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CONTROLLABLE ASSEMBLY AND DISASSEMBLY OF NANOPARTICLE 

SYSTEMS VIA PROTEIN AND DNA AGENTS 

[0001] This is an international (PCT) application which claims priority to U.S. 

Provisional Application No. 61/058,037, filed June 2, 2008, which is incorporated herein 

by reference. 

[0002] This invention was made with Government support under contract number 

DE-AC02-98CH10886, awarded by the U.S. Department of Energy. The Government 

has certain rights in the invention. 

BACKGROUND OF THE INVENTION 

[0002] The invention relates to the use of peptides, proteins, and other oligomers to 

provide a means by which normally quenched nanoparticle fluorescence may be 

recovered upon detection of a target molecule. Further, the invention provides a structure 

and method to carry out detection of target molecules without the need to label the target 

molecules before detection. 

[0003] Nanotechnology research and its findings have been studied in many different 

research areas and are being applied for the development of scientific and industrial 

technologies, such as nano electronics, sensors, and catalysts. Frontier energy, medical, 

and security-related nanotechnology will depend on the integration and optimization of 

nanoparticle-based technologies and biological sciences to design hybrid materials for 

increasingly cleaner and more efficient energy conversion and storage, as well as 

biological sensors having increased sensitivity. Such integration requires not only the 

precise control of nanoparticle size, shape, composition, and surface properties, but also 
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the ability to self-assemble and dissociate nanoparticles with controlled kinetics and final 

assembly morphology under conditions tolerated by biological systems. 

[0004] Currently, the self-assembly of nanoparticles with metallic (Au, Ag, Pt), 

semiconductive (CdSe, CdS, ZnS, GaAs), and magnetic (Fe20 3) properties using 

biological building blocks is achieved by two main approaches: (i) DNA-based systems 

and (ii) protein- (peptide-) based systems. The remarkable specificity and programmable 

interactions of DNA allows self-assembly of DNA-conjugated nanoparticles and 

construction of complex architectures. Their complexity and functionality may be 

extended via the incorporation of proteins that function as biological sensors or as 

organizers of complex scaffolds. The DNA-based self-assembly systems have shown 

great potential as biological sensors. Specific binding of peptides to inorganic surfaces 

has been demonstrated, and these peptides can be selected by using phage display system. 

Also, the peptides have been successfully used for the construction of nanostructures and 

self-assembly of inorganic nanoparticles. Due to the functional variety of proteins, the 

combination of DNA- and protein-based systems is receiving considerable attention to 

design functional hybrid nanomaterials. 

[0005] The self-assembly of nanoparticles and programmed complex architectures 

using DNA have been demonstrated. DNA-induced self-assembly of nanoparticles was 

first introduced in 1996 by pioneering papers of Mirkin and co-workers, "A DNA-based 

method for rationally assembling nanoparticles into macroscopic materials," Nature, 

382(6592): p. 607-609, 1996, and Alivisatos and co-workers, "Organization of 

'nanocrystal molecules' using DNA," Nature, 382(6592): p. 609-611, 1996, both of 

which articles are hereby incorporated by reference in their entirety. The ability of 
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specific hybridization of DNA was utilized for self-assembly of nanoparticles on which 

single stranded DNA (ssDNA) is chemically immobilized. Aggregation was obtained by 

adding a single stranded linker DNA whose ends were complementary to the ssDNAs 

conjugated to the particles. The aggregation of ssDNA conjugated nanoparticles is 

accompanied by changes of physical and optical properties, and was applied to detect 

DNA. Addition of a DNA fragment complementary to the linker results in dissociation of 

the aggregates. Alternatively, the system can be designed such that the DNA fragments to 

be detected function as the linker. The melting properties of DNA, which depend on 

sequence and length, make it possible to reverse the self-assembly of the aggregates by 

increasing temperatures (Fig. 1). The sequence-dependent melting properties allow 

detection of single point mutation using ssDNA-conjugated nanoparticles. 

[0006] Gold-nanoparticle quenched fluorescent oligonucleotides, that are designed 

for complementary binding at their 3' and 5' ends to form a hairpin structure, have been 

used as molecular beacons for detecting target DNA that hybridizes to the hairpin 

structure, resulting in emission of the quenched fluorescence. 

[0007] Microarray technology is used on a routine basis for high through-put 

quantification of large numbers of different DNA or RNA fragments. The array-based 

systems require labeling of target DNA, or RNA, via synthesis of C-DNA. ssDNA­

conjugated nanoparticles have been used as candidates to probe their target molecules. 

[0001] In addition, the specific interaction of DNA has been used to create DNA building 

blocks, and assembly of the building blocks to construct sophisticated geometries and 

morphologies. 
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SUMMARY 

[0008] While the above mentioned systems require hybridization of complementary 

DNA strands as a prerequisite for correct assembly, and disassembly is obtained by 

melting of the DNA at elevated temperatures, the processes will often result in the 

irreversible inactivation of functional moieties, such as proteins. The inventive method 

allows for controllable assembly of non-complementary single stranded DNA- (ssDNA-) 

conjugated nanoparticles, using the gene 5 protein (g5p) as a molecular "glue" binding to 

two anti-parallel ssDNA strands. Control of assembly kinetics of particle aggregates can 

be obtained via sequence-specific hybridization with complementary ssDNA (C-ssDNA), 

while the size of aggregates is controlled by adjustment of the g5p concentration. The 

controllable disassembly of the g5p-ssDNA complex may be triggered by hybridization 

with C-ssDNA, which allows regulation of assembly kinetics and effective decom­

position of particle aggregates at room or physiological temperatures. In addition, the g5p 

protein allows for the construction of functional, recombinant derivatives that contain 

poly-histidine or other affinity tags that allow these proteins to specifically bind to 

surfaces of nanoparticles. This allows control of both assembly and disassembly of 

nanoparticles without thermal treatment, and easy incorporation of proteins into DNA­

based nanostructures, conferring the potential to design complex nanomaterials. 

