
 

 

 

SELF-ASSEMBLED DNA NANOSTRUCTURES: FROM STRUCTURAL 

MATERIAL TO BIOMEDICAL NANODEVICES 

by 

Hanying Li 

Department of Pathology 
Duke University 

 

Date:___ 07/22/2008_______ 
Approved: 

 
___________________________ 

Daniel J. Kenan, Co-Chair 
 

___________________________ 
Thomas H. LaBean, Co-Chair 

 
___________________________ 

Soman N. Abraham 
 

___________________________ 
Laura P. Hale 

 
___________________________ 

Bruce A. Sullenger 
 

Dissertation submitted in partial fulfillment of 
the requirements for the degree of Doctor 

of Philosophy in the Department of 
Pathology in the Graduate School 

of Duke University 
 

2008 
 

 

 



 

 

 

ABSTRACT 

SELF-ASSEMBLED DNA NANOSTRUCTURES: FROM STRUCTURAL 

MATERIAL TO BIOMEDICAL NANODEVICES 

by 

Hanying Li 

Department of Pathology 
Duke University 

 

Date:____ 07/22/2008_______ 
Approved: 

 
___________________________ 

Daniel J. Kenan, Co-Chair 
 

___________________________ 
Thomas H. LaBean, Co-Chair 

 
___________________________ 

Soman N. Abraham 
 

___________________________ 
Laura P. Hale 

 
___________________________ 

Bruce A. Sullenger 
 

An abstract of a dissertation submitted in partial 
fulfillment of the requirements for the degree 

of Doctor in the Department of 
Pathology in the Graduate School 

of Duke University 
 

2008 



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright by 
Hanying Li 

2008 
 



 

 

iv

Abstract 

In addition to being the natural genetic information carrier, DNA can also serve as 

a versatile material for construction of nanoscale objects. By using the base-pairing 

properties of DNA, we have been able to mass-produce nano-scale structures in a variety 

of different shapes, upon which patterns of other molecules can be further specified. The 

diversity of molecules and materials that can be attached to DNA and the capability of 

providing precise spatial positioning considerably enhance the attractiveness of DNA for 

nano-scale construction. A further challenge remains to use these DNA based structures 

for biomedical applications.  

As proof-of-concept, a DNA-based nanodevice for multivalent thrombolytic 

delivery is designed, which intends to employ DNA nanostructures as carriers for the 

delivery of tissue plasminogen activator (tPA) and plasminogen. Universal modular 

adapter molecules that can simultaneously bind “down” to the DNA structures and “up” 

to these thrombolytic drugs are further proposed. We begin with exploring the molecular 

recognition properties provided by biotin-avidin and aptamer-ligand pairs, and are able to 

achieve site-specific display of certain protein targets along the DNA nanostructure 

scaffold. Yet for both of these approaches, only biotinylated or specially selected proteins 

can be patterned. We further propose to develop single-chain diabodies (scDb) as the 

adapter molecules. This scDb approach is highly modular and can be extended to 
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assemble virtually any proteins and therapeutic molecules of interests, which at the same 

time will greatly enhance our molecular toolbox for nanoscale construction.  
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1. Background and Introduction 

1.1 DNA nanotechnology and self-assembled DNA 
nanostructures 

Nanotechnology refers to the field of science and technology that studies 

substances and systems at the atomic and molecular level [1] , which is generally 100 

nanometers or smaller. As one of its sub-fields, DNA nanotechnology aims to create 

novel, controllable nanostructures out of DNA by employing its unique molecular 

recognition properties [2]. In this sense, DNA, instead of being taken as a natural 

biological information carrier, is utilized as a molecular building material. 

Self-assembly is the spontaneous and reversible organization of structural units 

into ordered constructs by non-covalent interactions. It is a phenomenon that is 

commonly observed in nature [3-5].  DNA self-assembly, specifically, explores the use of 

DNA as the building blocks [6, 7]. The miniature scale, geometric capacity and molecular 

recognition properties of DNA have made it an appealing candidate for nanostructure 

self-assembly and astounding progress has been made in the last decade. Potential 

applications of self-assembled DNA nanostructures are also being studied and will be 

sure to blossom with future theoretical and technological advances.  

