
  
  

    
      
      
      
      

        
        Файловый архив студентов.
1254 вуза, 4562 предмета.
        
        

        
          
            Войти / Регистрация
            
              
                
                Войти
                Регистрация
              

              
                
                  
                    Логин:
                     
                    Пароль:
                     
                    Забыли пароль?
                    
                    
                    
                  

                

                 
                  
                    Email: 
                     
                    Email повторно:
                     
                    Логин: 
                    
                    Пароль: 
                    
                    Принимаю пользовательское соглашение

                    
                      

                    


                    
                  

                

              

            

          

        

        
          FAQ Обратная связь Вопросы и предложения
              
            
            
          

        


        	Вузы
	Предметы
	Пользователи
	Добавить файлы
	Заказать работу



        

      
      


      


    
        
        
        
          Добавил:
          
            cc2d3p

            
            
            
            
            

            Опубликованный материал нарушает ваши авторские права? Сообщите нам.

          

          Вуз:Южный Федеральный Университет

          Предмет:Биомедицинские нанотехнологии

          Файл:ДНК-нанотехнологии 1 введение и основные методы / sun2014
.pdf

          
        


        
            Скачиваний: 24

            Добавлен: 26.03.2023

            Размер: 1.12 Mб

            Скачать
            
                ☆
            

        


    


    
    
    

      








    

    
    

    

    
    

    

    
    







      
      
      
      
      
        
            
            


  
  
    
    
    
    
    
  
    
    
    
    
    
    
    1 / 3123> Следующая >>>
  





            
                
                    
                    
                    
                    
                    












Copyright © 2014 American Scientiﬁc Publishers All rights reserved

Printed in the United States of America




Review

Journal of

Biomedical Nanotechnology

Vol. 10, 2350–2370, 2014

www.aspbs.com/jbn






DNA Nanotechnology and Its Applications in

Biomedical Research

Lifan Sun†, Lu Yu†, and Wanqiu Shen

Department of Chemical Biology, College of Pharmacy, Tianjin Medical University, Heping District, Tianjin, 300070, China

DNA nanotechnology, which uses DNA as a material to self-assemble designed nanostructures, including DNA 2D arrays, 3D nanostructures, DNA nanotubes and DNA nanomechanical devices, has showed great promise in biomedical applications. Various DNA nanostructures have been used for protein characterization, enzyme assembly, biosensing, drug delivery and biomimetic assemblies. In this review, we will present recent advances of DNA nanotechnology and its

applications in biomedical research ﬁeld.

KEYWORDS: DNA Motifs, 2D DNA Arrays, 3D DNA Nanostructures, DNA Nanotubes, DNA Devices, Protein Characterization, Enzyme Assembly, Biosensing, Drug Delivery, Biomimetic Assemblies.
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4-arm Holliday junction. The Holliday junction contains homologous sequence symmetry, allowing it to isomerize via branch migration. In 1982, Dr. Nadrian C. Seeman ﬁrst proposed that by eliminating the sequence symmetry in four synthetic DNA strands, it is possible to get a 4-arm immobile DNA junction5 (see Fig. 1(a)); and through sticky ends association, one can get 2D lattices by joining a number of 4-arm immobile DNA junctions together. The structure of this 4-arm immobile DNA junction was latter characterized experimentally.6 But the angles between the individual branched junction arms are ﬂexible, so this makes it difﬁcult to construct precise controlled nanostructures by using 4-arm immobile DNA junction molecules. The development of rigid DNA motifs becomes the key for the success of building large scale DNA periodic matter or crystalline materials.

A set of rigid DNA double crossover molecules (DX) were ﬁrst developed by Seeman’s group in 19937 (see Fig. 1(b)). DX molecules are also analogs of intermediates in the process of genetic recombination. They correspond




to pairs of 4-arm branched junctions that have been ligated at two adjacent arms. Antiparallel DX molecules are later proved to be rigid as they hardly produce circular products during ligation-closure experiements.8

DNA triple crossover molecules (TX)9 (see Fig. 1(c)) generated from combining the DX molecule with another double helix, and DNA paranemic crossover molecules (PX)10 (see Fig. 1(d)) derived by performing reciprocal exchange between two DNA double helices at all possible positions where strands of the same polarity come together, provided two valuable alternatives as rigid branched DNA motifs.

The creation of rigid DNA motifs paved the way for the rapid growth of DNA nanotechnology. Since then, precise assembled DNA 2D nanoarrays, 3D nanostructures, DNA nanodevices have been successfully built using these motifs and their variables, with the aid of developed computer modeling and sequence design programs, such as SEQUIN,11 GIDEON,12 Tiamat,13 caDNAno14 and CanDo.15
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	Figs. 2(a), (b)). Later, surface features were added to the

		 
	 
	DX 2D array by including hairpins into the design.17

		 
	 
	Sierpinski triangles were created using DX molecules by

		 
	 
	algorithmic self-assembly.18 TX 2D arrays provided wider

		 
	 
	cavities between the tiles.9
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

		 
	 
	A parallelogram junction was created by joining four

		 
	 