[0009] The invention relates to the use of peptides, proteins, and other oligomers to 

provide a means by which normally quenched nanoparticle fluorescence may be 

recovered upon detection of a target molecule. Further, the inventive technology provides 

a structure and method to carry out detection of target molecules without the need to label 

the target molecules before detection. In another aspect, a method for forming arbitrarily 
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shaped two- and three-dimensional protein-mediated nanoparticle structures and the 

resulting structures are described. Proteins mediating structure formation may themselves 

be functionalized with a variety of useful moieties. 

[0010] In some embodiments of the invention, a controllable and reversible assembly 

of nanoparticles using the g5p protein or similar DNA binding proteins is provided. In 

some variants, the nanoparticles are encapsulated in DNA and/or RNA and the 

nanoparticles are assembled with a nucleotide binding protein. In other variants, the 

nanoparticles are encapsulated with a nucleotide binding protein, and the nanoparticles 

are assembled with DNA and/or RNA. Some embodiments provide a multi-dimensional 

structure comprising branches of single stranded DNA and/or RNA, nucleotide binding 

protein, and nanoparticles. Some embodiments of the invention also provide a method or 

process for preparing a controllable and reversible assembly of nanoparticles using a 

nucleotide binding protein. 

[0011] Other embodiments of the invention provide a nucleic acid binding protein-

mediated DNA assemblage that comprises non-complementary DNA or RNA strands 

bound to a nucleotide binding protein. 

[0012] Still other embodiments of the invention provide a molecular switch which 

comprises a fluorescent quenched "off' position and a fluorescent emission "on" 

position, comprising ssDNA bound to fluorescein and a second ssDNA bound to 

DABCYL. The switch can be turned "on" by hybridizing a complementary ssDNA or 

ssRNA to either the fluorescein-ssDNA strand or the ssDNA- DABCYL strand. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] Fig. 1 shows a prior art method for self-assembly and disassembly of ssDNA-

conjugated nanoparticles. 

[0014] Fig. 2 depicts a controllable g5p-mediated assembly and disassembly 

technique. 

[0015] Fig. 3 shows a sketch of ssDNA-mediated assembly and disassembly of g5p-

conjugated nanoparticles. 

[0016] 

[0017] 

and DNA. 

[0018] 

[0019] 

Fig. 4 depicts the functioning of a g5p-mediated molecular switch. 

Fig. 5 shows self-assembly of nanoparticles at ordered peptide-conjugated g5p 

Figs. 6A and 6B show the results of electrophoretic mobility shift assays. 

Figs. 7 A, 7B, and 7C are data from g5p-mediated assembly of ssDNA-

conjugated gold particles. 

[0020] Figs. 8A and 8B show results of dynamic light scattering and ultraviolet-

visible analyses of ssDNA-conjugated gold particles. 

[0021] Figs. 9A and 9B show a schematic of a g5p protein-mediated assembly of 

ssDNA-conjugated gold particles, and changes of the hydrodynamic diameter value of 

such assemblies, respectively. 

[0022] Figs. lOA, lOB, and lOC depict the decomposition of g5p-mediated ssDNA-

conjugated gold particle aggregates. 

[0023] Fig. 11 shows the effect of the addition of C-ssDNA on gold particle 

aggregates. 
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DETAILED DESCRIPTION 

[0024] In contrast to DNA, proteins have not only specific binding properties, but 

also abundant catalytic functional properties. The interactions of protein and peptide have 

been utilized for self-assembly and ordering of nanoparticles. Peptides that have 

specificity for inorganic compounds (metallic, semiconductive, and magnetic 

compounds) have been selected using peptide libraries, and have been used successfully 

for self-assembly of inorganic nanoparticles and biomineralization. Noting the specific 

interactions between peptides and inorganic surfaces, the inventors suggest that the 

inorganic nanoparticles may be linked with proteins by genetic engineering of proteins to 

display peptides. 

[0025] The combination of the DNA- and protein-based systems is attractive for 

extension of their applicability as biosensors or organizers of complex scaffolds. Biotin­

conjugated DNA has been utilized as a building block for assembly by binding to 

streptavidin that can cross-link the biotin-conjugated DNA. Antibodies have been used 

for protein-assisted self-assembly of DNA-conjugated nanoparticles that contain the 

antibodies' target molecules. 

[0026] Despite these advances in using both DNA and proteins for the construction of 

nano-scale materials, there are still many limitations and technical hurdles. DNA requires 

the proper conditions for the desired hybridization. There are inherent limitations of 

DNA hybridization such as G-C content, salt concentration, and temperature. The 

distribution of proteins in the composed structure allows for identical functionality 

throughout the entire structure with control of kinetics and size of assemblies only when 

homogenous. During self-assembly of ssDNA-conjugated nanoparticles induced by 
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DNA-hybridization, it is difficult to introduce proteins without chemical modification of 

the oligonucleotides, e.g. biotinylation, to allow for binding of the protein. The increased 

temperature can induce irreversible inactivation of biological molecules, especially 

proteins. Disassembly of the aggregates formed by DNA hybridization requires increases 

of temperature above the melting temperature, often around 55°C or above, which can 

cause limitations of the system to be used in biological environments. To detect target 

molecules (DNA, RNA) using array-based systems, labeling is a critical, costly, and time­

consuming step. Labeling of target molecules requires additional time for sample 

preparation, limiting quick detection or diagnosis of biological molecules. 

[0027] Using the gene 5 protein (g5p) as a molecular "glue" binding two anti-parallel 

non-complementary singled stranded DNA (ssDNA) overcomes many of the limitations 

for fabricating nanoscale materials by combination of DNA and proteins mentioned 

above. Additional hybridization with complementary ssDNA (C-ssDNA), which triggers 

the g5p-ssDNA complex to dissociate, may also be used. 

[0028] An aspect of the invention provides for controllable and reversible assembly 

of nanoparticles and methods for preparing the same. 

[0029] In some embodiments of the invention, the nanoparticle is metallic. In 

preferred embodiments, the metal is gold, silver, or platinum. In more preferred 

embodiments, the nanoparticle is gold. In other embodiments, the nanoparticle is a 

semiconductor. In some variants, the semiconductor is cadmium selenide, cadmium 

sulfide, zinc sulfide, or gallium arsenide. In other embodiments, the nanoparticle is 

magnetic. In some variants, the magnetic nanoparticle comprises iron oxide. 
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[0030] In some embodiments of the nanoparticle assembly, the DNA and/or RNA are 

single stranded or double stranded. In preferred embodiments, the DNA is single 

stranded. 