This dissertation will highlight some of the most important progress in DNA 

nanostructure self-assembly and showcase our endeavor to build a functional DNA 

nanodevice for the delivery of thrombolytic (clot-busting) drugs.   
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1.2 Self-assembled DNA nanostructures 

Seeman and co-workers were the first to explore the self-complementarities of 

DNA for construction of novel nanostructures [8]. Due to the fact that simple double-

helix lacks the complexity needed for tightly controlled 2D and 3D structures, they 

sought to design more complex building blocks. They succeeded in making branched 

junction motifs with multiple double-helical arms, such as the highly versatile four-arm 

junction. This construct resembles the Holliday junction (a natural conformation found in 

biological homologous recombination complexes), and in theory should assemble into 

quadrilateral lattices by sticky end cohesion [9-11]. However the structure was not stiff 

enough to hold the helical domains coplanar and instead created a twist by ~60°. 

Interestingly, this four-arm branch motif can be stiffened once combined in pairs. Mao et 

al. [12] have fused four such junctions into a rhombus-like building block and 

successfully demonstrated its further assembly into 2D lattices (Figure 1.1 (e)).  

Based on the idea of employing immobile DNA junctions, a large number of 

distinct DNA building blocks (tiles) were designed and experimentally implemented in 

the last two decades (Figure 1.1). Seeman et al. reported the construction of double 

crossover (DX) complexes, which consisted of two double helical domains joined 

together by two juxtaposed Holliday junction-like crossover motifs. Properly designed 

sticky ends further facilitated the assembly into periodic 1D and 2D lattices (Figure 1.1 (a) 

and (b)) [13, 14]. A closely-related motif combining a stem-loop hairpin with one of the 

duplex arms of DX (known as DX+J) was also reported [15]. The extra hairpin was used  
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as a topographical marker that was readily visible under Atomic Force Microscopy (AFM) 

[13, 16]. Seeman and coworkers also described the generation of paranemic crossovers 

(PX) [17, 18], which arised from fusion of two parallel double helices by reciprocal 

exchange at every possible contact point. By controlling the interconversion between a 

PX junction and its topoisomeric JX state, a robust DNA nanomechanical device was  

built [19, 20]. 

A more complex planar building block was reported by LaBean et al. in 2000 [19, 

21]. This triple crossover complex (TX) contained three helices and four crossovers. As 

in DX tiles, two adjacent helices were connected by two four-arm junctions. Compared to 

DX tiles, TXs provide larger space and further extend the tool box of useful building 

block prototypes (Figure 1.1 (c)). Another DNA motif, 4x4 cross-tile, consisting of four 

four-arm junctions was reported in 2003 (Figure 1.1 (e)) [19]. Since the cross-tile has a 

square aspect ratio and helix stacking in all four directions in the plane, they can 

assemble into very large 2D lattices. Structures with triangular building blocks were also 

reported. In 1998, DX tiles were successfully fused to DNA triangles, thus creating a 

unique zigzag pattern [22]. Two other triangle tile types were also prototyped, which 

featured the formation of triangular and hexagonal patterns [23, 24]. 

These basic building blocks and their variants have been used in the construction 

of self-assembled lattices. DX and TX lattices, ribbons, and tubes were successfully 

demonstrated. More complicated designs include double-double crossover [25] and 4-, 8-, 

and 12-helix DNA tile complexes [26]. These tiles have also been used for assembly of 

planar and tubular structures. DNA tiles that hold their helices in non-planar domains 
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were prototyped by several groups [19, 27, 28] although attempts at using them for 3D 

lattice assembly have yet to succeed.  

 

Figure 1.1: Schematic diagrams of common building blocks used in DNA self-assembly and 
some of the typical structures visualized by AFM. Scan sizes in A) and B) are 1.5x1.5 μm and 
the scale bars in insets correspond to 300 nm. Scan sizes in C), D) and E) are 1.4x1.4 μm, 1x1 μm 
and 1.56x1.56 μm respectively. From left to right, the three images in F have scan sizes: 500x500 
nm, 1x1 μm and 500x500 nm and the inset in the middle is a scan area of 150x150 nm. (Adapted 
from References 12, 13, 14, 19 & 20.) 



 

 

5

Uniform-width nanoribbons, one-dimensional nanotracks and two-dimensional 

nanogrids displaying periodic square cavities have been synthesized using a two-tile 

system (A and B cross tiles) [19]. Finite size addressable arrays were further developed, 

which included 5x5 arrays [29], molecular pegboard [30] and 16-tile construct [19], as 

illustrated in Figure 1.2. All these structures have defined sizes and can be used to build 

up even more complex systems.         

