growth of nanocrystals. The average size of the resulting nanoparticles is a direct function of the generation number of the capping dendron, with higher generation dendrons producing larger particles. Astruc has made a large contribution in the research and development of dendronized gold nanoparticles[160]. Dendrons have been synthesized and used to assemble dendronized gold nanoparticles either by the ligand-substitution method from dodecanethiolate-gold nanoparticles (AB3 units) or Brust-type direct synthesis from a 1:1 mixture of dodecanethiol and dendronized thiol (AB9 units). Two nanoparticles have been made containing a nona-silylferrocenyl dendron 24 and 25 (Figure 35) [161],bear ing respectively 180 and 360 ferrocenyl units at the periphery. These colloids selectively recognize the anions H2PO4- and adenosine-5’-triphosphate (ATP2-). Recognition has been monitored by cyclic voltammetry (CV). 
	
Silver: Recently Kakar reviewed dendrimer templated construction of silver nanoparticles. Up to now, synthesis assisted by dendrimers has led almost exclusively to formation of spherical-shaped silver nanoparticles. It is believed that dendrimers are likely to be more valuable for modulating the size of silver nanoparticles than their shape[162]. 
Balogh[163] reported that PAMAM Dendrimer 23 attached silver nanoparticles display considerable activity against Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli bacteria without the loss of solubility and activity in the presence of sulfate or chloride ions. Balogh has shown that dendrimer silver nanoparticles may find potential application as cell biomarkers[164]. They have synthesized hydroxyl-, and carboxyl-terminated ethylenediamine core generation 5 poly(amidoamine) dendrimers which were utilized to prepare aqueous silver-dendrimer nanoparticles. The hybrid particles are water-soluble, biocompatible, fluorescent, and stable below pH 7.5 The cellular uptake of nanoparticles was examined by transmission electron microscopy and confocal microscopy. Overall, cytotoxicity analysis indicates that the uptake of the hybrid particles is correlated with the surface charge of dendrimer and that the silver has no effect.
Mali reported the synthesis and characterization of a novel electrochemical label for sensitive electrochemical stripping metallo-immunoassays based on silver dendrimer-encapsulated nanoparticles[165]. Several fixed ratios of Ag+/dendrimer were prepared with the aim of obtaining stable nanocomposites with maximal silver loading in the interior of a polymeric shell. By combination of differential pulse voltammetry (DPV) and anodic stripping analysis (ASV) on a carbon electrode, individual silver dendrimer-encapsulated nanoparticles (limit of detection is 0.9 pMol) were detected down to 1.35×10+10 after the dissolution of silver nanoparticles in dilute nitric acid. 
Dendrimer silver nanoparticles have been shown to be good catalysts for reactions, such as the reduction of nitrophenol[166], chloronitrobenzene[167] or the 2,7-dicholoroflurescein dye[168].

Copper: Various methods can be found in the literature to produce dendrimer copper nanoparticles, ranging from classical metal reduction using dendrimer as stabilizer[169] to more original electrochemical preparation[170]. 
Using molecular assembly properties, Moore showed that dendrimer associated copper nanoparticles could be used as a catalyst of Cu+-catalyzed azide–alkyne cycloaddition (CuAAC)[171]. Reactivity was tested on a model reaction between azido propanol and propargyl alcohol in aqueous solution. The authors observed up to 120 fold faster conversion using PAMAM dendrimers as macromolecular Cu+ ligands compared to traditional small molecular ligand systems, and demonstrated that the macromolecular catalyst can be removed by ultrafiltration. 
Huang has successfully synthesized mono-, di-, and tri-functionalized G5 PAMAM dendrimer conjugates with a copper-free click conjugation method[172]. An azido modified targeting moiety, a therapeutic drug, and an imaging reagent were mixed with a G5 PAMAM dendrimer nanoplatform ,simultaneously or sequentially, to give mono-, di-, and tri-functional conjugates. 