[0031] In some embodiments the nucleotide binding protein is any protein that can 

bind to DNA or RNA. In preferred embodiments, the nucleotide binding protein is gene 

5 protein (g5p ). 

[0032] In some embodiments, a controllable and reversible assembly of nanoparticles 

using the g5p protein or similar DNA binding proteins is provided. 

[0033] In some embodiments, the controllable and reversible nanoparticle assembly 

comprises nanoparticles encapsulated with non-complementary DNA and/or RNA. In 

preferred embodiments, nanoparticles encapsulated with non-complementary DNA 

and/or RNA are bound together by a nucleotide binding protein to form a nanoparticle 

assembly. In this manner, a controllable and reversible nanoparticle assembly is formed. 

[0034] In further embodiments of the controllable and reversible nanoparticle 

assembly, the nanoparticle assembly is disassembled by further combining the 

nanoparticle assembly with DNA and/or RNA complementary to the non-complementary 

DNA and/or RNA. In this manner, a controllable and reversible nanoparticle 

disassembly is achieved. 

[0035] The inventive method provides for controllable assembly of non-

complementary ssDNA-conjugated nanoparticles using the g5p protein or similar DNA 

binding proteins. Hybridization with low concentrations of C-ssDNA during the 

assembly phase may be used to regulate assembly kinetics. In addition, C-ssDNA has 

been used to achieve effective decomposition of particle aggregates at room temperature 
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(Fig. 2) or physiological temperatures. This approach makes it possible to control both 

assembly and disassembly of nanoparticles without thermal treatment, and to easily 

incorporate g5p-based hybrid proteins, e.g., containing affinity tags or additional catalytic 

domains, into DNA-based nanostructures, conferring the potential to design complex 

nanomaterials. 

[0036] In some embodiments of the method, a controllable nanoparticle assembly and 

disassembly process is prepared by encapsulating nanoparticles with DNA and/or RNA; 

combining the encapsulated nanoparticles with a nucleotide binding protein; and binding 

the DNA and/or RNA to the nucleotide binding protein. In this manner, a controllable 

nanoparticle assembly process is prepared. 

[0037] In some variants of the method, the assembly of nanoparticles is disassembled 

by further combining the nanoparticle assembly with nucleotides complementary to the 

non-complementary DNA and/or RNA. In this manner, a controllable nanoparticle 

disassembly process is achieved. 

[0038] In some embodiments of the method, a nanoparticle assembly is prepared by 

functionalizing a plurality of nanoparticles with non-complementary ssDNA; exposing 

the functionalized nanoparticles to gene 5 protein; and linking at least two strands of the 

ssDNA with the g5p. 

[0039] To achieve further sensitive assembly and disassembly of nanoparticles in 

response to target DNAs, the invention contemplates the use of g5p-conjugated 

nanoparticles that can be bridged by non-complementary ssDNA and dissociated by 

sensing its complementary ssDNA (Fig. 3). Poly-histidine tagged g5p will be 

immobilized on Ni-NTA-conjugated gold nanoparticles to achieve oriented g5p in which 
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the DNA binding sites are active by facing the outer direction of the nanoparticles. 

Length and shape of DNA may affect the size or morphology of the aggregates. This 

DNA-mediated control of g5p-conjugated nanoparticles may lead to the design of a smart 

materials sensor for DNA at biological conditions. 

[0040] In some embodiments, an assembly of nanoparticles is prepared by 

functionalizing a plurality of nanoparticles with a nucleotide binding protein; incubating 

the functionalized nanoparticles with non-complementary DNA and/or RNA; and linking 

at least two strands of the DNA and/or RNA with the nucleotide binding protein. In this 

manner, an assembly of nanoparticles is prepared. 

[0041] To achieve precise self-assembly of nanoparticles in multiple dimensions, the 

complex of structured DNA and peptide-tagged g5p is proposed, in which the peptide can 

specifically bind to nanoparticles. The organization of g5p by binding to a ssDNA region 

may result in the formation of a DNA scaffold from simple building blocks, while the 

affinity tag can be used for further ordering of nanoparticles on the DNA scaffold 

(Fig. 5). This method may make possible the design of complex heterogeneous nano-

structures. 

[0042] In some variants of the multi-dimensional structure, the multi-dimensional 

structure of DNA and nanoparticle-functionalized g5p comprises a DNA structure having 

multiple branches of ssDNA, a peptide conjugated to g5p, and nanoparticles bound 

specifically to the peptide. In preferred embodiments the g5p is bound to the ssDNA. In 

this manner, a complex structure of DNA and nanoparticle-functionalized g5p is formed. 

[0043] In some variants of the multi-dimensional scaffold, the multi-dimensional 

DNA scaffold comprises two strands of ssDNA (strands 1 and 2) mutually bound by 
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sequences of C-ssDNA at a first locus; two other strands of ssDNA (strands 3 and 4) 

mutually bound by sequences of C-ssDNA at a second locus; strands 2 and 3 are 

mutually bound by sequences of C-ssDNA at the second locus; and g5p bound to at least 

two of the strands of ssDNA at one or more points between the bound loci. 

[0044] In preferred embodiments of the multi-dimensional scaffold, the multi-

dimensional scaffold further contains at least one nanoparticle bound to at least one of the 

g5p. In more preferred embodiments of the multi-dimensional scaffold, at least one 

nanoparticle is bound to at least one region of DNA. 

[0045] In some embodiments a goal is to improve DNA- and protein-induced nano-

scale materials and sensors. In some embodiments this may be achieved by: association 

of two anti-parallel ssDNA by g5p; and dissociation of g5p from ssDNA by hybridization 

of complementary DNA or nucleic acids. 

[0046] In some embodiments, a g5p-mediated DNA assemblage comprises non-

complementary DNA or RNA strands bound to a nucleotide binding protein. In this 

manner, an assemblage is formed. 