 
 

Figure 1.2: Finite-sized and addressable DNA patterns. A) DNA nanoarrays with increased 
complexity and defined sizes based on the cross-tile or 8-helix bundle. From left to right: 
molecular pegboard, 4x4, symmetric 5x5 and eight helix bundle based 5x5 arrays. B) Full 
addressability of the 10 tile system with an additional index tile added to the pegboard design. C) 
The letters “D”, “N”, and “A”displayed on self-assembled cross-tile arrays. (Adapted 
from References 19, 29 & 30.) 
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Scaffolded assembly (also known as nucleated assembly) is another construction 

strategy that has been extensively studied in recent years. It uses a long DNA strand as a 

molecular scaffold and many short strands as staples to fold the scaffold into an 

addressable shape with desired patterns. The idea dates back to 1999, when scaffolded 

assembly was first explored for computational purposes and implemented in initial 

prototypes [19]. Directed nucleation was again experimentally demonstrated in 2003 

when successful assembly of multiple DNA tiles around a scaffold strand was shown 

within a patterned lattice displaying barcode information (Figure 1.3) [19, 31]. In 2004, 

Shih and colleagues showed that a single strand of DNA, 1,669 nucleotides long, could 

be driven to self assemble into a nanoscale octahedron by the addition of five short DNA 

strands [32]. This work is notable in that it created a 3D object rather than 2D structure 

and that many paranemic DNA associations were used. The most stunning demonstration 

of scaffolded assembly was presented by Rothemund [33], where he used a 7.3 Kb 

single-stranded viral genome as the scaffold and generated a variety of beautiful and 

complex 2D structures (Figure 1.3). This scaffolded assembly strategy is simple, features 

high yields, and has a great potential of being implemented for even larger 2D and 3D 

micro and nanostructures.   

The molecular-level control demonstrated by these systems represents a major 

step toward developing controllable DNA nanoarchitectures and offers exciting 

opportunities to further build novel multi-component nanodevices.  Potential uses include 

fixed-size algorithmic assemblies for DNA computing, complex patterning of 

nanomaterials for the fabrication of artificial bionanomachines or devices, etc.  
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Figure 1.3: Nucleated DNA self-assembly and scaffolded origami. A) Self-assembly of 01101 
barcode lattice around scaffold DNA strand and corresponding AFM visualization. B) Hexagons 
formed by folding 7.3Kb M13 virus genomic DNA. (Adapted from References 31 & 33.) 

1.3 DNA-directed organization of nanomaterials 

As mentioned in the previous section, DNA has been used to create a variety of 

2D and 3D nanoarchitectures, which present themselves as novel and useful building 

materials. They can also serve as templates upon which other functional groups and 

components can be organized.  

In the past, many strategies have been exploited for DNA directed nanoparticle 

(NP) assemblies and a wide variety of patterns have been built. First of all, metal or 

semiconductor ions can directly adsorb to DNA templates via electrostatic interactions, 
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groove binding, or intercalation. Reduction of these ions will facilitate the formation of 

nanoparticles along the DNA templates. Ag [34], Au [35], Pd [36, 37], Pt [38] and 

semiconductor nanoparticles [39, 40] have been successfully templated on DNA using 

this approach. These DNA-nanoparticle arrays can serve as precursors for nanowires or 

nanoelectronic devices, as previously discussed. However, it is difficult to achieve 

consistent inter-particle spacing at long range by using this technique and only coarse and 

irregular metallized structures are observed.  

An alternative strategy for periodic nanoparticle display is to conjugate the 

nanoparticle with single-stranded DNA and then use the DNA-NP conjugate in the 

assembly of tiles and lattices. Yan and coworkers [41] reported the patterned assembly of 

5 nm AuNPs employing this strategy. They showed that inter-particle spacing can be 

controlled through variation of the dimension of the DNA lattices (Figure 1.4). A more 

complex periodic pattern was achieved by attaching AuNPs to strands in two different 

triangle building blocks [42] and a well-formed alternating 2D array of 5 and 10 nm 

AuNPs was produced (Figure 1.4). By introducing unique sticky ends to the NP-bearing 