	4-arm junctions together, and assembled into 2D arrays

		 
	 
	with rhombus-shaped cavities.19 Recently, by deliberately

		 
	 
	rearranging the 4-arm-junctions conformation, DNA grid-

		 
	 
	iron nanostructures were assembled by connecting DNA

		 
	 
	4-arm-junctions together.20 A tensegrity triangle tile was

		 
	 
	also composed by using three 4-arm-junction units, and

		 
	 
	assembled into 2D arrays.21 The 4×4 tiles, a cross-shaped

		 
	 
	motif, were created by linking together four 4-arm junc-

		 
	 
	tions through ﬂexible dT4 linkers, and were used as tem-

		 
	 
	plates for conductive wires and 2D protein arrays.22 Later,

		Figure 1. Schematic show of branched DNA motifs. (a) 4-arm
	by introducing symmetry into the 4 × 4 tile
	design, reﬁned
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		immobile DNA junction: the four composition DNA stands are
	inﬁnite 4 × 4 tile 2D array was
	assembled.
	4
	Also by

		drawn in four different colors, the 3 end of each strand is
	programming the sticky ends on
	individual
	×
	4 tiles,

		indicated by the half-arrows, all short segments of sequences
	 
	24–26
	 
	 
	 
	 
	 
	 

		ﬁnite-sized arrays were constructed.
	 
	 
	 
	Symmetric tiles

		(tetramers here) are unique to minimize symmetry. (b) Five
	three-point-star27 and six-point-star28
	motifs were able to

		variables of DX molecules: ‘D’ means double crossover, ‘A’
	get large size 2D arrays using simpliﬁed designs. Recently,

		or ‘P’ refers to the reporting strands in the two helixes are

		single-stranded tiles were created to form DNA assem-

		antiparallel or parallel, ‘E’ or ‘O’ refers to even number or odd

		number helical half-turns between the crossovers, ‘W’ or ‘N’
	blies with complex shapes.29 30 Availability of a library of

		means the extra half-turn between the crossovers can corre-
	motifs provided possibilities to construct different complex

		spond to a major (wide) groove separation or minor (narrow)
	DNA structures for different application purposes. As an

		groove separation. (c) TX molecules: three DNA helixes inter-

		example, Archimedean tilings were constructed recently

		connected through crossover at four designed sites. (d) PX
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		of PX molecule which lacks two crossovers in the middle. The
	in 2006 propelled DNA nanotechnology to another fast

		letters A, B, C and D, along with the color coding, show that
	growing period. In the DNA origami approach, a 7.3 kilo-

		the bottom of the JX2 motif (C) and (D) is rotated 180 relative

		bases long single-stranded M13 phage DNA serves as a

		to the PX motif. (a)–(d), Courtesy of Nadrian C. Seeman.

		scaffold, another over 200 short DNA strands act as staple

		 
	 

		2D DNA Arrays
	 
	strands, form multicrossover-based DNA nanostructures.

		 
	By different folding strategies, one can easily get designed

		The rigidity of DX molecule allowed the construction of
	DNA 2D structures like rectangle, squares, smiley faces,

		the ﬁrst precise 2D DNA array16 by Seeman’s group in
	maps etc. The unique staple strands also make the origami

		1998. Two DX molecules A and B each contains spe-
	a fully addressable platform for various application stud-

		ciﬁc sticky ends which can associated with each other
	ies. But, the relative small size of the DNA origami might

		in designed ways to form a well deﬁned 2D pattern and
	hinder its further applications. There are ongoing efforts

		visualized under atomic force
	microscopy (AFM) (see
	to scale up the origami sizes, including a jigsaw pieces



Figure 2. Schematic drawing and AFM image of AB 2D arrays. (a) ‘A’, ‘B ’ each represents a DX molecule with complementary sticky ends in corresponding positions, which enable them to form patterned 2D arrays. (b) AFM image of AB* 2D arrays: stripes have 33 nm periodicity under AFM, the expected value is 32 nm. (a), (b), Courtesy of Nadrian C. Seeman.
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approach,33 34 a tile staple approach,35 a scaffold frames approach,36 a short linking strand approach,37 a fourway connector approach,38 they all increased the size of origami assembly from around 30 nm to several hundred nanometers; another approach of using origami tiles signiﬁcantly increased the size of origami assembly to 2 to 3 micrometers.39 Other works tried to overcome the length limits and preparation difﬁculties of the single-stranded M13 phage DNA scaffold, using up to thousands bases long single-stranded DNA generated from rolling-circle- ampliﬁcation method,40 PCR method,41 a long-range PCR method even generated 26 kilobases long single-stranded scaffold to form a supersized origami.42 Using doublestranded scaffold M13 DNA43 44 to create DNA origami structure also provided ways to overcome the preparation difﬁculties of single-stranded M13 DNA. Works using RNA as scaffold,45 46 short DNA strands as staples to make a hybridized RNA-DNA origami structure not only provided alternative to conventional origami scaffold




preparation, but also the RNA strand might bring other function applications for hybridized origami structures.