[0047] g5p is encoded by filamentous bacteriophages where it cooperatively binds to 

ssDNA to form precursors for the assembly of phage particles. In vitro, g5p forms a 

homodimer which will non-specifically bind two anti-parallel ssDNAs, inducing helical 

rod-like structures with 8-9 nm outer diameter. The number of nucleotides bound per g5p 

monomer is 2-4 and depends on binding conditions, including the protein to nucleotide 

ratio. The binding affinity of g5p to ssDNA, about 105 to about 106 M-1
, depends on the 

sequence of ssDNA and the salt concentration, with preferential binding to structured 
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DNA such as hairpins and G-quadruplexes. The g5p protein's DNA binding properties 

for assembly and disassembly of ssDNA-conjugated nanoparticles are thus exploited. 

[0048] To study the distinct binding properties of g5p and its preferential DNA 

topology, an exemplary DNA structure with three distinct regions has been designed: a 

19 base paired double-stranded DNA (dsDNA) region, followed by a 32 nucleotide anti­

parallel poly-T ssDNA region, and a 3' extended ssDNA tail of 15 nucleotides. The DNA 

structure (1 µM) was titrated with g5p (in lOmM Tris-HCl, pH= 7.4, 200mM NaCl), and 

g5p binding was studied using the electrophoretic mobility shift assay. Three distinct 

stages of g5p binding were observed, suggesting its sequential binding (Fig. 6A). Since 

g5p has a much lower affinity to dsDNA than to ssDNA at high salt concentration, the 

following order of occupancy is hypothesized: binding to the anti-parallel ssDNA region 

with a large shift of the DNA band at 10 µM g5p, followed by binding to the ssDNA tail, 

and finally to dsDNA at g5p concentrations over 35 µM. Thus, g5p binds to ssDNA 

regions before it binds to the dsDNA region, and its binding affinity for the anti-parallel 

region is slightly higher than for the ssDNA tail. To study the effect of g5p association on 

forming dsDNA heteroduplexes, and confirm the proposed binding order to the ssDNA 

regions, an equal amount (1 µM) of C-ssDNA that can hybridize to the ssDNA tail was 

added. After C-ssDNA addition, the two different stages of band shift observed with 

20 µMand 30 µM g5p changed to an identical position with higher mobility (Fig. 6B), 

indicating that the first stage of the band shift results from binding of g5p to the anti­

parallel ssDNA region. Smearing of the band after C-ssDNA addition at 45 µM g5p 

supports g5p binding to dsDNA at this concentration. By comparing the intensity of the 

band in the presence of 30 µM g5p to the band under control conditions without g5p, the 
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hybridization efficiency for C-ssDNA to the g5p-complexed ssDNA tail was determined 

to be approximately 82%, indicating effective DNA hybridization without significant 

inhibition by g5p. 

[0049] To exploit g5p's ability to assemble ssDNA-conjugated nanoparticles, gold 

nanoparticles (Au) encapsulated with approximately 50 copies of ssDNA 

(5'-HS-C3H6-(T) 15-TAACCTAACCTTCAT-3') (SEQ ID NO. 1) were synthesized, and 

g5p-mediated assembly of the ssDNA-conjugated gold nanoparticles (ssDNA-Au) was 

tested. Dynamic light scattering (DLS) was used to measure changes of the 

hydrodynamic diameter value (Dh), which is related to aggregate size, interparticle 

interactions, and geometry. Fig. 7 A shows that the initial assembly rate of Dh during 

incubation of g5p and the ssDNA-Au for 20 minutes was highly sensitive to the g5p 

concentration, indicating g5p-dependent assembly of ssDNA-Au. No assembly was 

observed in the absence of g5p. To investigate assembly of ssDNA-Au (20 nM) during 

prolonged incubation (-24 hours) with a series of g5p concentrations, the ssDNA-Au 

surface plasmon (SP) resonance band was studied using ultraviolet-visible 

spectrophotometry (UV-vis). The SP band is associated with isolated Au and assembled 

nanostructures. After adding increased g5p concentrations, the SP band at 525 nm of 

isolated ssDNA-Au was red-shifted with band broadening, indicative of either a decrease 

in interparticle distances or an increase of aggregate size (Fig. 7B). The higher extinction 

intensity observed over 10 µM g5p is due to a decrease of the solution's turbidity 

resulting from the formation of larger aggregates. Both DLS and UV-vis results confirm 

the assembly of ssDNA-Au by g5p. The sizes and morphologies of the g5p-mediated 

ssDNA-Au assemblies were studied using transmission electron microscopy (TEM) 
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(Fig. 7C). The aggregate sizes were found to increase with increased g5p concentrations, 

as suggested by DLS and UV-vis, whereas the numbers of non-assembled particles 

decreased, suggesting that the size of aggregates can be simply controlled by the g5p 

concentration. Polyhistidine-tagged YieF protein (MW= 20 KDa) was used as a negative 

control, for which no aggregation of particles was observed during DLS and UV-vis 

studies (Figs. 8A and 8B). These results clearly illustrate that g5p can be used for the 

controlled assembly of ssDNA-Au by changing the protein-nanoparticle ratios. 

[0050] To investigate inhibitory effects of dsDNA on aggregate formation, the 

ssDNA-capping of the particles was first partially hybridized with C-ssDNA 

(5'-ATGAAGGTTAGGTTA-3') (SEQ ID NO. 2) before g5p-mediated assembly was 

initiated (Fig. 9A). Changes in assembly rate in response to C-ssDNA concentrations 

were studied using DLS (Fig. 9B). The assembly rate dramatically dropped when the 

fraction of C-ssDNA to ssDNA on Au (fc) was larger than about 0.05. This large 

inhibitory effect caused by a low density of dsDNA suggests large steric hindrance for 

g5p-mediated assembly of ssDNA-Au. A non-complementary ssDNA (NC-ssDNA; 

5'-AATATTGATAAGGATAGC-3') (SEQ ID NO. 3) was used as a control to eliminate 

any inhibitory titration effects caused by binding of g5p to ssDNA in solution. The effect 

of the NC-ssDNA on the assembly rate was found to be statistically insignificant 

(Fig. 9B). 

