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Abstract

:

This review gives a brief summary of the field of gold nanoparticle interactions with biological molecules, particularly those with possible catalytic relevance. Gold nanoparticles are well known as catalysts in organic chemistry but much is unknown regarding their potential as catalysts of reactions involving biological molecules such as protein and nucleic acids. Biological molecules may be the substrate for catalysis or, if they are the ligand coating the gold particle, may be the catalyst itself. In other cases biological molecules may form a template upon which gold nanoparticles can be precisely arrayed. As relatively little is currently known about the catalytic capabilities of gold nanoparticles in this area, this review will consider templating in general (including, but not restricted to, those which result in structures having potential as catalysts) before going on to consider firstly catalysis by the gold nanoparticle itself followed by catalysis by ligands attached to gold nanoparticles, all considered with a focus on biological molecules.
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1. Introduction


Gold nanoparticles (GNPs) have a long history; Michael Faraday produced the first gold colloids in 1856 [1,2] and some of them survive to this day and have been displayed, flocculation-free at the Royal Institution [3]. Using gold as a catalyst, however, is a more recent breakthrough: It was long assumed that gold would not be a good catalyst because of its famously noble qualities. This changed with the discovery that GNPs could act as superior catalysts. Most notable was work by Haruta et al., showing that GNPs were able to catalyze aerobic oxidation of carbon monoxide [4]. This breakthrough was important not only for the gold catalysis field but was also a landmark in nanotechnology as it demonstrated how materials at the nanoscale may have remarkably different properties compared to the bulk: It was after all GNP clusters which demonstrated the interesting catalytic properties, not bulk gold.



While the development of GNPs as catalysts for non-biological reactions has developed apace, less work has been carried out on their ability to catalyze the reactions of/on biological molecules. It is not clear if this is simply because such effects have been less thoroughly investigated or is due to fundamental physical/chemical features of the GNPs which make them more difficult to utilize in such reactions. In this article we will briefly consider why GNPs are attractive for use in biology. Secondly, templating of GNPs by biological molecules (DNA and protein) that allows their precise arrangement is considered. Proteins and DNA can act as such scaffolds and recent advances in bionanotechnology allow them to be arranged in a programmable fashion in two and three dimensions. This provides arrangements where the GNP position can be precisely controlled, delivering a possible framework for production of novel catalytic structures



Finally, we turn our attention specifically to biological catalysis both by the GNP itself and by biological ligands coating its surface.




2. Why Use GNPs in Biology?


Although the catalytic properties of GNPs may be underused in biology, GNPs themselves enjoy wide application in the life sciences. This is for a number of reasons. Firstly, GNPs are relatively easy to synthesize, with a variety of well-established methods published that also allow control of particle size [5,6,7,8] and shape [9]. Gold’s reputation for inertness means it is often presumed to be safe for in vivo use. We now know of course that GNPs can be highly reactive and therefore, potentially toxic. Tests on cells, for example have demonstrated size-dependence of toxicity, showing that 1.4 nm diameter GNPs are particularly toxic, causing cell death by necrosis in a matter of hours [10]. GNPs are synthesized with a variety of coatings which also seem to effect toxicity: Commonly employed triphenylyphosphine monosulfonate liganded 1.4 nm (~55 atom) particles appear to be considerably more toxic than similarly sized particles capped with glutathione [11]. The reason for the toxicity of GNPs is currently unclear, but it has been suggested that an increase in oxidative stress caused by the particles is likely [11]. These findings do not mean that, in a reversal of previous beliefs, GNPs are too toxic to be compatible with in vivo use, rather, toxicity appears to depend on size and surface ligand and as such it can potentially be controlled.



Another reason that GNPs may be valuable in biology relates to their plasmonic properties, something that makes them highly useful as sensors for detecting biological molecules [12]. For many years, thin layers of gold have been used in commercially available surface plasmon resonance detector [13] devices, which are able to sense binding events between biological molecules (such as antibody-antigen binding). The technology allows measurements to be made in solutions mimicking physiological conditions and in real time.



The plasmonic effects of GNPs have also allowed convenient colorimetric assays to be developed. These are typically based on the fact that (spherical) gold colloids with particle diameters in the range approximately five to a few tens of nm are red in color, becoming increasingly purple/blue at larger sizes [14,15]. When small GNPs aggregate the aggregates also appear blue [16]. Thus aggregation of small GNPs is observable as a color change from red to blue. This simple effect has proven very powerful due to the fact that GNPs can be easily modified to provide various chemistries for attachment of ligands/receptors of choice. These bound molecules have the ability to link GNPs together typically because they have two or more functional groups, each of which can bind to a GNP/GNP-surface-bound molecule possibly via a bridging molecule(s). In this way particles are linked together to form aggregates when the molecule of interest is present, accompanied by the associated color change. As a result, GNPs have been widely used in biological sensing [17,18]. Most famously this has resulted in pregnancy tests where gold particles are decorated with secondary antibodies to human gonadotropin hormone (hCG) and subsequently bind to primary antibodies to the same, arranged over a small surface area. This results in concentration of the gold particles in the small area and consequently a color due to plasmonic effects can be observed [19,20]. Other examples utilizing such plasmonic effects include the attachment of DNAzymes to GNP surfaces (discussed below).