Crown ethers: Since Pedersen first reported the synthesis and cation complexation properties the crown ethers in 1967, these neutral synthetic heterocyclic compounds have attracted extensive and continuous attention through their unusual and powerful non-covalent cation binding properties. Classical crown ethers are macrocyclic polyethers that contain 3–20 oxygen atoms, each separated from the next by two or more carbon atoms (Figure 14)[173]. The most effective complexation agents, however, are macrocyclic oligomers of ethyleneoxy units, either substituted or unsubstituted, that contain 5–10 oxygen atoms. They are exceptionally versatile in selectively, binding a range of metal ions and a variety of organic neutral and ionic species. Crown ethers are currently being studied and used in a variety of applications beyond their traditional place in chemistry (used in the laboratory as phase transfer catalysts). In the biological context, they are being investigated as a promising anti-cancer compound[174].
	The combination of crown ethers with metallic nanoparticles has been mainly employed as a cation sensor. So far, crown ether capped gold nanoparticles have been used for cation detection using dithiocarbamate modified N-benzyl-4-aminobenzo-15-crown-5-ether 26 for K+[175,176] or aza-15-crown-5-ether acridinedione 27 for Ca2+ and Mg 2+[176] (Figure 36). Li used silver because of its higher optical extinction ratio (stronger than gold)[177]. He capped dithiocarbamate modified aza-15-crown-5-ether 28 on silver nanoparticles with an average size of 8 nm of diameter (Figure 37). Li was able to detect Ba 2+ with a detection limit of 1.10-8 mol/L. A possible explanation of the aggregation induced with Ba 2+ is given by the formation of the sandwich structure with crown ether (Figure 38).
Kwang has developed a colorimetric method of melamine detection, based on 18-crown-6 ether 29 (thiol derivatized) functionalized gold nanoparticles with an average diameter of 20 nm[178] (Figure 39). Melamine is a plant metabolite of cyromazine pesticides, and a common chemical. It is also a highly toxic agent used fraudulently in the food industry. Crown ether capped gold nanoparticles enables the detection of melamine in milk after a pre-treatment consisting of centrifugation and purification. The crown ether GNP aggregation induced by the melanine is then monitored by UV-visible spectra with a LOD as low as 6 ppb, a wide linear range from 10 to 500 ppb, and acceptable reproducibility and specificity. This method could be extended to other toxins which show sufficient specificity in relation to the crown ethers and assembly ability (creating bridge between nanoparticles for aggregation).

Cucurbiturils: Cucurbiturils (CBs), are macrocycles derived from glycoluril　units, which form stable host–guest complexes with various guest cationic molecules (Figure 14). Cucurbiturils have gained attention due to their unique structure and multiple recognition properties, as well as their potential applications for constructing sensors, drug delivery and biomimetic systems. Geckeler and collaborators initially reported a simple, green, one-pot synthesis of well-dispersed CB capped silver nanoparticles by the reaction of an aqueous silver nitrate solution with CB[7] in the presence of NaOH at room temperature[179]. Furthermore, they have investigated the in vitro cytotoxic properties of the prepared silver nanoparticles against two different human cancer cell types, namely human breast adenocarcinoma (MCF-7) and human lung bronchoalveolar (NCIH358) cells. It was demonstrated that the prepared CB[7]-protected silver nanoparticles, with an average size of about 5 nm, could be suitable candidates for cancer therapy applications. Mason prepared a series of CB capped silver nanoparticles and aggregates by reduction of silver nitrate with sodium borohydride in the presence of different CB[180]. They addressed the impact of CB[n] macrocycles (n = 5-8) on the formation and stabilization of aqueous silver nanoparticles and Ag nanoaggregates obtained from silver nitrate and sodium borohydride, in the absence and presence of a set of positively charged guests shielding one or both portals of the cavitand. While CB[5] and CB[6] caused rapid aggregation and precipitation of Ag aggregates (diameters >13 nm), CB[7] and CB[8] allowed the formation and stabilization of monocrystalline, narrowly dispersed silver nanoparticles (diameters 5.3 and 3.7 nm, respectively). This could be explained by the rigidity of CB[5] and CB[6], and their possible lack of suitable arrangement at the silver surface, giving a poor stabilization of these silver assemblies, while the more flexible CB[7] and CB[8] may undergo some minor distortions and better adapt to the requirements of the metallic surface. 