[0051] g5p bound to ssDNA can be replaced by C-ssDNA hybridization (Fig. 6B). 

This should result in dissociation of the aggregates, which can be used to detect the 

presence of C-ssDNA. To prove this, aggregates were prepared by incubation of ssDNA­

Au (10 nM) and g5p (5 µM) for about 24 hours, after which the aggregates were 
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incubated with C-ssDNA for about 12 hours at room temperature. Colorimetric changes 

indicative of aggregate size changes were monitored using UV-vis. The peak position 

blue-shifted over approximately 200 nM of C-ssDNA (fc = - 0.4) (Fig. lOA), indicating 

dissociation of small clusters and release of individual particles. In the NC-ssDNA 

control the peak intensity decreased slightly but no shift in peak position was observed 

(Fig. lOB); NC-ssDNA caused the aggregates to divide into smaller clusters, but not to 

the level of individual particles. A TEM image of the sample with 200 nM C-ssDNA 

clearly shows the dissociation with dispersed particles (Fig. lOC), whereas this 

dissociation was not observed for the sample with NC-ssDNA. 

[0052] DNA-controlled dissociation of aggregates is a useful property of the g5p-

ssDNA system. To demonstrate this, gold nanoparticles were assembled into aggregates 

by a conventional hybridization method incubating ssDNA-Au particles and their target 

particles (C-ssDNA-Au) that were encapsulated by C-ssDNA 

(5'-HS-C3H6-(T) 15-ATGAAGGTTAGGTTA-3') (SEQ ID NO. 4). Once formed, 

dissociation of the aggregates was studied as a function of the addition of increased C­

ssDNA concentrations. However, no aggregate dissociation was observed till fc 

approached about 16 (Fig. 11). 

[0053] For the correct assembly of ssDNA-Au and C-ssDNA-Au particles, properties 

inherent to the DNA sequences, such as G-C content, often control the assembly process. 

The inventive method for controllable assembly of non-complementary ssDNA­

conjugated nanoparticles, using g5p as the driving force, is novel. Control of assembly 

kinetics and dissociation of particle aggregates can be obtained via sequence-specific 
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hybridization with C-ssDNA, while the size of aggregates is controlled by adjustment of 

the g5p concentration. 

[0054] Another aspect of the invention includes a molecular switch. In a variant of 

the molecular switch comprises a fluorescent quenched "off' position and a fluorescent 

emission "on" position. In preferred embodiments of the fluorescent quenched "off' 

position, a first ssDNA is bound to fluorescein at the 5' end forming a fluorescein-ssDNA 

strand, a second ssDNA bound to DABCYL at the 3' end to form a ssDNA-DABCYL 

strand, the fluorescein-ssDNA strand and the ssDNA-DABCYL strand bound together 

with g5p. The switch can be turned "on" by hybridizing a complementary ssDNA or 

ssRNA to either the fluorescein-ssDNA strand or the ssDNA- DABCYL strand. In this 

manner, the fluorescein quencher is removed and fluorescence detection is enabled, 

turning the switch from an "off' position to an "on" position. 

[0055] In another variant of the molecular switch, an activated, "on", switch 

comprises a segment of dsDNA; a first strand of ssDNA bound to one of the two strands 

of the dsDNA and to DABCYL at respective ends. The switch also includes a second 

strand of ssDNA bound to the other of the two strands of the dsDNA and to fluorescein at 

respective ends, the two strands of ssDNA non-complementary each to the other. The 

switch is turned "off' by attaching g5p to at least one pair of DABCYL-tipped and 

fluorescein-tipped ssDNA strands, such that fluorescence from the fluorescein is 

quenched during attachment via g5p. 

[0056] Peptides have been successfully used for the construction of nanostructures 

and self-assembly of inorganic nanoparticles. Genetic engineering of the g5p protein to 

display peptides provides further opportunities to design sophisticated nanomaterials. The 
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sensitive disassembly of the aggregates in the presence of C-ssDNA without the need for 

thermal treatment, as would be the case for nanoparticle aggregates based on 

complementary DNAs, demonstrates the great potential of this approach for the design of 

biologically functional, hybrid materials and DNA-based biosensors; while thermal 

treatment of these hybrid materials will often result in the irreversible inactivation of 

functional moieties, such as proteins, the addition of a C-ssDNA should not affect their 

activities. We also note that this new assembly approach, based on g5p and ssDNA, can 

be extended to other kinds of nanomaterials, including carbon nanotubes, semi­

conductors, and magnetic nanoparticles. 

[0057] Fig. 1 shows a prior art method for self-assembly and disassembly of ssDNA-

conjugated nanoparticles. This traditional method for self-assembly of ssDNA­

conjugated nanoparticles by hybridization with complementary DNA, and disassembly 

by increase of the temperature above the melting temperature (Tm) of the hybridized 

DNA. Nanoparticles 110 are functionalized with ssDNA sequences 112, at least some of 

which are complementary to each other. The complementary DNA sequences 114 of the 

nanoparticles are allowed to hybridize 116, resulting in self-assembly of the 

nanoparticles. The assembled nanoparticles 118 then form an aggregate 120, which may 

be disassembled 122 by increasing the temperature above the melting temperature 124 of 

the dsDNA strands 126 resulting in disaggregation and disassembly 128 of the 

functionalized nanoparticles. 

[0058] Fig. 2 depicts a controllable g5p-mediated assembly and disassembly of non-

complementary ssDNA-conjugated nanoparticles. Inhibition of assembly and induction 

of disassembly by hybridization with complementary DNA may be observed. 
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Nanoparticles 210 are functionalized with non-complementary DNA 252. g5p 254 is 

added and the nanoparticles self-assemble into an assemblage 256 and, if desired, into an 

aggregate 220. The addition of DNA complementary to the sequences functionalizing the 

nanoparticles 258 results in disaggregation and disassembly 260 of the nanoparticles. 

[0059] These assembly/disassembly processes may also work in reverse. Fig. 3 shows 

a sketch of ssDNA-mediated assembly and disassembly of g5p-conjugated nanoparticles. 