3D DNA Nanostructures

The initial goal of DNA nanotechnology, according to Dr. Nadrian C. Seeman’s proposal in 1982,5 is to build 3D DNA crystals, which can be used as scaffolds to help solve the structures of membrane proteins. Toward this goal, a lot of important 3D DNA nanostructures have been built along the way. First, a topologically closed cube47 and a truncated octahedron48 were created. The edges of these two structures are both duplexes DNA, while at the vertexes are all 4-arm DNA junctions. An octahedron was built later using a clonable 1.7 kilobases single-stranded DNA as scaffold to hybridize with another ﬁve short helper single-stranded DNAs, and the cryo-EM images clearly proved the formation of the octahedron structure.49 The edges of the octahedron were design as DX and PX motifs, which make its structure much stiffer than the previously






Figure 3. Examples of 3D DNA nanostructures. (a) Upper part, the two tensegrity triangle molecules were used in the crystal; lower part, the DNA crystals with different ﬂuorescence dye molecules; (b) the structure of a tetrahedron; (c) tetrahedron, octahedron, icosahedron, formed from three-point-star, four-point-star, ﬁve-point-star with T-linkages; (d) the DNA origami tetrahedron;

(e) a DNA box with switchable lid; (f) DNA origami packed on hexagonal and hybrid lattices; (g) DNA prisms with organic-molecule- vertex. (a) Reprinted with permission from [71], T. Wang, et al., A DNA crystal designed to contain two molecules per asymmetric unit. J. Am. Chem. Soc. 132, 15471 (2010). © 2010, American Chemical Society; (b) Reprinted with permission from [53], T. Kato, et al., High-resolution structural analysis of a DNA nanostructure by cryoEM. Nano Lett. 9, 2747 (2009). © 2009, American Chemical Society; (c) Reprinted with permission from [65], X. Li, et al., DNA polyhedral with T-linkage. ACS Nano 6, 8209 (2012). © 2012, American Chemical Society; (d) Reprinted with permission from [85], Y. Ke, et al., Scaffolded DNA origami of a DNA tetrahedron molecular container. Nano Lett. 9, 2445 (2009). © 2009, American Chemical Society; (e) Reprinted with permission from [82], R. M. Zadegan, et al., Construction of a 4 zeptoliters switchable 3D DNA box origami. ACS Nano 6, 10050 (2012). © 2012, American Chemical Society; (f) Reprinted with permission from [78], Y. Ke, et al., Multilayer DNA origami packed on hexagonal and hybrid lattices. J. Am. Chem. Soc. 134, 1770 (2011). © 2011, American Chemical Society; (g) Reprinted with permission from [75], F. A. Aldaye and H. F. Sleiman, Modular access tostructurally switchable 3D discrete DNA assemblies. J. Am. Chem. Soc. 129, 13376 (2007). © 2007, American Chemical Society.
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	built cube and truncated octahedron structures. But the ver-
	Seeman’s group. In this experiment, they even added dif-

	texes of this octahedron are still 4-arm junctions, which
	ferent ﬂuorescence molecules onto the DNA triangles,

	are ﬂexible.
	 
	yielded different color crystals71 (see Fig. 3(a)); the addi-

	Relatively robust triangle shape was utilized to build a
	tion of ﬂuorescence molecules might paved the way for

	series of DNA tetrahedron structures.50 51 By just hybridiz-
	incorporating more complex molecules like proteins. Other

	ing several single-stranded DNA together, the yields of
	tile-based motifs also were explored to build 3D DNA

	the tetrahedra can be up to 95%. A tetrahedron synthe-
	nanostructures. A ﬁve-way-junction motif was success-

	sized by a single-stranded DNA provided a way to scale
	fully used to build a DNA icosahedron.72 A dendrimer-

	up the preparation of DNA tetrahedra through rolling-
	like DNA was built using a Y-shaped DNA (Y-DNA)

	circle-amplication.52 And the structures of the tetrahedra
	motif.73 Single-stranded bricks were used for creating over

	were characterized later by cryo-EM, proved to be well-
	a hundred distinct 3D DNA shapes with sophisticated sur-

	formed53 (see Fig. 3(b)). Further study showed that by
	face features.74 Sleiman’s group used a single-stranded

	introducing a hairpin on one edge, the structures of the
	cyclic DNA approach, with organic molecules incorpo-

	tetrahedra can become reconﬁgurable with the adding of
	rated in designed positions, successfully prepared a series

	‘fuel strands’ and ‘antifuel strands’;54 other studies also
	of 3D DNA prism strucures75 (see Fig. 3(g)), in which the

	constructed reconﬁgurable DNA tetrahedral by incorpo-
	organic molecules serve as the vertexes of the prisms, and

	rating i-motif, anti-ATP aptamer, T-rich mercury speciﬁc
	the edges of the prisms are single-stranded DNA.

	oligonucleotide,55 or photoresponsive azobenzene56 into
	As a great way to assemble 2D feature, DNA origami

	one edge of the tetrahedra. Another study showed that
	also was utilized to develop 3D DNA structures. Shih’s

	the tetrahedra can be addressed with functional chemical
	group ﬁrst created origami honeycomb lattices76 by fold-

	groups.57 Also using the similar design approach, a DNA
	ing DNA duplexes into pleated layers. Then by modifying

	bipyramid structure58 was built.
	the number of base pairs in each helix through deletion