The thermoablative properties of GNPs are an interesting area of medical application. This hyperthermic effect is typically achieved using either near infrared light (NIR) or radiofrequency (RF) radiation some of which is absorbed by the GNPs and converted to heat. However, producing gold nanoshells or lower symmetry GNPs such as gold nanorods [21,22] shifts the absorption peak from the visible region to the NIR (800–1200 nm). This is useful as NIR light is able to penetrate more deeply in living tissue [23,24]. The first report of the use of GNPs in this way was in 2003 [25], where gold-on-silica nanoshells were used. Gold’s thermal properties have since been confirmed in numerous reports to have possible in vivo application [26]. If GNPs are localized to tumors, the thermoablative effect may be sufficient to kill tumor cells but not healthy tissue and this is recognized as a potentially useful therapy [27].



Finally, GNPs have a use in surface enhanced Raman spectroscopy in which the chemical nature of the molecules of interest, including biological molecules, can be probed using Raman scattering of laser light. The signal from molecules on GNPs is enhanced several orders of magnitude due to localized surface plasmon resonance effects on the nanoparticle surface [28].



In the rest of this article the following forms of interaction of GNPs with biological molecules will be considered:



	
Templating: This refers to templating of GNPs by biological molecules. Here the ability of biological molecules to assemble into ordered arrays is used to provide a scaffold upon which GNPs can be assembled. This provides ordered, potentially programmable patterns of GNPs, which may be useful for biosensors and/or catalysis.



	
Catalytic Effects: Here the catalytic effects of GNPs are considered. This is further subdivided into catalysis by the GNP itself, where the gold atoms on the GNP surface are the catalysts, and catalysis by the ligands, in which the molecules attached to the surface of the GNP are responsible for the catalytic effect and the GNP plays an important scaffolding role. In both cases catalysis relevant to biological molecules is considered particularly where the GNPs carry out catalytic function usually performed by a biological molecule and/or perform catalysis on a biological molecule.







3. Templating


This section summarizes some of the work in the bionanoscience field involving templating of GNPs. Specifically it looks at examples of interactions of GNPs with DNA, and with protein. As extensive reviews are already available which include this topic [17,18], priority will be given to interactions which result in specific structures with potential catalytic usefulness i.e., where the biological molecules act as templates for production of novel gold nanostructures.



3.1. Templating by DNA


The discovery of the double helical structure of DNA and the nature of the base pairing which holds it together [29] has allowed researchers to utilize simple rules to design and control patterns of DNA assembly. At the same time, DNA synthesis technology has allowed the cheap and facile production of DNA strands of up to 100 bases in length. Numerous modifications to the DNA backbone and termini such as phosphorothioates, amines, thio groups, and biotin can also be included to provide moieties for specific binding of other molecules of interest. All of these breakthroughs have allowed the design of new DNA structures, different from those found in nature, and their decoration with particles, including GNPs, that can be positioned with sub-nanometer accuracy [30,31,32,33]. There are a number of ways to attach GNPs to double stranded (ds) DNA templates. Phosphorothioate modified DNA for example has been used to bind GNPs to specific points on a dsDNA backbone via a bifunctional “molecular fastener” molecule [34], derived from N,N' -bis(α-iodoacetyl)-2-2'-dithiobis(ethylamine) (BIDBE) [34,35] (Figure 1).



Perhaps the simplest template that (ds)DNA can offer takes advantage of its high aspect ratio to provide a scaffold for the production of metallic rods and nanowires which may have use in electronics and photonics [36], sensing devices [37], or as catalysts [38]. Indeed, while canonical GNPs are typically roughly spherical in shape, the catalytic potential of gold nanorods is already appreciated [39] and a number of reports have demonstrated production of DNA-templated gold nanowires [40,41,42,43,44,45].