Here nanoparticles 310 are functionalized with g5p 354. Single-stranded DNA 312 is 

added to the solution and the functionalized nanoparticles self-assemble. When C-ssDNA 

314 is added, the nanoparticles disassemble. 

[0060] Fig. 4 depicts the functioning of a g5p-mediated molecular switch. Binding of 

g5p 454 to an anti-parallel ssDNA region 462 causes DABCYL (Q) 464 to move close to 

fluorescein 466, resulting in quenching of fluorescence. This may be seen as the 

fabrication of a molecular switch, in a normally "off' position, or detector. The 

fluorescent emission can be recovered by hybridization of complementary RNA (C­

RNA) or C-DNA 468 with either of the anti-parallel strands. This process corresponds to 

detection of the target or turning "on" the molecular switch. 

[0061] Fig. 5 shows self-assembly of nanoparticles at ordered peptide-conjugated g5p 

and DNA. A DNA structure 570, shown here with four branches of ssDNA, is assembled 

by peptide-conjugated g5p 554, and nanoparticles 510 may be ordered by binding 

specifically to the peptides. This may result in arbitrarily structured nanoparticle 

architectures. 

[0062] Figs. 6A and 6B show the results of electrophoretic mobility shift assays. 

Titration of a DNA fragment with three regions of distinct topology is shown in Fig. 6A. 
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The regions are 19 base pairs of dsDNA, anti-parallel poly-T ssDNA (32 bases), and a 

ssDNA tail of 15 bases. A model of the binding is depicted in the right panel. The bottom 

of the illustration shows the structured DNA with the three regions. Fig. 6B depicts the 

mobility shift of the g5p complexes upon binding of C-ssDNA to the ssDNA tail, with a 

model of the binding in the right panel. 

[0063] Figs. 7 A, 7B, and 7C are data from g5p-mediated assembly of ssDNA-

conjugated gold particles. The chart in Fig. 7 A shows the change in the hydrodynamic 

diameter value (Dh) during incubation of ssDNA-Au (5 nm) and g5p, as a function of the 

concentration of g5p (in µM) using a DLS analysis technique. Dh is seen to increase 

monotonically with the concentration of g5p. Fig. 7B shows changes in the UV-vis 

spectra as the concentration of g5p changes from zero to 15 µMin a solution of 10 mM 

Tris-HCl, pH 7.44, 200 mM NaCl. Not only does the intensity change, but the peak also 

shifts to longer wavelengths (experiences a red-shift) as the concentration of g5p 

mcreases. 

[0064] Fig. 7C is a series of TEM images of the morphology of nanoparticle 

assemblages as the concentration of g5p is increased from zero to 10 µM in a solution of 

10 mM Tris-HCl, pH 7.44, 200 mM NaCl. With no g5p the nanoparticles are sparsely 

and relatively uniformly spaced over the substrate. Increasing the concentration to 

2.5 µM results in larger, more densely spaced nanoparticle assemblies. Further increasing 

the concentration of g5p to 5 µM induces the beginning of agglomeration of the particles. 

Virtually complete agglomeration of nanoparticles is shown for a concentration of 

lOµM. 
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[0065] Figs. 8A and 8B show results of DLS and UV-vis analyses of ssDNA-

conjugated gold particles. In Fig. 8A DLS shows Dh for 5 nm ssDNA-Au incubated with 

2.5 µM g5p and 2.5 µM YieF. Dh for ssDNA-Au in the presence of YieF showed no 

change, while that incubated with g5p increased to nearly 1.5 µm. Fig. 8B shows UV-vis 

spectra after incubation for approximately 24 hours of 20 nm ssDNA-Au with 15 µM 

YieF, showing a peak position of about 525 nm. 

[0066] Figs. 9A and 9B show a schematic of a g5p-mediated assembly of ssDNA-

conjugated gold particles, and changes of the hydrodynamic diameter value of such 

assemblies, respectively. Fig. 9A is a schematic illustration of preferential binding of g5p 

954 to anti-parallel ssDNA 912 over dsDNA 952 Fig. 9B shows the change in Dh per 

minute as a function of fc (the number fraction of C-ssDNA in the solution, i.e., the 

number of C-ssDNA divided by the total number of ssDNA on the gold nanoparticles 

910). The figure shows the changes of Dh during (2.5 µM) g5p protein-mediated 

assembly of ssDNA-conjugated gold particles (ssDNA-Au;:::: 5 nM) which were 

prehybridized with C-ssDNA. 

[0067] Figs. lOA, lOB, and lOC depict the decomposition of g5p-mediated ssDNA-

conjugated gold particle aggregates when C-ssDNA is added. Figs. lOA and lOB show 

UV-vis data from nanoparticle aggregates (10 nM ssDNA-Au and 5 µM g5p) after about 

12 hours' incubation with C-ssDNA (Fig. lOA) or NC-ssDNA (Fig. lOB). As seen in the 

figures, ssDNA-Au complexes incubated with C-ssDNA experience a shift in the peak 

absorbance wavelength while those incubated with NC-ssDNA do not. Fig. lOC shows 

TEM images of the sample after incubation with 100 nM (fc = - 0.2) and 200 nM C­

ssDNA (fc = - 0.4). 
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[0068] Fig. 11 shows the effect of the addition of C-ssDNA on gold particle 

aggregates. Gold nanoparticles were assembled into aggregates by a conventional 

hybridization method incubating ssDNA-Au and their target particles (C-ssDNA-Au) that 

were encapsulated with the complementary ssDNA. Single-stranded DNA-Au (10 nM) 

and C-ssDNA-Au (10 nM) were incubated for - 24 hours in 10 mM Tris-HCl, pH 7.4, 

200 mM NaCl, causing a peak shift from - 525 nm (control 1130) to - 548 nm (0 µM 

1132). Recovery of the peak shift was not observed after incubation with C-ssDNA 

(8µM1134). 

Example Methods 

[0069] The following precise descriptions are provided merely as concrete examples. 

No endorsement of any product or manufacturer is implied by its inclusion herein. 

Specific trade names, models, and manufacturers are provided only for specificity and 

may be substituted for by equipment of similar capability and reagents of similar quality. 