TOXICITY CONCERNS
Since hybrid nanoparticles have been investigated as therapeutic agents, a number of studies have investigated their toxicity[181]. More importantly, because of their numerous applications (described above) already high level of production of hybrid nanoparticles is growing and this inevitably leads to their appearance in air, water, soil, and organisms[182]. As a consequence the risks to the environment and to human health are significant and should be treated as a concern. 
Ray reviewed the different effects on health of different metal nanoparticle preparations[183]. Nanotoxicity studies revealed that the physicochemical characteristics of engineered nanomaterials play an important role in their interactions with living cells[184]. Physicochemical properties that affect the biological activity of hybrid nanoparticles include particle size, shape, surface chemistry, surface area, surface charge and their metallic composition[185] .

Gold
While bulk gold is considered as “safe”, nanoscale particles of gold need to be examined for biocompatibility and environmental impact if they are to be manufactured on a large scale for in vivo usage[186]. Several researchers have reviewed the toxicity of gold nanoparticles in cells (cytoxicity) and in vivo[187,188]. Murphy reviewed these studies and highlighted some key parameters in the toxicity process[189]. First, the cell type is of critical importance. Patra studied the cell selective response to gold nanoparticles[190] and found that nanoparticles induced death in the A549 human carcinoma lung cell line while two other cell lines tested, BHK21 (baby hamster kidney) and HepG2 (human hepatocellular liver carcinoma), remained unaffected. The second key parameter is the surface charge. Cationic nanoparticles are much more cytotoxic than anionic particles. This may be related to their electrostatic interaction with the negatively charged cell membrane[191]. Size and shape are further critical parameters regarding potential toxicity. Chithrani et al[192] observed that the cellular uptake of gold nanoparticles was greatly size dependent. Spheres of 50 nm were taken up more quickly by cells than either smaller or larger spheres in the 10-100 nm range and spheres were taken up more efficiently than nanorods that had dimensions in the 10-100 nm range[193]. Dikman has reviewed recently in vivo studies concerning gold nanoparticles and came to three conclusions[193]. Firstly, the dose and possible inflammatory processes are of paramount importance for the clearance (process avoiding accumulation in the organs of the reticuloendothelial system, such as spleen or liver) of 10–100 nm gold nanoparticles. Secondly, the effect of nanoparticle penetration via the hematoencephalic barrier depends critically on their size; 5–20 nm being the upper limit. Thirdly, gold nanoparticles of 1–2 nm in diameter could be more toxic due to the possibility of irreversible binding to biopolymers in cells. Also, numerous experiments on cell cultures have revealed no observable toxicity in colloidal particles with a size of 3–100 nm. 

Silver
Silver was originally used as an effective antimicrobial agent and as a disinfectant, as it was relatively free of adverse effects[194]. However even if silver is believed to be relatively nontoxic to mammalian cells, many in vitro studies have been performed to determine if this is still the case for silver nanoparticles. Several reviews summarize their effect on cells[195-197] In vitro studies have shown that silver nanoparticles have potential to induce toxicity in cells derived from a variety of organs. Chueh proposed a mechanism of cytotoxicity for fibroblast cells[198]. Silver nanoparticles induce cellular death (called apoptosis) by the generation of reactive oxygen species (ROS) and the activation of a specific biochemical pathway, JNK, via the mitochondria. 
	Despite the fact that silver nanoparticles have been increasingly applied in the biomedical and pharmacological fields, relatively little research has been done into their possible side-effects in clinical medicine[197]. Silver ingestion and topical application can induce the benign condition known as “argyria”, a grey—blue discoloration of the skin and liver caused by deposition of silver particles in the basal laminae of such tissues. Although argyria is not a life-threatening condition it is, however, cosmetically undesirable[199]. Wong et al[200] reviewed and themselves investigated the effect on health of silver nanoparticles. They injected silver nanoparticles intravenously into experimental mice and did not observe any overt systemic effects, despite the silver nanoparticle solution used being at the relatively high concentration of 100 mmol/L. With to this administration route and dose application, silver nanoparticles can be potentially toxic. Intravenous administration may have more implications for adverse effects than dermal application[195]. 