GNPs arranged with high regularity and density over large surface areas may also prove to have useful catalytic roles as has been shown by similar arrays manufactured by methods that do not utilize biological templates [46]. DNA can provide such a template due to the fact that it can be designed to form self-assembling “tiles” which can pattern a large surface area with high regularity. Early examples of the production of designed DNA nanostructures include regular tiling by DNA double crossover (DX) motifs [47] (Figure 2). DX motifs consist of two double strands of DNA linked together by the crossing over of single strands from one ds into the neighboring ds. Using DX DNA gives DNA tiles the necessary rigidity required if they are to regularly tile a large surface area with reduced deformation. In the example shown in Figure 3, DX DNA is designed to provide a small, rigid, triangular structure with “sticky ends” which could regularly tile large 2D surfaces [48]. The addition of thiol groups at free 5' ends of one of the DNA strands in each triangle provides a site for attachment of 5 and 10 nm gold nanoparticles resulting in a patterned array of GNPs [32]. Similarly modified DNA strands have been used to form lines of GNP “wires” on 2D DNA arrays [49].
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Figure 1. BIDBE binds to Phosphorothioate DNA (PS-DNA) to form BIDBE-PS-DNA, which can then be reduced to form bifunctional linker (BF) attached to PS-DNA. BF provides a sulfhydryl group for attachment to GNPs. Reprinted (adapted) from Ref. [34], withpermission from Wiley. Copyright 2007 WILEY-VCHVerlag GmbH & Co. KGaA, Weinheim. 
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Figure 2. A schematic of DX DNA. Each single strand of DNA is shown in a different color. Small circles represent the position of each phosphate and vertical grey lines represent the base pairs. Note that the red, green, and pink strands cross over between both double helices. Reprinted with permission from Ref. [48] Copyright 2004 American Chemical Society. 
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Figure 3. (a) DX DNA triangles can be made with sticky ends so that the triangles will tile together; (b) Not all the DNA ends are required for tiling and free ends can be attached to GNPs of 5 or 10 nm diameter (yellow); (c) AFM imaging of the DX array without addition of gold shows its regular structure; (d) When gold is attached, a regular array of GNPs can be formed on the DX DNA template, as shown by the TEM micrograph of a DX DNA array with alternating 5 nm and 10 nm GNPs attached. Only GNPs are visible in this image. (a)–(d) reprinted (adapted) with permission from Ref. [32]. Copyright 2006 American Chemical Society. 
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Figure 4. A DNA pyramid can be constructed using four DNA strands [50]. (a) Free DNA ends at each vertex can be modified with a linker sequence to attach GNPs; (b) Transmission electron micrograph of a single DNA pyramid-GNP complex with the four GNPs visible as black circles. Reprinted with permission from Ref [50]. Copyright 2009 American Chemical Society. 
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Sophisticated catalysis, equivalent to enzyme-catalyzed reactions, may require the control of participating atoms and molecules precisely in three dimensions. DNA nanotechnology can also address this: Small, three-dimensional structures made from several strands of DNA have been produced including cubes [51], a bipyramid [52], and octahedra [53]. GNPs of 5 nm diameters have been attached to the vertices of pyramidal DNA nanostructures [50] (Figure 4). The invention of DNA origami [54] has further advanced the field allowing the relatively facile construction of bespoke 2D [54] and 3D structures such as boxes [55,56].



One of the most intriguing results illustrating the power of DNA to arrange GNPs into structures with particular physical/chemical properties is shown by synthesis of a DNA origami rod with thiol groups at particular points on the surface such that GNPs attach at points tracing the backbone of a helix on the rod`s surface. These shapes were shown to be chiral plasmonic structures [57] (Figure 5).
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Figure 5. (a) A DNA origami rod (grey) can be synthesized with outward facing staple strands which contain a thiol group. Versions can be made where thiols can trace either a left-handed or right-handed helical path over the surface of the rod; (b) GNPs can be attached to the thiols and the resulting helical arrangement visualized via TEM. Reprinted by permission from Macmillan Publishers Ltd from ref. [57] copyright 2012. 
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3.2. Templating by Protein


Proteins are the workhorses of life and offer arguably the most structurally and mechanistically sophisticated scaffolds for nanoparticle assembly. GNPs have been incorporated into proteins and examples include prion proteins, virus capsids, and chaperonins. Catalysis by metals other than gold deposited on viral templates has been demonstrated e.g., palladium [58] and iridium [59] for catalysis of dichromate reduction and oxidation of water respectively.



In the case of prions, the N-terminal middle (NM) region of Saccharomyces cerevisiae Sup35p protein was used [60]. This protein forms self-assembled amyloid fibers of approximately 10 nm in diameter [61]. The length of the fibers can be crudely controlled by manipulation of the assembly conditions. When amino acid 184 of NM is mutated to cysteine the resulting protein fiber can be used as a template for gold nanowire formation via a thioaurate bond formed between 1.4 nm diameter GNPs and the sulfur of the cysteine side chain. Subsequent “enhancement” of the deposited GNPs resulted in the templated formation of a solid gold nanowire [60].



The second protein template is the virus capsid. Capsids can provide useful hollow nanoshells that have a wide variety of applications [62]. One such example is cowpea mosaic virus (CPMV), an icosahedral virus constructed from 60 identical protein subunits [63]. CPMV has been shown to be a potentially useful scaffold for catalyst production: It has been decorated with redox active methyl(aminopropyl)viologen [64] or ferrocene [65] moieties via attachment to surface carboxylate or amine groups respectively. The resulting particles show promise for use in electrocatalytic processes [62].
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Figure 6. Cowpea Mosaic Virus (CPMV) can be modified to bind GNPs. (a), (c), and (e) show unstained TEM images of GNPs bound to different cysteine mutants of CPMV with GNPs visible as black circles. Scale bars are 5 nm; (b), (d), and (f) show models of CPMV with GNPs bound to modified sites. Reprinted with permission from Ref. [66]. Copyright 2004 American Chemical Society. 
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A report by Blum and colleagues demonstrated the attachment of GNPs to the exterior of the CPMV capsid [66]. Cysteine residues can be introduced on the external surface (the virus has no naturally occurring surface cysteines) and, as the structure of the protein is known, cysteines can be placed where required and will be repeated at all 60 symmetry-equivalent positions. Three different positions for cysteines were chosen in order to give a different number of particles and variable inter-particle distances between attached GNPs and 5 or 10 nm diameter GNPs were attached at the designated positions (Figure 6). According to the authors, virus capsids decorated in this way have many potential uses including as catalysts [66]. CPMV would tolerate further surface modification which could allow attachment of nanoparticles of different metals in addition to GNPs which could allow the production of finely controlled bimetallic or multicomponent catalysts which are highly valuable [67].