In addition, all measurements of time, quantity, concentration, etc. are given to within 

experimental and human error. 

Protein preparations 

[0070] The g5p gene of bacteriophage M13 (New England Biolabs (NEB)) was 

amplified with polymerase chain reaction (PCR) using the primers 

5'-TAATTCCATATGATTAAAGTTGAAATTAAACCA-3' (SEQ ID NO. 5) and 

5'-TAGCTTGCTCTTCCGCACTTAGCCGGAACGAGGCG-3' (SEQ ID NO. 6). This 

generally results in a DNA fragment flanked by NdeI and SapI restriction sites. The PCR 

product was digested with NdeI and SapI (NEB) and ligated into the pET-30b vector 

(Novagen). After the confirmation of the sequence, the recombinant plasmid was 
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introduced into BL21-DE3 electroporation competent cell, using the Gene Pulser Xcell 

System (Bio-Rad). G5p protein expression was induced by addition oflsopropyl ~-D-1-

thiogalactopyranoside (IPTG) (Sigma) in lysogeny broth (LB) medium with Kanamycin 

(100 µg/ml) (Sigma). After the expression period, cells were sonicated, and the His­

tagged g5p protein was purified using a Ni-NTA column (Qiagen). Further g5p 

purification was obtained using fast protein liquid chromatography (FPLC) (AKTA 

explorer, GE Healthcare) with a Sephacryl S-200 high resolution sizing column 

(Amersham Biosciences). A purity of >95% was obtained, as was determined by analysis 

of the protein bands using the Quantity One software (Bio-Rad), after staining with 

Coomassie Blue on a 15% SDS-polyacrylamide gel. Molar extinction coefficient of 

7450 M-1cm-1 was used to determine protein concentration. The YieF protein was 

prepared as described previously by Zhang, Y.B., et al., Functionalized carbon nanotubes 

for detecting viral proteins. Nano Letters, 7(10): pp. 3086-3091, 2007, which is hereby 

incorporated by reference in its entirety. 

Electrophoretic mobility shift assay 

[0071] The DNA for the binding study was obtained by annealing of two ssDNA 

with sequences, 5 '-GACCACATACCGCACCATC(T)32CTGCTACGAGACTTC-3' 

(SEQ ID NO. 7) and 5'-(T)32GATGGTGCGGTATGTGGTC-3' (SEQ ID NO. 8), 

respectively. The annealed DNA (1 µM) was incubated with g5p at 37°C for 10 minutes. 

The DNA was visualized by ethidium bromide staining after agarose gel (2.5%) 

electrophoresis. The C-ssDNA, with sequence 5'-GAA GTC TCG TAG CAG-3' (SEQ 

ID NO. 9), was added to the complex of g5p and the annealed DNA, and was incubated 
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at 37°C for 15 minutes before the electrophoresis. Relative intensities of the DNA bands 

were analyzed after ethidium bromide staining. 

Characterization 

[0072] UV-Visible spectra were obtained using a PerkinElmer Lambda 35 

spectrometer. DLS was measured using a Malvern Zetasizer ZS instrument that is 

equipped with a 633 nm laser and a backscattering detector at 173°. To visualize ssDNA­

Au, a JEOL 1300 TEM was operated at 120 kV. TEM samples were prepared by 

incubation of samples on a carbon-coated copper grid for 10 minutes and washed with 

distilled water two times. 

[0073] Given the teaching herein, the inventors and other practitioners in the art may 

expand the approach to more complex DNA-g5p structures for assembly of nanoparticles. 

Display of functional peptide at C-terminal of g5p may allow for biologically active 

nanomaterials. In addition, the use of other classes of nanoparticles (semiconductive, 

magnetic) is considered for more potential applications. The work described may be 

further exploited for the development of biosensors, including the development of 

approaches for microarray design. 

[0074] This method makes it possible to control both assembly and disassembly of 

DNA-conjugated nanoparticles at biological conditions without thermal treatments, to 

easily incorporate proteins into DNA based nanostructures implying great potential to 

design complex nanomaterials, and to design approaches for the detection of nucleotide 

sequences (DNA, RNA) without the need for their labeling. 

[0075] While the foregoing description has been made with reference to individual 

embodiments of the invention, it should be understood that those skilled in the art, 
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making use of the teaching herein, may propose various changes and modifications 

without departing from the invention in its broader aspects. For example gene proteins 

other than g5p may be used. In another embodiment, the invention may be used for 

detecting chemical species for security applications. 

[0076] The foregoing description being illustrative, the invention is limited only by 

the claims appended hereto. 
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CLAIMS: 

1. A controllable and reversible nanoparticle assembly comprising, nanoparticles 

encapsulated with non-complementary DNA and/or RNA, the non­

complementary DNA and/or RNA bound by a nucleotide binding protein to form 

a nanoparticle assembly. 

2. The controllable and reversible nanoparticle assembly according to claim 1, 

wherein the nanoparticle assembly is disassembled by further combining the 

nanoparticle assembly with DNA and/or RNA complementary to the non­

complementary DNA and/or RNA. 

3. The controllable and reversible nanoparticle assembly according to claim 1, 

wherein the nanoparticle is a metal. 

4. The controllable and reversible nanoparticle assembly according to claim 3, 

wherein the metal is selected from the group consisting of gold, silver, and 

platinum. 

5. The controllable and reversible nanoparticle assembly according to claim 4, 

wherein the metal is gold. 

6. The controllable and reversible nanoparticle assembly according to claim 1, 

wherein the nanoparticle is a semiconductor. 

7. The controllable and reversible nanoparticle assembly according to claim 6, 

wherein the semiconductor is selected from the group consisting of cadmium 

selenide, cadmium sulfide, zinc sulfide, and gallium arsenide. 

8. The controllable and reversible nanoparticle assembly according to claim 1, 

wherein the nanoparticle is magnetic. 

9. The controllable and reversible nanoparticle assembly according to claim 8, 

wherein the nanoparticle is iron oxide. 
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10. The controllable and reversible nanoparticle assembly according to claim 1, 

wherein the DNA and/or RNA are single stranded. 