Copper
Compared to gold and silver, the cytotoxicity of copper has been less studied[83]. However, Kim has recently investigated the toxicity of different metal nanoparticles[201]. They used the laser ablation method to generate Ag, Au, Co, and Cu NPs in biocompatible aqueous solution. This method consists of intense laser irradiation of a material in solution and leads to an ejection of its constituents and the formation of nanoparticles[202]. This method allows generation of uncapped nanoparticles, allowing investigation of the toxicity of the metal itself. The cytotoxicity assay results demonstrate that nanoparticles possess moderate cytotoxicity to human cells in a cell-dependent manner. The half maximal inhibitory concentration (IC 50) has been respectively determined for Hela and PC3 cell lines: 78.9 and 88.6 μg/mL of silver NP; 66.4 and 82.9 μg/mL of gold NP and 85.5 and 91.7 μg/mL of copper NP. Interestingly, the copper nanoparticles showed the lowest cytotoxicity. Valodkar produced 10nm water soluble copper nanoparticles using starch as stabilizing agent and ascorbic acid as reducing agent[203]. These nanoparticles showed relatively low cytotoxicity (half maximal lethal dose of 100 μg/mL ) and a strong bactericidal effect. The Minimum Bactericidal Concentration (MBC), the lowest concentration of antibiotic required to kill a particular bacterium, was determined as 3.2 μg/mL for S. Aureus and 1.6 μg/mL for E. coli. Because of their bactericidal effect at non-cytotoxic dose, these copper nanoparticles seem promising as possible therapeutic agents. However, , clinical studies on silver and gold nanoparticles are required before considering copper nanoparticles as safe.

CONCLUSION
In this review we have presented the preparation and physical properties of Noble metal capped nanoparticles. All aspects of molecular recognition of the various types of capping agent derived nanoparticles have been discussed in depth. Finally notice has been taken of the concerns of many people with respect to the possible toxic effects of capped Noble metal nanoparticles.
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Table 1 Summary of various strategies for functionalizing and preparing different metal nanoparticles

	Metal
	Molecule
	Type of conjugation
	Nanoparticle 
preparation
	Ref

	Gold
	Oligonucleotide
	Thiol labelled oligo
	Citrate reduction
	[35,41] 

	Gold
	Aptamer
	Thiol labelled oligo
	Citrate reduction
	[54,56]

	Gold
	Antisera
	Electrostatic attraction
	Reduction
	[20]

	Gold
	Antibody :
anti-epidermal 
growth factor receptor
	Electrostatic attraction
	Citrate reduction
	[89]

	Gold
	Monoclonal 
antibody LCC (ALT04)
	Electrostatic attraction
	Citrate reduction
	[204]

	Gold
	Antibody:
antigoat, 
antimouse, 
anti-sheep
	Covalent bond
(protein / MUA SAM)
	Seed-mediated growth
	[91,22]

	Gold
	Avidin
	Succinimyl labelled avidin
	Frens-Turkevich method
	[71]

	Gold
	Peptide
	Colavelent bonds
 (peptide-NH2 / COOH-PEG-NP)
	seed-mediated growth 
and coated with 
tlyolated-PEG-COOH
	[75]

	Gold
	Cyclodextrine
	Thiol labelled cyclodextrin
	NaBH4 reduction
	[119,121]

	Gold
	Cyclodextrine
	Hydrophobic
	Laser-induced ablation
	[205]

	Gold
	Calix[n]arene
	Thiol labelled calix[n]arene
	NaBH4 reduction
	[136]

	Gold
	Calix[n]arene
	Thiol labelled calix[n]arene
	Citrate reduction
	[135]