Tobacco mosaic virus (TMV) is widely used as a tool in bionanoscience [68] and it has been decorated or coated with a number of metals including iron oxide, CdS, PbS and SiO2 [69], and TiO2 [70]. Ag, Pd, and Pt nanoparticles have also been deposited [68,71], as has gold, using genetically modified virus [71,72,73]. Attachment of a high density of 6 nm diameter GNPs to unmodified TMV in simple aqueous solution was recently reported [74]. The use of nanoparticle-decorated TMV as a catalyst has been demonstrated by the formation of palladium nanoparticles on the surface of TMV, which were shown to catalyze dichromate reduction [58]. To date catalysis via gold-coated virus particles has lagged behind these other materials.



Protein crystals have been used to template GNPs, including cross-linked [75] and non-cross-linked lysozyme [76]. In the latter case, crystals of lysozyme, when grown in the presence of ClAuS(CH2CH2OH)2, resulted in in situ formation of GNPs within the protein crystal through a disproportionation process [76]. This growth was much slower than GNP formation in the absence of protein, allowing fine control of GNP size up to 20 nm in diameter. The GNP-containing lysozyme crystals were subsequently shown to be able to catalyze the reduction of p-nitrophenol to p-aminophenol [77].
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Figure 7. (a) Negatively stained TEM image of beta chaperonin which forms a 2D crystal; (b) Negatively stained TEM image of beta chaperonin mutant with increased pore size; (c) Schematic of (a) showing 5 nm GNPs (yellow) binding in the 3 nm pores; (d) Schematic of (b) showing 10 nm GNPs binding in the 9 nm pores. Reprinted by permission from Macmillan Publishers Ltd from ref. [78] copyright 2002. 
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A final example of protein scaffolds involved the use of chaperonin protein HSP60 as a template for the regular arraying of GNPs as reported by McMillan et al. [78]. In this report, the 60 kDa beta subunits from Sulfolobus shibatae were used. These proteins form a double ring structure containing a total of 18 protein subunits, which is known to be able to form 2D crystals [79,80]. The single native cysteine present in the proteins was removed and structural information was used to place cysteines at positions around the opening to the central cavity of the protein. Cysteines were added to line the opening to the hole at a diameter of 3 nm or 9 nm (in the latter case residues were removed to make the opening larger). 2D crystalline arrays of the GNPs were achieved either by first forming the 2D protein arrays and then adding the GNPs in solution or by first binding the GNPs to the proteins followed by deposition on a surface (Figure 7).





4. Catalytic Effects of GNPs on Biological Molecules


The use of GNPs as catalysts in a wide variety of reactions is a growing. Perhaps less well known is the use of GNPs to catalyze reactions on or of biological molecules. This is a nascent area but one which could have interesting potential. In this section, two categories will be considered: Firstly, catalysis by the GNP itself. Secondly, catalysis by ligands on the GNP surface.



4.1. Catalysis by GNP Itself


In this section we will firstly consider features of the “standard” GNP-catalyzed reactions, which are carried out by GNPs themselves, often deposited on an oxide surface. Subsequently, two rare examples where the GNP itself appears to directly catalyze reactions of biological molecules will be considered.



The catalytic abilities of GNPs were first brought forward by Haruta [4] in a reaction where GNP was shown to catalyze the oxidation of carbon monoxide. Since that time, GNP-based catalysis of numerous non-biological reactions have been discovered and characterized (see, for example, Bond et al. [81], Hashmi et al. [82], and Pina et al. [83] for comprehensive reviews).