	A
	set
	of symmetric
	polyhedra59 were built using
	or insertion at designed positions, they produced twisted

	the
	three-point-star motif.27 By controlling the length
	and curved 3D DNA features.77 Multilayer hexagonal and

	of the poly-dT linkers inside the three-point-star motif and
	hybrid lattices78 (see Fig. 3(f)), and square lattices79 were

	the concentration of the DNA substrates, certain kind of
	also successfully built. Later, by incorporating stretched

	polyhedron, such as tetrahedron, dodecahedron, and buck-
	single-stranded DNA segments into the origami design as
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	yballs, was produced with optimal yield. The DX edges
	entropic springs in the solution, they prepared 3D pre-
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	these structures might be

	with double sticky ends cohesion and the triangular vertex
	stressed tensegrity structures;
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	make the prepared polyhedral very robust. Later, the same
	able to be used as force measurement devices.

	strategy was used to successfully build a series of polyhe-
	As one of the main goals of the construction of 3D

	dral structures, an icosahedon60 by a ﬁve-point-star motif;
	DNA nanostructures is to act as scaffolds, building well-

	an octahedron61 by a four-point-star motif; a triangular
	deﬁned cage-like structures is always an important task.

	prism62 and a cube63 both by adjusted three-point-star
	Gothelf and Kjems’s group ﬁrst developed a DNA box81

	motif. And recently T-junction linkage64 was successfully
	by designing DNA origami into six sheet domains which

	used to replace sticky ends cohesion in the making of sym-
	can fold to be the six faces of the DNA box struc-

	metric polyhedra65 (see Fig. 3(c)). DNA tetrahedron made
	ture, they even added lock-key feature to open and close

	from three-point-star motif also was proved can be recon-
	the box through strand displacement mechanism; they

	ﬁgurable by incorporating a cytosine-containing fragment
	later made improvement to make the lid switchable82

	into one of the edges, which can form DNA triplex struc-
	(see Fig. 3(e)). Two other DNA origami boxes were pre-

	ture at certain pH, and dissociate at another pH.66 The
	pared by Kuzuya and Komiyama’s group83 and Sugiyama’s

	porosity of the faces of the tetrahedral also proved to be
	group.84 A tetrahedron also was constructed by Yan’s

	controllable,67 and the modiﬁcation to the exterior of the
	group85 (see Fig. 3(d)). Those closed cage-like structures

	tetrahedral can also be easily achieved.68 These make the
	might have promising futures in biomedical research as

	symmetric polyhedral structures promising candidates for
	scaffolds and nanocarriers.
	 
	 
	 

	biomedical applications.
	 
	DNA Nanotubes
	 
	 
	 

	A breakthrough came in 2009, when Seeman’s group
	 
	 
	 

	successfully built a 3D crystal structure of a self-assembled
	DNA nanotube is a special 3D structure which has great

	DNA tensegrity triangle, characterized it by X-ray diffrac-
	promise for biomedical applications, such as ﬁlament sup-

	tion experiments in four angstrom resolution.69 This might
	porting tracks and cargo transporting carriers. First DNA

	ﬁnally bring the goal of using DNA scaffold to deter-
	tubular structures were observed during 2D DNA array

	mine the structure of membrane proteins to reality. A study
	assembly process using 4 × 4 tile,22 TX molecule,86 DX

	showed that adding a phosphate group to the 5 -end of
	molecules,87–91 they were formed by bending between the

	each DNA strand can improve the resolution of the DNA
	tiles. And later a one-strand DNA approach92 was devel-

	crystals.70 Later, new DNA crystal structures contain two
	oped, by using a single strand DNA with 52 base con-

	tensegrity
	triangles per
	asymmetric unit were built by
	taining four palindrome segments, a easily-made DNA
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Figure 4. Schematic show of the design of the six-helix-bundle. On the left is the end view of the six-helix-bundle, showing a hexagonal face with a cavity in the middle; the side view on the right showing the length of the six-helix-bundle. Reprinted with permission from [93], F. Mathieu, et al., Six-helix bundles designed from DNA. Nano Lett. 5, 661 (2005). © 2005, American Chemical Society.

	nanotube was prepared. But all these DNA nanotubular
	created by Willner’s group,106 provides alternative choices

	structures above were not well deﬁned. Later, by design-
	for preparing stable DNA nanotubes. One more interesting

	ing a dihedral angle between two adjacent DNA duplex
	ﬁnding by Yan’s group discovered DNA nanotube forma-

	domain be 120 degrees, Seeman’s group prepared a six-
	tion controlled by integration of gold nanoparticles.107

	helix-bundle DNA tubular structure,93 using six DNA
	 

	duplex domains (see Fig. 4); the six helixes are all inter-
	DNA Nanodevices

	connected, the two edge helixes were joined together by
	Cell uses a lot of machinery to guide its function,

	sticky ends cohesion through hybridization, this makes
	such as the assembly machine Ribosome, and various

	the six-helix-bundle DNA structure very stable in normal
	protein motors. Building DNA nanodevices with pre-

	conditions. By adding complementary sticky ends at the
	cise control which can mimic function of the machin-

	ends of the six-helix-bundle structure, they can be assem-
	ery inside the cell, and eventually control or alter the

	bled to form longer 1D and 2D arrays. Variable designs
	activity of the cell in vivo is another important aspect

	of adding extra helixes to the outside of the six-helix-
	of DNA nanotechnology. The discovery of rigid DNA

	bundle94 were proved to be able to get more reﬁned 2D
	motifs enabled the creation of DNA nanodevices with

	nanotube array structures. The cavity inside the six-helix-
	controlled motion and already some interesting functions.
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	bundle DNA nanotube was late characterized to be at least
	The ﬁrst robust DNA device is built utilizing B-Z DNA