	Gold
	Calix[n]arene
	Chemisorbtion 
(sulphonate / gold)
	NaBH4 reduction
	[138]

	Gold
	Dendron
	Thiol labelled dendron
	NaBH4 reduction
	[160]

	Gold
	Dendron
	Thiol labelled dendron
	Thiol-Ligand Substitution 
	[161]

	Gold
	Dendrimer
	Electrostatic attraction
	Acetic Acid reduction
	[158]

	Gold
	Crown Ether
	Thiol labelled crown ether
	NaBH4 reduction
	[206]

	Gold
	Crown Ether
	Thiol labelled crown ether
	Citrate reduction
	[178]

	Silver
	Oligonucleotide
	Thiol labelled oligo
	NaBH4 reduction
	[39]

	Silver
	Oligonucleotide
	Physical adsorption
	Photo-Induced
	[48]

	Silver
	Aptamer
	Thiol labelled oligo
	NaBH4 reduction
	[159]

	Silver
	Antibody: IgG
	Electrostatic attraction
	Citrate reduction
	[207]

	Silver
	Antibody: anti-ngn1 
	Electrostatic attraction
	Citrate reduction and 
coated with 
DL-mercaptosuccinic acid (MSA)
	[101]

	Silver
	Norvancomycin
	Covalent bond
 ( peptide-NH2 / COOH-MA-NP)
	NaBH4 reduction stabilized
 with Mercaptoacetic Acid (MA)
	[82]

	Silver
	Glutheraldehyde
	Electrostatic attraction
	NaBH4 reduction
	[104]

	Silver
	Peptide
	Electrostatic attraction
	Ascorbate sodium reduction
	[76]

	Silver
	Peptide
	Electrostatic attraction
	trisodium citrate and 
hydroxylamine 
hydrochloride reduction
	[77]

	Silver
	Peptide
	Electrostatic attraction
	NaOH added to silver nitrate
 and peptid
	

	Silver
	Cyclodextrin
	Host-guest by 
Electrostatic interaction
	NaBH4 reduction 
stabilized with Cetyl 
Trimethyl Ammonium (CTA)
	[208]

	Silver
	Cyclodextrin
	Thiol labelled cyclodextrin
	NaBH4 reduction
	[127]

	Silver
	Cyclodextrin
	Thiol labelled cyclodextrin
	Citrate reduction
	[126]

	Silver
	Cyclodextrin
	Electrostatic attraction
	NaBH4 reduction
	[124]

	Silver
	Calix[n]arene
	Chemisorbtion 
(sulphonate / silver)
	NaBH4 reduction
	[145,147]

	Silver
	Calix[n]arene
	Electrostatic attraction
	Hydrogen gaz reduction
	[143]

	Silver
	Calix[n]arene
	Electrostatic attraction
	Photo-chemical reduction
	[144]

	Silver
	Dendrimer
	Electrostatic attraction
	UV reduction
	[164,168]

	Silver
	Dendrimer
	Electrostatic attraction
	NaBH4 reduction
	[166]

	Silver
	Crown Ether
	Thiol labelled crown ether
	NaBH4 reduction
	[177]

	Silver
	Cucurbit[n]uril
	Chemisorbtion
	NaBH4 reduction
	[179]

	Silver
	Cucurbit[n]uril
	Chemisorbtion
	NaOH induced
	[180]

	Copper
	Oligonucleotide
	Electrostatic attraction
	Chemical reduction 
(ascorbic acid)
	[53]

	Copper
	Antibody
	Electrostatic attraction
	Pyrometallurigically by
 heating copper
 metal (Sigma, China)
	[109]

	Copper
	Peptide 
	Electrostatic attraction
	NADH reduction 
by fungus F. oxysporum
	[84]

	Copper
	Peptide / latex
	Electrostatic attraction
	Ascorbate sodium reduction
	[83]

	Copper
	Cyclodextrin
	Electrostatic attraction
	ultrasound irradiation
	[128]

	Copper
	Cyclodextrin
	Electrostatic attraction
	calcination 
	[129]