DNA building blocks, more complex, controllable systems can be built. DNA 

programmed assembly of materials other than nanoparticles has also been reported, such 

as nanorods [43], mesoscale particles [44, 45], dendrimers [46], and fullerene [47]. Thus, 

it has been well established that DNA’s molecular recognition properties can be 

effectively harnessed to program the assembly of other nanomaterials.  
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Figure 1.4: DNA nanostructure templated display of nanoparticles. A) and B) 2D DX tile 
lattice and 2D nanogrids templated Au NPs display. In both cases, particles were functionalized 
with multiple strands and then hybridized to preformed DNA nanostructures. C) Two component 
2D triangle array displaying 5 nm and 10 nm nanoparticles. D) A, B tile system nanogrid with 
specific A tile gold nanoparticle attachment. Top row: Schematic representations of the DNA-
templated assembly of periodic AuNP nanoarrays. Bottom row: TEM or AFM illustration. Scan 
sizes in B) and D) are 500x500 nm and 800x800 nm. (Adapted from References 41 & 42.) 
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As for templating biomolecules onto oligonucleotides, chemical conjugation has 

been widely used. Another generic approach is through the use of the strong, non-covalent 

biotin/streptavidin interaction. Streptavidin is a tetravalent protein endowed with very 

high affinity for the small molecule biotin. The protein can either be covalently 

conjugated to DNA [48], or can interact noncovalently with biotinylated DNA [49]. The 

conjugates can be utilized as biomolecular adapters for positioning biotinylated 

components along nucleic acid backbones. Any type of biotinylated compounds can be 

arranged, such as peptides, antibodies, enzymes and low molecular weight components. 

Due to the tetravalent nature of streptavidin, more complex DNA-streptavidin networks 

can be built, such as supramolecular nanocircles [48, 50] and supercoiling mediated 

streptavidin networks (Fig 1.5 (a)) [51].  

Besides linear double stranded DNA (dsDNA), self-assembled DNA tiling 

systems can also be used to organize biomolecules into patterns. For example, arrays of 

evenly spaced streptavidin molecules were assembled onto the TX tile lattices [52] and 

the 4x4 cross-tile lattices (Figure 1.5 (b)) [19]. More complex patterns were achieved by 

employing two tile types for the 4x4 cross-tile system [19] and the periodicity of the 

displayed patterns was confirmed (Figure 1.5 (c)). In order to gain greater control over 

spatial positioning of proteins, finite-sized arrays with individual addressing capability 

were developed, as described by Lund et al. and Park et al., [19, 30]. 
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Figure 1.5: DNA directed self-assembly of protein molecules. A) DNA-streptavidin network 
and conformational change caused by ionic switching. B) Programmable assembly of protein 
arrays on cross-tile nanogrid. C) Programmable assembly of streptavidin on 2D DNA nanogrids 
composed of A, B cross-tile building blocks. D) TX tile lattice templated protein display. From 
left to right, streptavidin, thrombin and selected aptamer binding scFvs. (Adapted from 
References 19, 51 & 53.) 

 

Another strategy for DNA-templated protein display is to employ specific DNA 

binding proteins. We and our collaborators first demonstrated the use of aptamers to 

direct the assembly of thrombin at periodical sites of TX tile arrays [52]. Stem-loops 

carrying the thrombin-binding aptamer sequence were introduced into the TX tiles and 

used as docking sites for the thrombin molecules to bind. In a recent paper [53], we 

further extended this approach by decorating various DNA tile structures with specific 

aptamers and displaying periodical arrays of single chain antibodies (scFv) (Figure 1.5 

(d)). Those scFvs were selected by phage display for binding to the target DNA aptamer. 



 

 

12

The technology is highly modular and can be extended to assemble virtually any protein, 

therapeutic molecules and nanomaterials of interest. 

1.4 Towards biomedical applications of DNA-based nanodevices 

DNA nanotechnology is a promising avenue to achieve the goals of 

nanotechnology in general. The molecular recognition properties combined with the 

structural robustness of self-assembled DNA nanostructures can be further utilized for the 

construction of artificial nanodevices with strong potential for future biomedical 

applications.  For example, complex sensors can be realized by supporting nanodevices 

with DNA-based information processing; artificial DNA-based reaction networks can be 

created that amplify molecular signals; DNA can also be used to build nanocontainers 

such as switchable hydrogels, to trap and release compounds. In the future, we are likely 

to see the incorporation of individual DNA nanodevices into multifaceted systems. 