	2 nm in diameter;
	95
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	in this study, one additional DNA helix
	transition phenomenon,108 upon adding certain amount of
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	sheathed inside the six-helix-bundle, and the six-helix-
	salts into the solution, the middle duplex connecting two

	bundle structure was proved to be still formed as expected.
	DX molecules will undergo transition, from right-handed

	The proof of the cavity inside the six-helix-bundle DNA
	B DNA to left-handed Z-DNA, by which, the two DX

	nanotube will have great impact in DNA nanotube’s appli-
	molecules will be ﬂipped 180 degrees, the change of states

	cation as cargo delivery carrier. One later study showed the
	was monitor by FRET technique.

	structure of the DNA nanotube could be formed through
	A DNA tweezers109 was prepared using the branch

	two half-tube96 helix motif, this makes modiﬁcation or
	migration mechanism, by introducing the ‘set’ and ‘fuel’

	loading cargo on the inside surface more convenient. Later
	strands into the design; one can control the states of the

	studies on the design of four, eight, twelve-helix DNA
	tweezers by strand displacement operation. Later, T7 RNA

	nanotubes;97 and a single-stranded symmetric approach97
	polymerase produced mRNA strands were used as the

	to prepare multi-helix DNA nanotubes and theoretical
	‘fuel’ stands to operate the tweezers motion.110 And an

	study on optimizing helix-based DNA nanotube design99
	aptamer-based DNA device was developed which can bind

	will also help accelerate the application of helix-based
	and release thrombin protein through the addition of “set”

	DNA nanotubes. Recently, Mao’s group used star-point
	and “fuel” strands.111 Incorporating this speciﬁc strand dis-

	motifs and DX molecules prepared DNA nanotubes with
	placement reaction to robust DNA device design, a multi-

	deﬁned lengths and diameters.100
	state PX-JX2 device112 was built, and the robust operation

	Shih’s group later used DNA origami to create a six-
	of this device was directly characterized by atomic force

	helix-bundle like DNA nanotube,101 their origami nanotube
	microscopy (AFM). This PX-JX2 device was later inserted

	was used for NMR study of membrane protein.
	into 2D TX array to enable the control of the arms at spe-

	Sleiman’s group utilized their 3D DNA nanostructure
	ciﬁc sites;113 it also was used to instruct DNA polymer

	building motifs of cyclic DNA modiﬁed with organic-
	assemblies;114 and was recently used to create dynamic

	vertex molecules, prepared DNA nanotubes with con-
	patterning on origami substrates.115

	trolled geometry102 and length,103 also with RCA produced
	A TX device was next created using DNA function-

	template.104 The addition of biotin, gold nanoparticles,103
	ing protein as the driving force.116 In which, two TX

	and dye molecules105 proved that the synthesized DNA
	molecules each with a ﬂuorescent dye molecule attached to

	nanotubes could be candidates for using as nanocarri-
	a designed position were connected by a DNA duplex (see

	ers. Another type of covalently linked DNA nanotubes
	Fig. 5(a)), the middle connection DNA duplex contains a
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Figure 5. Schematic showing of DNA nanodevices. (a) The protein-driven DNA nanodevice, upper part shows the device in closed state before IHF binding, the lower part shows the device in open state after IHF binding. (b) The DNA bipedal walker, the brown part is a DX walker and the blue part is a TX track. (c) The catch-release tweezers. (a) Reprinted with permission from [116], W. Shen, et al., A protein-driven DNA device that measures the excess binding energy of proteins that distort DNA. Angew. Chem., Int. Ed. 43, 4750 (2004). © 2004, Wiley; (b) Reprinted with permission from [118], W. B. Sherman and N. C. Seeman, A precisely controlled DNA biped walking device. Nano Lett. 4, 1203 (2004). © 2004, American Chemical Society; (c) Reprinted with permission from [117], X. Han, et al., Catch and release: DNA tweezers that can catch, hold, and release an object under control. J. Am. Chem. Soc. 130, 14414 (2008). © 2008, American Chemical Society.





sequence which can be speciﬁcally bound by a transcription regulator protein, Integration Host Factor (IHF). IHF will bend the device to a 160 degree angle upon binding to the middle speciﬁc sequence, which brings the device to an open state, the operation of this device states changing was monitored through FRET signals between the pair of ﬂuorescent dyes. This is also the ﬁrst DNA nanodevice was used for real biological applications; we will discuss its application in later part of this review, a step closer in mimicking machinery function inside living cells. A DNA tweezers can catch and release a DNA target responsive to pH change was constructed later;117 this tweezers utilized DNA triplex formation mechanism (see Fig. 5(c)). Another aspect of DNA nanodevice is trying to mimic the motion of motor proteins. A ﬁrst test of a DNA bipedal walker was built using a DX walker and TX molecule as the track, using strand displacement as the driving force118 and the help of photoresponsive cross-linking through