	Copper
	Calix[n]arene
	Chemisorbtion
 (sulphonate / copper)
	hydrazine reduction
	[151]

	Copper
	Dendrimer
	Electrostatic attraction
	Ascorbic acid reduction
	[171]

	Copper
	Dendrimer
	Electrostatic attraction
	Electrochemical reduction
	[170]



























Figure 1 Scheme representing the plasmonic effect induced by white light on the absorbance of a silver nanoparticle. The plasmon is represented above by the oscillation of an electron cloud along the surface of the nanoparticle. The silver nanoparticle absorbs light at 390 nm giving a yellow color.



















Figure 2 Matching DNA bases. Nucleotide structures are represented between the dashed lines. A (adenine) matches with T (thymine), C (cytosine) matches with G (guanine). Ribose phosphate structures link the nucleotides. On the left, a scheme representing the double stranded DNA, based on sequence nucleotide recognition. RbPO4 is ribophosphate.
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Figure 3 Atomic Force Microscopy images of Oligonucleotide Gold Nanoparticle conjugates. The conjugates were deposited on a mica surface in 2 mmol/L MgCl2 and scanned in a semicontact mode as described. From Borovok et al[46], reproduced with permission from American Chemical Society Publications.



 















Figure 4 UV-VIS spectra taken every 5 min of Oligonucleotide Silver Nanoparticle conjugates (25 pmol/L) hybridizing to a fully complementary target oligonucleotide (2.5 nmol/L). Full spectrum scans were taken every 5 min for 80 min. The inset shows that the conjugates are hybridizing in the “tail-to-tail” juxtaposition. From Thompson et al[39], reproduced with permission from American Chemical Society Publications
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Figure 5 Schematic representation of DNA sequence detection by fluorescence enhancement of silver nanoclusters.
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Figure 6 Schematic representation of the detection of proteins on a Quartz Crystal Microbalance using aptamer capped gold nanoparticles. 
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Figure 7 Dark Field Microscopy images of mixtures of cancer MDA-MB-231 and normal 184B5F5/M10 cells at 1:100 ratio, after incubation for 3 h in a medium containing aptamer gold nanoparticles. Gold nanoparticles showing a high reflection are colored in yellow. The lower reflection corresponding to the cells is colored in green. In the inset, a magnification of a cell containing nanoparticles. The distribution of nanoparticles is highlighted by the blue arrow corresponding to the cytoplasm. The red arrow corresponds to the cell nucleus[57]. 














Figure 8 Schematic diagrams of the aptamer-based silver nanoparticle nanosensor in the detection of adenosine, showing the “OFF” (a) and “ON” (b) state based on the spacing distance between the Cyanine 3 and the silver nanoparticle surface. From Wang et al[59], reproduced with permission from Elsevier.
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Figure 9 Nanoparticle-peptide complexes incubated with HepG2 cells for 2h displaying 4 different sequences in A, B, C and D. From Tkachenko et al[74], reproduced with permission from American Chemical Society Publications.







Figure 10 Schematic illustration of colorimetric detection of cyclin A2 based on non-cross-linking aggregation of unmodified Gold nanoparticles induced by preferential adsorption of unbound P1. From Wang et al[79], reproduced with permission from Elsevier.



















Figure 11 Illustration demonstrating binding of gold nanoparticles (G2, G40, G70 for 2, 40, 70 nm diameter) functionalized with Herceptin antibodies, which recognize receptors on the cell surface. Arrows indicate ErbB2 receptors, and the nucleus is counterstained in blue with 4,6-Diamidino-2-phenylindole (DAPI), scale bar = 10 μm. From Jiang et al[94], reproduced with permission from Nature Publishing Group.















Figure 12 Schematic illustration of ngn1 detection using the anti-ngn1 antibody conjugated silver nanoparticle mediated by NaClO4 salt[101]. 












Figure 13 Schematic representation of immunoassay based on CuO-labeled antibody[109]. 
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Figure 14 General structure of molecules from supramolecular families. (a) calixarene ; (b) crown ether ; (c) cucurbituril; (d) dendrimer and (e) cyclodextrin.



