A number of important features required for catalysis by the GNP are proposed or recognized including: (1) Low coordination: Mills et al. [84] showed via theoretical modeling that small gold clusters or rough gold surfaces were catalytically active because they contained isolated gold atoms with low coordination such that they have HOMOs which protrude into space rather than being delocalized. It was proposed that this should allow transfer of charge into the π* orbital of O2 to easily occur. (2) Size: Size plays an important role with a general trend towards increased catalytic rate with smaller gold particles [85] this trend is not surprising given that only the surface atoms are involved in catalysis. In the light of point 1 above, smaller clusters are more likely to have a higher proportion of atoms of low coordination through edges and imperfections. In addition, certain geometries and sized of clusters seem to have special properties. So-called “magic-number” [86] particles such as Au55 appear to be closed-shell clusters and have been shown to be in fact highly resistant to oxidation and for this reason may be particularly good oxidation catalysts [87]. (3) Interface with scaffold: GNPs are typically on an oxide support and the nature and relevance of the interface between the two has been investigated: The point at which the GNP meets the support has been proposed to be the center of oxidation [88]. Smaller GNPs are thought to be more active because they have a larger proportion of their structure in contact with the support. In the case of CO oxidation, the gold in contact with the support is proposed to be Au3+ and it is this cationic gold that is suggested by some to be the active sites for dioxygen activation [88]. In the cases discussed above, where the scaffold is a biological molecule such as DNA or a virus capsid, the effects on the catalytic activity of gold are less well characterized. However, enzyme catalysts show us that precise arrangement of atoms and residues are required to constitute an effective active site [89] and it is reasonable to imagine that controlled, accurate placing of GNPs into three-dimensional assemblies may be of use in future catalysis design. In addition the arrangement of numerous GNPs at high density on a capsid could conceivably lead to cooperative catalytic effects. Biological molecules of course, typically exist in aqueous solution and GNPs too can carry out catalysis free in solution rather than on a support [90]. These reactions are less well-studied but are perhaps more relevant with regards to biocompatibility. 4. Adsorption mode: According to theoretical work [91] O2 activation by adsorption onto the GNP surface can occur by one of three modes: end-on, top-bridge-top and bridge-bridge the most easily activatable O2 corresponds to most easily dissociated from the GNP surface which is bridge-bridge mode (see also Della Pina et al. for a brief review [83]).



In terms of biological effects, there are a number of examples where inorganic nanoparticles have been shown to mimic the action of proteins [92]. This also includes mimicking of enzyme catalysis. GNPs have been found to mimic the action of glucose oxidase (GOx). GOx is the enzyme which catalyzes the oxidation of glucose to glucolactone, simultaneously producing hydrogen peroxide (Figure 8A) [93]. This reaction provides the basis for many blood glucose meters used by people with diabetes. Diabetes is a serious and growing problem; the worldwide incidence of the disease was estimated to be 2.8% in 2000 projected to grow to 4.4% by 2030 [94], equal to 171 million and 366 million people respectively [94]. The disease is characterized by high blood sugar, which occurs either due to insufficient production of insulin (Type 1) or an inability to utilize insulin correctly (Type 2). Numerous acute and long-term complications result from the disease.
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Figure 8. (A) Glucose oxidation to gluconolactone catalyzed by glucose oxidase (GOx). (B) Utilization of the GOx-like catalytic activity of Gold NPs to produce a sensor for detection of DNA hybridization. In this scheme, GNPs (red) are able to catalyze oxidation of glucose, producing peroxide. This can be utilized by horseradish peroxidase (HRP) to oxidize ABTS resulting in a color change (path a). Production of peroxide also catalyzes reduction of AuCl4 to Au0 leading to increase in GNP size (path b). (A) Reproduced (adapted) with permission from Ref [93] copyright The Biochemical Society.; (B) reproduced from Ref. [95] with permission from Wiley. Copyright 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Insulin is an effective treatment for diabetes, particularly Type 1 and its best use requires the ability to accurately monitor levels of blood glucose. A typical monitoring device takes a small volume of blood and uses GOx to oxidize it. The enzyme is regenerated via oxidation with a mediator, which in turn transfers the electrons to an electrode in the device, generating a current. The size of current generated is proportional to the amount of glucose in the sample. Sensors based on this technology have been hugely successful [96]. It has been shown that GNPs are able to catalyze the same oxidation reaction of glucose, producing gluconic acid and hydrogen peroxide (1) [90,97]:


Glucose + O2 → gluconic acid + H2O2



(1)







GNPs have been found to be effective catalysts of the oxidation of glucose both in solution [90] and on a solid support [98]. In solution the GNP was found to show increasing catalytic rate of the conversion of glucose to gluconate as the diameter of the particle was decreased, up to the lowest diameter tested (3.6 nm) for which 21% of the glucose was converted in the first 200 s of the reaction. Although the catalytic activity was still an order of magnitude lower than a commercial enzyme system [98] it can be expected that the rate would improve if smaller particles were employed. Luo et al. [99] investigated this catalysis further and showed that passivation of the GNP surface inhibited the catalysis, implicating a role for surface Au atoms. Furthermore, the catalysis showed Michaelis-Menten behavior with a Km of 6.97 mM (compared to 4.87 mM for GOx) while the Kcat of the GNPs was two-fold higher. Testing of other metal nanoparticles showed no effect on glucose oxidation. Interestingly, the authors showed that the GNP catalysis was size dependent and was also active over broader ranges of pH and temperature than GOx giving it obvious potential as a robust component in glucose monitoring devices.



The ability of GNPs to catalyze oxidation of glucose has been utilized for detection of DNA hybridization [95] (Figure 8B). In this work the peroxide produced by the catalytic effect of the GNP is coupled to horseradish peroxidase (HRP) oxidation of ABTS2− (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) which results in a blue color [95]. dsDNA does not strongly bind to the GNPs and so does not have a significant effect on the reaction. Single stranded (ss)DNA, however, shows significant binding [100,101], resulting in passivation of the surface. Thus the system can be used to probe for complimentary strands of DNA or RNA (e.g., disease-associated miRNAs) using colorimetric assays or direct observation of GNP size and/or plasmonic effects (which arise due to the fact that the peroxide produced can be used to reduce AuCl4 to Au0 which is deposited on the GNP causing an increase in particle size, a process inhibited by attached ssDNA).