2356




psoralen molecule (see Fig. 5(b)). Later bipedal walkers using linear tracks and DNA enzymes,119 DNAzyme,120 and Hg2+/cysteine and H+/OH− triggers121 were developed also. Walkers with coordinated legs122 123 were developed later. Molecular spiders that have a streptavidin molecule as an inert ‘body’ and three deoxyribozymes as catalytic ‘legs’ were showed to be able to achieve directional movement by sensing and modifying tracks of substrate molecules on a DNA origami platform.124 Real-time atomic force microscopy (AFM) was used to direct observe individual steps of a single motor, both on a linear track125 and a net work,126 revealing mechanistic details of its operation.

A DNA nanoscale assembly line127 system was invented by Seeman’s group in 2010, in which they integrated the two-state PX-JX2 DNA device system and a strand displacement walker system together into a DNA origami platform. Where the DNA origami tile provides the frame
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time by linking a DNA strand to the exterior surface of the virus capsid.141

A method using the nitrilotriacetic acid (NTA) and Histidine-tag interaction was discovered142 to direct protein nanopatterning. In the experiment, two thio-modiﬁed DNA strands with designed sequence ﬁrst were conjugated with the Maleimido-C3-NTA molecule, then the NTA-conjugated DNA strands were used with other staple strands to form a DNA origami with one M13 DNA scaffold strand with the NTA groups positioned at designed sites on origami; after deposited on mica, the sample was ﬁrst treated with Ni+ ion, then His-tagged EGFP protein was added onto the origami sample on mica, by forming chelate complex through NTA-Ni+-His, designed EGFP nanopattern was formed (see Fig. 6).

Since most protein are prepared with His-tagged on their N- or C-terminus, this NTA-His-tag method is very convenient for protein nanopatterning; and most importantly, the active sites of functional protein will still be available for later purpose study. This NTA-His-tag interaction was later used to successfully form other His-tagged protein
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and the track for the walker; the PX-JX2 devices attached on the origami tile through a DNA duplex contains an arm positioning the cargos (5 nm gold nanoparticle or 10 nm gold nanoparticle); the walker is a DNA tensegrity triangle with three ‘hands’ and four ‘feet.’ By strand displacement reaction, the walker goes from one PX-JX2 device cassette position to another, if at certain condition, the arm of that device brings the cargo to the proximity with the walker’s ‘hand,’ the cargo will load onto the walker and assembled to a designated position. This experiment made a big step toward building functional DNA assembly machinery.

APPLICATIONS OF DNA

NANOTECHNOLOGY IN

BIOMEDICAL RESEARCH

The development of well deﬁned DNA 2D assemblies and 3D nanostructures, combined with fact that DNA nanostructures can be easily modiﬁed by chemical and enzymatic methods at addressable positions, plus DNA’s natural interaction code with proteins and nucleic acids, and its biocompatible nature, has made DNA nanotechnology a promising way to answer many questions in biomedical research. DNA nanostructures have been used in protein structure characterization and function analysis, biosensing for nucleic acids and proteins, analysis of biophysical properties of cells, drug delivery and mimic

biomolecular system assemblies,Deliveredamong otherby Publishingareas. In theTechnology

next part, we will review the progressIP: 206.214made.8.80regardOn:-Fri, 15

Copyright: American ing DNA nanotechnology’s application in biomedical

research.





Protein Characterization

As we stated before, the idea helped the invention of DNA nanotechnology is Seeman’s proposal of using 3D DNA crystals as scaffold for the determination of the crystal structure of membrane proteins.5 The thorough understanding of protein’s structure and function mechanism is important for biomedical research, since most biological process involve functional proteins. A lot of progresses have been made during the past decade. 2D protein arrays have been made using DNA as scaffold and different methods, including biotin-streptevidin interactions;22 128–132 antibody-antigen interactions;133 aptamer-thromubin in- teractions;134–137 RuvA-DNA junction binding;138 Site speciﬁc binding of Zinc-ﬁnger protein and DNA dulpex.139 Well deﬁned protein 2D arrays were achieved by using all the above methods, but the problem is that the proteins were aligned all have their active site occupied after assembling, which limit the option of studying their function. To solve this problem, other methods were explored. A covalent-linking method was tried to ﬁrst link a peptide to an amino-modiﬁed DNA strand by chemical reaction, then through complementary DNA strand hybridization, a peptide array was formed on a DNA 2D template.140 Similar method was used to form a virus capsid 2D array, this