11. The controllable and reversible nanoparticle assembly according to claim 1, 

wherein the DNA and/or RNA are double stranded. 

12. The controllable and reversible nanoparticle assembly according to claim 1, 

wherein the nucleotide binding protein is g5p. 

13. A controllable nanoparticle assembly and disassembly process comprising, 

encapsulating nanoparticles with DNA and/or RNA; 

combining the encapsulated nanoparticles with a nucleotide binding protein; and 

binding the DNA and/or RNA to the nucleotide binding protein, thereby forming 

an assembly of nanoparticles. 

14. The controllable nanoparticle assembly and disassembly process according to 

claim 13, wherein the assembly of nanoparticles is disassembled by further 

combining the nanoparticle assembly with nucleotides complementary to the non­

complementary DNA and/or RNA. 

15. The controllable nanoparticle assembly and disassembly process according to 

claim 13, wherein the nanoparticle is a metal. 

16. The controllable nanoparticle assembly and disassembly process according to 

claim 15, wherein the metal is selected from the group consisting of gold, silver, 

and platinum. 

17. The controllable nanoparticle assembly and disassembly process according to 

claim 16, wherein the nanoparticle is gold. 

18. The controllable nanoparticle assembly and disassembly process according to 

claim 13, wherein the nanoparticle is a semiconductor. 
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19. The controllable nanoparticle assembly and disassembly process according to 

claim 18, wherein the semiconductor is selected from the group consisting of 

cadmium selenide, cadmium sulfide, zinc sulfide, and gallium arsenide. 

20. The controllable nanoparticle assembly and disassembly process according to 

claim 13, wherein the nanoparticle is magnetic. 

21. The controllable nanoparticle assembly and disassembly process according to 

claim 20, wherein the nanoparticle is iron oxide. 

22. The controllable nanoparticle assembly and disassembly process according to 

claim 13, wherein the DNA and/or RNA is single stranded. 

23. The controllable nanoparticle assembly and disassembly process according to 

claim 13, wherein the DNA and/or RNA is double stranded. 

24. The controllable nanoparticle assembly and disassembly process according to 

claim 13, wherein the nucleotide binding protein is g5p. 

25. A method for assembling nanoparticles comprising, 

functionalizing a plurality of nanoparticles with a nucleotide binding protein; 

incubating the functionalized nanoparticles with non-complementary DNA and/or 

RNA; and 

linking at least two strands of the DNA and/or RNA with the nucleotide binding 

protein, thereby forming an assembly of nanoparticles. 

26. The method according to claim 25, wherein the nanoparticles are metal. 

27. The method according to claim 26, wherein the metals are selected from the group 

consisting of gold, silver, and platinum. 

28. The method according to claim 27, wherein the nanoparticles are gold. 

29. The method according to claim 25, wherein the nanoparticles are semiconductors. 
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30. The method according to claim 29, wherein the semiconductors are selected from 

the group consisting of cadmium selenide, cadmium sulfide, zinc sulfide, and 

gallium arsenide. 

31. The method according to claim 25, wherein the nanoparticles are magnetic. 

32. The method according to claim 31, wherein the nanoparticles are iron oxide. 

33. A molecular switch comprising, a fluorescent quenched off position and a 

fluorescent emission on position, wherein 

the fluorescent quenched off position comprises a first ssDNA bound to 

fluorescein at the 5' end forming a fluorescein-ssDNA strand, a second ssDNA 

bound to DABCYL at the 3' end to form a ssDNA-DABCYL strand, the 

fluorescein-ssDNA strand and the ssDNA-DABCYL strand bound together with 

g5p;and 

the fluorescent emission on position further comprises a complementary ssDNA 

or ssRNA hybridized to either the fluorescein-ssDNA strand or the ssDNA­

DABCYL strand, whereby removing the fluorescein quencher and enabling 

fluorescence detection. 

34. A molecular switch comprising: 

a segment of dsDNA; 

a first strand of ssDNA bound to one of the two strands of the dsDNA and to 

DABCYL at respective ends; 

a second strand of ssDNA bound to the other of the two strands of the dsDNA and 

to fluorescein at respective ends, the two strands of ssDNA non-complementary 

each to the other; and 

g5p attached to at least one pair of DABCYL-tipped and fluorescein-tipped 

ssDNA strands, such that fluorescence from the fluorescein is quenched during 

attachment via g5p. 
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35. A g5p-mediated DNA assemblage comprising, non-complementary DNA or RNA 

strands, the non-complementary DNA or RNA strands bound to a nucleotide 

binding protein, thereby forming an assemblage. 

36. The g5p-mediated DNA assemblage according to claim 35, wherein the DNA or 

RNA is single stranded. 

37. The g5p-mediated DNA assemblage according to claim 35, wherein the 

nucleotide binding protein is g5p. 

38. A method for assembling nanoparticles, the method comprising 

functionalizing a plurality of nanoparticles with non-complementary ssDNA; 

exposing the functionalized nanoparticles to gene 5 protein ; and 

linking at least two strands of the ssDNA with the g5p, thereby forming an 

assembly of nanoparticles. 

39. A multi-dimensional structure of DNA and nanoparticle-functionalized g5p 

comprising, a DNA structure having multiple branches of ssDNA, a peptide 

conjugated to g5p, wherein the g5p is bound to the ssDNA, and nanoparticles 

bound specifically to the peptide, thereby forming a complex structure of DNA 

and nanoparticle-functionalized g5p. 

40. A multi-dimensional DNA scaffold comprising: 

first and second strands of ssDNA mutually bound by sequences of C-ssDNA at a 

first locus; 

third and fourth strands of ssDNA mutually bound by sequences of C-ssDNA at a 

second locus; 

the second and third strands of ssDNA mutually bound by sequences of C-ssDNA 

at the second locus; and 

g5p bound to at least two of the strands of ssDNA at one or more points between 

the bound loci. 

41. The scaffold of claim 40, further comprising at least one nanoparticle bound to at 

least one of the g5p. 
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42. The scaffold of claim 41, further comprising at least one nanoparticle bound to at 

least one region of DNA. 
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