The final example is an apparent GNP catalysis of structural changes of a biological molecule: In this case GNPs appear to catalyze protein remodeling. It is well known that GNPs may interact with proteins and may cause structural changes. However, such changes are usually a loss of structure or function due to denaturation of the protein or formation of an aggregated protein “corona” around the GNP [102,103,104]. The GNP-induced formation of higher order structures is unheard of. In our work reviewed here the protein TRAP (trp-RNA binding attenuation protein) was used. TRAP is a toroidal protein found in species of Bacillus. In vivo TRAP is involved in the feedback control of tryptophan synthesis [105]. The crystal structures of the TRAP from both B. stearothermophilus [106] and B. subtilis [107] are known and show that TRAP is approximately 8 nm in diameter and consists of 11 identical monomers, each of around 8.4 kDa. As well as an interesting and well-defined shape, the protein has other properties useful to bionanoscience, these include high thermostability [108] and ability to tolerate many surface mutations without a change in overall structure. To date, TRAP has been used to produce symmetry altered structures [109], as a component of a floating nanodot gate transistor [110], and to construct a self-assembled protein nanotube [111].



The interaction of TRAP with GNPs is brought about by the mutation of lysines at position 35 (position 37 in B. stearothermophilus TRAP) to cysteine (Figure 9). Cysteines contain a sulfhydryl group and therefore have the potential to bind strongly to gold. However, there are no cysteines present in the wild type protein. Residue lysine 35 of TRAP is surface-accessible and lies exposed around the outer rim of the ring, and when it is mutated to a cysteine and then mixed with 1.4 nm GNPs, an interesting conformational transition is observed.
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Figure 9. (a) Crystal structure of TRAP (pdb 1qaw) [106] Shown in two mutually orthogonal views. The protein is shown in cartoon format with residues at position 35 highlighted in yellow space-filling representation; (b) TEM image of purified wild type TRAP; (c) TEM image of purified cysteine mutant TRAP; (d) TEM image of wild type TRAP in the presence of GNPs; (e) TEM image of cysteine mutant TRAP in the presence of GNPs. Note the appearance of large structures. Scale bars = 40 nm. (b–e) Reprinted with permission from Ref. [112]. Copyright 2012 American Chemical Society. 
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In the absence of gold particles the TRAP protein, as observed by transmission electron microscopy (TEM) appeared to be identical to the unmodified protein, i.e. it appeared as a small donut shaped ring approximately 8 nm in diameter (Figure 9). Addition of 1.4 nm GNPs to the wild type protein had no significant effect. However, addition of the same GNPs to the mutant protein caused a dramatic change. After several hours of incubation at 4 °C, the mutant protein sample showed no evidence of the original ring–shaped protein, instead large, circular proteins, approximately 20 nm in diameter were observed. Analysis of these particles by cryo-electron tomography showed that the structures produced were in fact hollow protein spheres. The spheres appeared to exist as two discrete sizes (approximately 17 nm in diameter and approximately 21 nm in diameter) with the proportion of each depending on the relative concentration of gold (with the larger protein species predominating at low GNP concentrations). The resemblance of the produced hollow particles to virus capsids led to them being called “Capsid-like spheres“ (CLS) [112]. Furthermore, the results suggest that while a small cluster of one or more gold particles were sometimes present at a single position within the protein shells, in other cases no gold particles could be observed associated with the shells (although it must be noted that 1.4 nm diameter gold particles are difficult to observe under TEM). This immediately suggested the possibility that gold was acting catalytically. Indeed given the mismatch between the size of the GNP and the size of the resulting protein shell, it is difficult to see how the gold could be acting via a simple templating or scaffolding effect. The catalysis hypothesis is supported somewhat by the fact that even low concentrations of GNPs are able to promote the same protein remodeling effect.



While the catalysis hypothesis in this case is an attractive one it is currently unproven: the small size of the GNPs makes it difficult for their presence in the produced CLSs to be completely ruled out. Furthermore, while large numbers of GNPs appear to be absent from the CLSs, the presence of gold atoms has not been definitively ruled out.



Time course experiments [112] have offered some intriguing hints as to the possible course of the reaction: when the reaction is stopped and viewed under TEM one minute after the addition of GNPs, many of the stable TRAP rings have already disappeared but few CLS are yet formed, instead a large number of thread-like structures are visible which appear to be unfolded protein or disassembled ring. This suggests that apart of the GNP mechanism may involve breaking apart of the stable TRAP ring and (partial) unfolding of the monomer proteins before refolding/reassembly into the capsid form. The mechanism whereby this may occur is still currently unknown.