Figure 6. Schematic showing of the NTA-His-tag protein nanopatterning method. (a) Sequential showing of the chelate complex formation between NTA, Ni+, and His-tag attached on EGFP; (b) the experiment procedure of the EGFP nanopattern formation. Reprinted with permission from [142], W. Shen, et al., NTA directed protein nanopatterning on DNA origami nanoconstructs. J. Am. Chem. Soc. 131, 6660 (2009). © 2009, American Chemical Society.
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	2D assemblies.143 144 Another method was created by uti-
	only perform methylation on the relaxed 74 mer DNA

	lizing site-speciﬁc coupling interaction, proteins of interest
	duplex, they conﬁrmed the DNA bending mechanism of

	were attached with Snap-tag or Halo-tag by genetic fusion,
	enzyme EcoRI.
	 

	and formed orthogonal display on DNA origami designed
	Similar designs were used to investigate the mech-

	with small molecule suicide tags.145
	anism of DNA base excision repair
	(BER) enzymes

	3D DNA nanostructures were also used to serve as
	8-oxoguanine glycosylase (hOgg1);155
	G-Quadruplex

	scaffold for proteins. First, Horse-heart holo-cytochrome
	forming HIV-1 nucleocapsid proteins (NCps);156 and

	c protein was attached to the inside of a DNA tetrahe-
	Escherichia coli phage P1 Cre recombinase.157 A revised

	dron, through conjugation to one of the tetrahedron form-
	system was successfully used for real-time visualization of

	ing DNA strands and attachment site control.146 Then
	the transcription process by T7 RNA polymerase.158 The

	biotin-streptavidin interaction was used to attach proteins
	protein-driven DNA device116 was the ﬁrst DNA device

	to the exterior of a DNA tetrahedron147 and point-star
	used for characterizing the properties of DNA-binding pro-

	motifs made polyhedra.148 TF catabolite activator protein
	tein. By extending the third duplex domain of the two

	(CAP), a global gene regulator, was encapsulated inside a
	TX molecules with complementary sticky ends, the third

	DNA tetrahedron through noncovalent binding to its spe-
	domain of the device is in close state through sticky ends

	ciﬁc DNA recognition site.149 Peptide nucleic acid (PNA)
	base-pairing; for the device to switch to open state through

	was used to assemble peptide inside a DNA tetrahedral
	IHF protein binding, it has to overcome the free energy of

	nanocage.150 Though the goal of helping the determina-
	the base-pairing in the sticky end region; by adjusting the

	tion of protein crystal structure is still not reached, some
	number of base pairs in the sticky end region, this device

	excellent works have already done in the pursuit process.
	becomes a measuring device for the excess binding energy

	The six-helix-bundle like DNA origami nanotube built
	of IHF protein (see Fig. 8).
	 

	by Shih’s group was used to form a heterodimer detergent-
	This idea also was used for the measurement of the

	resistant liquid crystal for the alignment of membrane
	binding force of DNA repair protein MutS using a DNA

	proteins. The DNA-nanotube liquid crystal enables the
	DX scissors device;159 and for the characterization of the

	accurate measurement of backbone NH and C H residue
	distortion of DNA by DNA transcription regulator protein

	dipolar couplings (RDCs) in NMR for the detergent-
	apo-SoxR.160
	 

	reconstituted – transmembrane domain of the T cell
	 
	 

	receptor.
	101 151
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	Later a similar six-helix-bundle like DNA
	Organization of Multienzyme Assemblies
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	origami tubular structure was used as a versatile, syn-
	Most metabolisms in the living cells involve multistep
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	thetic cargo system that allowed us to determine the motile
	enzyme catalyzed reaction, in coordinate fashion. This

	behavior of microtubule-based motor ensembles, dynein
	requires enzymes be aligned at close proximity to the

	and kinesin.152 A study used a two-dimensional (2D) DNA
	substrates and most time to other enzymes, also at

	origami template with a protruding bait DNA fragment at
	right orientation for their active site to function. DNA

	an addressable position strongly suggested that the human
	nanoassemblies provide the excellent scaffolds for artiﬁcial

	topoisomerase I (hTopoIB) has a secondary DNA binding
	 
	 

	site.153
	 
	 
	 
	 



By using a designed DNA origami ﬁxed well system, combining with high speed AFM technology, Sugiyama’s group was able to monitor the function mechanism of a series of DNA manipulating enzymes. In one study, they constructed a DNA origami well structure and attached two DNA duplexes inside the well, one tense 64 mer and one relaxed 74 mer154 (see Fig. 7); by observing DNA methylation enzyme EcoRI methyltransferase can





Figure 7. Schematic drawing of the DNA origami well system. The diameter of the well is ﬁxed, the 64 mer duplex is in the tense form and 74 mer DNA in the relaxed form. Reprinted with permission from [154], M. Endo, et al., Regulation of DNA methylation using different tensions of double strands constructed in a deﬁned DNA nanostructure. J. Am. Chem. Soc. 132, 1592 (2010). © 2010, American chemical Society.