Figure 15 Structure of thiolated cyclodextrins. 1 is per-6-thio-α-cyclodextrin; 2 is per-6-thio-β-cyclodextrin; 3 is per-6-thio-γ–cyclodextrin. 





























Figure 16 A shows a schematic of a fullerene-induced network with  cyclodextrin capped gold nanoparticles in aqueous solution, B showns a Transmission Electronic Microscope image of dispersed cyclodextrin capped gold nanoparticles and C showns a Transmission Electronic Microscope image of fullerene-induced aggregates. From Liu et al[117], reproduced with permission from American Chemical Society Publications.













Figure 17 Schematic representation of a possible mechanism of Hybrid Inclusion Complex-vesicle formation. From Wei et al[120], reproduced with permission from Royal Society of Chemistry.
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Figure 18 Schematic of host-guest recognition for Cyclodextrin capped silver nanoparticles with different aromatic compounds[127]. 




















Figure 19 Structure of β-cyclodextrin derivative 4[128]. 






























Figure 20 Structures of the t-Bu-calix[n]arenes, n = 4 (a), 6 (b) and 8 (c).





Figure 21 Structures of the thiolated-calix[n]arene derivatives. 5 corresponds to the structure when n =10; 6 corresponds to the structure when n = 5[136]. 




Figure 22 Structures of para-sulphonato-calix[4]arene di-thiol 7[137]. 
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Figure 23 A is a schematic representation of the amino acid induced aggregation of calix-capped gold nanoparticles; and B shows photographic images of calix-capped gold nanoparticle solutions containing different amino acids. From Patel et al[137], reproduced with permission from Royal Society of Chemistry.











Figure 24 Structures of para-suphonato-calix[4, 6 and 8]arenes.



Figure 25 Structures of methylthio-para-tert-butyl-calixarene derivatives[139]. 
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Figure 26 Structure of 25,27–bis(ethyleneaminecarbonylmethoxy)-26,28-dihydroxy-para-sulphonatocalix[4]arene modified dithiocarbamate[140]. 








Figure 27 Structures of 25,27-diethyl-dithiocarbamic acid 26,28-dihydroxy para-tert-butylcalix[4]arene 15 and pyrene[141]. 
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Figure 28 Phase transfer of oleic acid stabilized silver nanoparticles from hexane to para-sulphonato-calix[4]arene in aqueous solution[142]. 





Figure 29 General structures of para-phosphonato-calix[n]arene derivatives.



 



Figure 30 Schematic representation of the organization of para-sulphonato-calix[4]arene, 8 on silver nanoparticles.


















Figure 31 Structure of generation 4 thiolated dendrimer studied by Crooks[155]. The repeating unit R corresponds to poly(amido-amine) (PAMAM).







Figure 32 Structure of polpypropylneiminehexadecaneamine dendrimer (1st generation PPHA ) [157]. 

















Figure 33 A is a schematic representation of the resonance light scattering  amplification assay of biomolecules based on the biomineralization of gold nanoparticle bioconjugates; B shows the resonance light scattering spectrum of the biomineralization product of a concentration gradient of gold nanoparticle bioconjugates. From Liu et al[157], reproduced with permission from Elsevier.






Figure 34 Schematic representation of generation 3 dendron (left side) and a generation 3 dendron capped gold nanoparticle (right side).







Figure 35 Structures of nonasilylferrocenyl dendron deriratives studied by Astruc et al[160].





Figure 36 Structures of N-benzyl-4-aminobenzo-15-crown-5ether 26 for K+ and aza-15-crown-5-ether acridinedione 27[176].








Figure 37 Structures dithiocarbamate modified aza-15-crown-5-ether 28 studied by Li et al[177].








Figure 38 Schematic illustration of the aggregation of crown ether capped silver nanoparticles in the presence of Ba2+metal ions [177].











Figure 39 Structures of thiolated crown ether 29 and melamine studied by Kwang et al[178].
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