The precise role of the gold particles in inducing formation of the CLS remains to be explained, the fact that the reaction occurs only in the cysteine mutant of TRAP strongly suggests that interaction with the gold surface is important. It is not clear if this would be direct or via an oxygen intermediated as has been reported in other oxidative catalytic reactions of GNPs [113]. Gold adatoms on the surface of the GNPs may be the site of gold-sulfur bond formation [114]. The nature of the thiol-gold bond has recently been reviewed [114] and surprisingly it is only recently that the nature of gold-thiol interactions has become clearer with much still remaining to be understood [114].



The GNP-induced remodeling of TRAP into CLS is significant because to date the interaction of proteins with GNPs has generally been non-catalytic and non-specific, i.e. the usual effect is that protein denaturation occurs [115,116,117] or a “corona” forms around the GNP [118]. While this effect can be useful in some cases, the ability to remodel proteins is intriguing although it must be acknowledged that much work remains to confirm if the observed effect is truly catalytic and if so the details of the mechanism. If such a protein remodeling effect was found to be widely applicable then this form of GNP reaction could become a useful tool in bionanotechnology.




4.2. Biological Catalysis by the Ligand


In these reactions the active groups responsible for catalysis are the ligands attached to the GNP surface. Here the advantage of using gold is its ease of handling and simply the efficiency gains that may result from having a monolayer of catalytic ligand at high-density on a particle. The role of the ligand monolayer on GNPs has been extensively reviewed [119]. Biological reactions of course take place in aqueous solution and so GNP interaction with them might best be carried out using unsupported gold colloids in solution. Luckily, such GNPs do show catalytic activity in a range of reactions [120]



In one example, the reaction catalyzed was the cleavage of the phosphodiester phosphate bond [121]. A reaction which in vivo can be carried out by enzymes such as restriction enzymes [122] and topoisomerases [123]. GNPs of approximately 2.5 nm in diameter were produced and coated with an azacrown functionalized thiol. This contained triazacyclononanes which are able to bind transition metals including ZnII [121]. Initially, 2-hydroxypropyl p-nitrophenyl phosphate (HPNP) was used in place of RNA and the hydrolysis reaction was observed. The second-order rate constant for HPNP cleavage was found to be over 600-times higher than in the absence of the GNP, this was in part attributed to a local concentration effect and to transition state stabilization [121]. The produced supramolecule was also found to be able to catalyze the same cleavage of actual RNA dinucleotides. A more in-depth analysis [124] using triazacyclononane·Zn (II) as the catalytic unit along with unreactive ligands, found maximum kcat and KM values of 6.7 × 10−3 s−1 and 3.1 × 10−4 M respectively. The maximum kcat value was reached when the mole fraction of the catalytic unit was 0.4 of the total ligands. Theoretical calculations showed this to be the point at which lone catalytic units no longer existed and all catalytic units worked in tandem.



In another example, decorated GNPs with esterase activity were produced [125]. Here, the GNP scaffold allows attachment of dipeptide functionality. Specifically, numerous copies of a histidine, and phenylalanine containing dipeptide moiety (HS-(CH2)11CO-HIsPhe-OH) was attached to the surface of a GNP to simulate the active site of an esterase, which is known to contain these two amino acids, providing the imidazole and carboxylate groups to act as general base and general acid in the reaction [126]. The modified particles were tested against the activated esters 2,4-dinitrophenyl butanoate (DNPB) and Z-leucine-p-nitrophenyl ester (Z-Leu-PNP). The results showed that the coated GNPs were more active compared to the no-GNP controls, particularly at low pH. This effect was attributed to cooperativity due to confinement on the GNP surface. [125]



Catalysis of DNA nicking was reported by Hsu et al. [127]. The ability of GNPs to confine ligands to locally high concentrations on their surface was again exploited. In this case arylhydrazones were attached to the surface of gold nanoparticles of approximately 13 nm diameter. These ligands are able to nick DNA upon exposure to UV light (312 nm) and the nicking activity was enhanced in comparison to the absence of GNP [128] by virtue of the locally high concentration as a result of confinement on the GNP surface.



In another example, hydrolysis of DNA phosphodiester bonds was achieved by attachment of Zn(II) complexes of BAPA (bis-(2-aminopyridinyl-6-methyl)amine) to an approximately 1.8 nm diameter GNP surface [129]. Here, the clustering of ligand was able to provide a bimetallic site for cleavage via the activated zinc Lewis acid in conjunction with a hydrogen bond network (Figure 10). This resulted in cleavage of a DNA model substrate (bis-p-nitrophenyl phosphate, BNP) at a rate 100 times that of the ligand when not attached to the GNP. Cleavage of a plasmid DNA substrate was also observed and noticeably this was double strand cleavage resulting in the production of linear DNA products, possibly due to several cleavage reactions occurring simultaneously [129].