Figure 8. Schematic showing the DNA measuring device. The top part is the device in close state, and the bottom part in open state if the excess binding energy overcomes the free energy of the base-pairing in the connection sticky end region. Reprinted with permission from [116], W. Shen, et al., A protein-driven DNA device that measures the excess binding energy of proteins that distort DNA. Angew. Chem., Int. Ed. 43, 4750 (2004). © 2004, Wiley.
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	enzyme alignment, as we discussed above, the methods
	DNA tweezers, once the tweezers switched to close state,

	to direct protein patterns on DNA 2D and 3D nano-
	the enzyme and the cofactor were brought together, and

	structures have well developed for organization of mul-
	activated the catalytic reaction. These synthetic enzyme

	tienzyme assemblies, some research works have already
	assemblies could one day be used for in vivo manipulation

	produced excellent results.
	of the metabolism pathway, and have great signiﬁcance in

	First cofactor-enzyme components, glucose oxidase
	biomedical research.

	(GOx) and horseradish peroxidase (HRP), were aligned
	 

	to 2D DNA hexagonal strips at designed sites, through
	Multiplexed Biosensing

	covalent-linking enzymes to DNA oligonucleotides com-
	Multiplexed and sensitive detection of interested molecules

	plementary to the tether DNA strands positioned on the
	from a small amount of biosample is of great signiﬁ-

	DNA origami surface. The generation of the H2O2 product
	cance for biomedical research, especially for early diag-

	by GOx in the vicinity of the secondary HRP biocata-
	nostic of disease. Speciﬁc nucleic acids produced often

	lyst allows the effective biocatalyzed oxidation of ABTS2−
	serve as biomarker for certain kind of disease. Well

	owing to the high local concentration of the biocatalyti-
	developed DNA nanostructures are excellent platforms for

	cally generated H2O2, forming enzyme cascades.161 Later,
	multiplexed biosensing, because their well-deﬁned struc-

	DNA chains, synthesized by the rolling circle ampliﬁca-
	ture, multi-site addressability, natural interaction code with

	tion, were used as templates for the activation of the GOx
	nucleic acids, among others.

	and HRP enzyme cascade.162
	A DNA dendrimer-like structure made from Y-shape

	Recently, precise spatial controlled GOx-HRP enzyme
	DNA73 was constructed as ﬂuorescence-intensity-coded

	cascades on DNA origami were studied;163 the results
	nanobarcodes,168 which contain built-in codes and probes.

	showed that H2O2 substrate transfer between enzymes
	These nanobarcodes were able to detect multiple pathogen

	might occur at the connected hydration shells for closely
	DNA molecules at the same time. A designed DNA

	paced enzymes, substrate transfer increase with a protein
	nanostructure modiﬁed with three ﬂuorescence colors

	bridge inserted between GOx and HRP enzymes further
	greatly enhanced the multiplex sensing of pathogen DNA

	proved their assertion (see Fig. 9(b)). To eliminate the
	molecules.169 A more robust DNA 2D barcode array was

	affect of free enzymes on assembled enzyme cascades,
	developed later using 4 × 4 tiles as assembling units;170

	a puriﬁcation method was invented for the enzyme-DNA
	one detection tile and two encoding tiles were used, each

	164
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	origami complexes.
	In which, His-tags were attached to
	tile was labeled with different colored dye molecule, when
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	the origami tiles, a cobalt-based immobilized metal afﬁnity
	different ratio of three tiles combine together, they pro-
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	resin (TALON) was used for the successful puriﬁcation.
	duced arrays with different colors; when target molecules,

	DNA nanodevices were also used for the assembly of
	such as nucleic acids, small molecules, and proteins bound

	enzymes. First, two subdomains of the cytochrome P450
	to the probes, they took away the dye-labeled probe, the

	BM3, the BMR reductase domain and the BMP porphyrin
	arrays’ would change colors (see Fig. 10).

	domain, were aligned and studied by using two comple-
	Recently, a stiff DNA nanorod171 was built using a DNA

	mentary DNA strands acted like a tweezers device which
	origami six-helix bundle motif; by controlling the posi-

	brought the two subdomains into vicinity to activate their
	tioning of the ﬂuorescent molecules on the surface of this

	catalytic function165 (see Fig. 9(a)). Utilizing a robust DNA
	nanorod, 216 distinct barcodes were produce, which can be

	tweezers design166 with DX arms, Yan’s group developed
	decoded by super-resolution ﬂuorescence microscopy.172

	a enzyme nanoreactor167 which a dehydrogenase G6pDH
	The fact that DNA nanostructures can be easily added fea-

	and NAD+ cofactor are attached to different arms of the
	ture to their surfaces, combined with mature AFM imaging



Figure 9. Schematic showing of enzyme assemblies. (a) BMR and BMP assembly, when the two complementary DNA strands associates, the two subunits will be brought to close vicinity, the catalytic reaction starts; (b) GOx and HRP were aligned on the DNA origami tile at different distances, another protein inserted in between served as a bridge to connect the hydration surface of the two enzymes for the substrate transfer. (a) Reprinted with permission from [165], M. Erkelenz, et al., DNA-mediated assembly of cytochrome P450 BM3 subdomains. J. Am. Chem. Soc. 133, 16111 (2011). © 2011, American chemical Society;

(b) Reprinted with permission from [163], J. Fu, et al., Interenzyme substrate diffusion for an enzyme cascade organized on spatially addressable DNA nanostructures. J. Am. Chem. Soc. 134, 5516 (2012). © 2012, American chemical Society.
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