Catalysis of peptide-based reactions using has also been demonstrated. Fillon et al. [130] used GNPs functionalized with trimethylammonium, which provided a positively charged surface. Peptides designed with negatively charged residues at appropriate positions bound to the cationic ligand monolayer. Two peptides were used that were two halves of a self-replicating five-heptad alpha helix. These were designed such that one contained a C-terminal thioester and the other an N-terminal cysteine so that ligation of the two peptide halves via native chemical ligation [131] could occur. The ligation rate in the presence of GNP was considerably elevated compared to the rate in their absence. The catalytic effect is likely to be due to the charged ligand on the gold, which brings the reactants into close proximity. The peptides were designed so that they were helical only at acidic pH, thus templating and self-replication only occurred at acidic pH. However, addition of GNPs at neutral pH induced helicity in both the halves and was able to produce ligated product at close to neutral pH [130]. This result may be of interest to researchers in abiogenesis where the potential for the first “initial Darwinian Ancestor” [132] to have been a self-replicating peptide is an intriguing possibility.
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Figure 10. Zn(II) complexes attached to 2 nm diameter GNPs can form a bimetallic site due to clustering. Such a site is illustrated in the process of cleaving a DNA model substrate bis-p-nitrophenyl phosphate (BNP).Reprinted with permission from Ref. [129]. Copyright © 2008 American Chemical Society. 
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The catalytic properties of liganded GNPs have been utilized in sensors. Bonomi et al. [131] produced such a system. Here the GNP is coated with triazacyclononane·Zn (II), known to catalyze transphophorylation of 2-hydroxypropyl-4-nitrophenylphosphate (HPNPP) [121] as discussed above. This produces p-nitrophenol whose concentration can be monitored by absorbance at 400 nm. This feature was exploited to produce a sensor able to report on the activity of a protease, subtilisin A. An intact oligoanionic peptide substrate was able to bind to the GNP surface due to the presence of the positively charged ligand on the surface. The presence of the peptide on the surface blocked the reaction with HPNPP. However, when the enzyme digested the peptide substrate this binding was abolished and the reaction with HPNPP could occur leading to a change in absorption signal. The system was shown to work for detection of the activity of other enzymes, which changed the negative charges on their substrates.



Nucleic acids are trivial to attach to GNPs and both DNA RNA molecules with enzymatic activities (DNAzymes and ribozymes) are widely known [133,134]. A common application in combination with GNPs is in detectors/sensors. DNA strands of complementary sequence form a double helix so that GNPs coated with such sequences will aggregate, leading to color changes due to plasmonic effects. The inclusion of DNAzymes, which in the presence of a specific cofactor will cleave the DNA, leading to disaggregation, forms the basis of a colorimetric detector for the cofactor in question. In one such case the DNA strands were partially complimentary and linked GNPs together into aggregates, which were blue in color and also included a DNAzyme. In the presence of UO22+ the DNAzyme cleaved the connecting strands, resulting in disaggregation of the GNPs and a change in color to red, resulting in a simple uranyl sensor [135]. The concept of DNAzyme attached to a GNP surface has been applied on a number of occasions (see Liu and Lu [136] for a review).



In a reversal of the above technique, Zhao et al. demonstrated a DNAzyme-coated GNP, which caused aggregation of the GNPs in the presence of cofactor [137]. In these experiments, GNPs were modified by the attachment of a surface ligand which consisted of one DNA strand (with a single RNA linkage) and a partially complimentary strand of DNA containing the “8–17” DNAzyme [138]. This DNAzyme can cleave DNA containing a single RNA linkage when Pb2+ is present [139,140]. The presence of the DNA ligand on the GNPs stabilizes them against aggregation even at relatively high salt concentrations due to the length and negative charge of the DNA. In the presence of the Pb2+ cofactor, the DNAzyme cleaves the ligand removing its stabilizing effect. The gold particles then aggregate leading to a red-to-purple color change over 10 minutes at room temperature.



Enzymes can also be attached to the GNP: Brennan et al. were able to connect lipase from Thermomyces lanuginosus to ~14 nm diameter GNPs [141]. In this case the surface of the GNP was functionalized by the attachment of a thiolate containing azide-terminated ligand. The 30 kDa enzyme was modified to add a single accessible lysine residue which was subsequently modified to provide an acetylene group for utilization in a click chemistry reaction for attachment to the GNP. A lipase activity test confirmed that the attached lipase was active.



Even when the reaction is in fact catalyzed by the gold, the ligand can still play an important role as it may limit access of the reactants to the gold surface, as has been shown for example in tests of the ability of GNPs coated with different ligands to catalyze the aerobic oxidation of glycerol [142,143] where a larger ligand (PVA) was found to result in decreased catalytic activity compared to a smaller ligand (THPC; tetrakishhydroxypropylphosphonium).





5. Conclusions and Future Potential


GNPs have a long history of medicinal use and a more recently as catalysts. The fusion of these two fields into one where GNPs is used to catalyze reactions involving biological molecules is a promising possibility. Potential avenues include the use of GNPs to replace biological molecules in catalytic reactions where longer-lasting, more robust systems are required. A second possibility is using GNPs to react with biological molecules to produce new structures, which may have applications in bionanoscience. If the latter proves to be a catalytic effect that can be controlled then bespoke modification of protein structure could be possible. The interaction of GNPs with biological molecules is complex and the field remains open to many important potential discoveries.
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