Multidisciplinary research, such as the application of functional DNA-based nanodevices 

in microfluidics, biophysics and biology, will definitely bring new level of practical 

applications of such devices. 

In this dissertation, we will be exploring the possibility of using self-assembled 

DNA nanostructures for templating, directing and delivering biomolecules of therapeutic 

importance. In our prototype attempt, a DNA based nanodevice for multivalent 

thrombolytic delivery is proposed. It contains t-PA and plasminogen loaded DNA 

nanocarrier, which will be guided to the site of vascular occlusion via specific targeting 

units. t-PA and plasminogen, will be grafted onto the DNA nanocarrier through the 
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specific linkage provided by single chain diabodies (scDb). To our knowledge, this is the 

first time ever that a DNA nanostructure is proposed as a drug carrier. It is also the first 

time that scDb molecules are employed as adaptors in a functional nanodevice. Such a 

delivery system will conveniently combine the advantages of the non-invasiveness of 

nano-sized delivery vehicle, the flexibity and versatility of the scDb adaptors as well as 

the clot binding specificity of the targeting module. Once constructed, the proposed 

device is expected to achieve more specific targeting and greater therapeutic efficacy. The 

programmable and expandable nature of the DNA lattice also allows for further 

modifications such as incorporation of other molecules for targeting, imaging and 

therapeutic purposes. It is definitely an innovative exploration and an exciting step 

forward in the realization of nanomedicine.  

1.5 Dissertation outline 

This dissertation is an attempt to address several of the commonly sought-after 

questions in DNA nanotechnology, in particular the following: 

• How can self-assembled DNA nanostructures be made? 

• How can multi-plex nanoscale objects be constructed? 

• How can we make DNA nanodevices with potential therapeutic applications? 

I approached these questions by (1) studying the nature of the self-assembly 

process analytically and experimentally; (2) designing and implementing DNA 

nanolattices templated protein/biomolecule nanoarrays; and (3) proposing a novel 

nanodevice for the delivery of therapeutic molecules, such as tPA and plasminogen.  
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In addition to the study of structural DNA nanotechnology described in Chapter 2, 

I will also discuss the efforts to utilize DNA nanostructures for practical applications, 

such as templating other biomolecules and biomaterials as described in chapter 3, and 

building the proposed thrombolytic delivery vehicle as proposed in chapter 4 and 5.   
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2. Self-assembled DNA Nanostructures 

2.1 Introduction 

Apart from storing genetic information in biology, DNA has also been recognized 

as a useful building material in the field of nanotechnology. The limitations of 

conventional methods of top-down fabrications (creating nanoscale devices by using 

larger, externally-controlled tools) has made bottom-up (having smaller components 

arrange themselves into more complex assemblies) self-assembled nanostructures using 

DNA molecules an attractive alternative for near-term nano-biotechnologies [54, 55]. 

Here, we present the construction and validation of a variety of self-assembled DNA 

nanostructures, which include the three-helix bundle (3HB) and a series of cross-tile 

based nanostructures. More details of 3HB self-assembly can be found in our paper 

“Three-helix bundle DNA tiles self-assemble into 2D lattice or 1D templates for silver 

nanowires” in the April 2005 issue of Nano Letter [56]. 

As illustrated in Figure 2.1, one single unit of 3HB consists of three double helical 

DNA domains connected by six immobile crossover junctions. The helical axes are not 

coplanar and actually form a triangular cross-section with one helix lying in the groove 

formed by the other two. By differential programming of the corresponding sticky-ends, 

3HB tiles can be arrayed in two distinct patterns: one-dimensional filaments and two-

dimensional lattices (Figure 2.1).  Cross-tile is another widely used basic building block 

for DNA nanostructure self-assembly. The original design was first described by Yan et 

cl. [19]. One cross-tile consists of four four-arm junctions, as illustrated in Figure 2.2. 
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Since the cross-tile has a square aspect ratio and helix stacking in all four directions in the 

plane, they can assemble into very large two-dimensional lattices. The system has been  

 

Figure 2.1: Schematic drawing of self-assembled 1D and 2D 3HB. Single tile unit of both the 
1D and 2D 3HB has nine different oligonucleotides, which form three helical bundles via six 
crossovers. Different color-coded arrows indicate simplified strands running from 5’ to 3’. A) 
Sequences and tile structure of 1D-3HB tile. Five full turns correspond to a unit length of about 
17nm. B) Cartoon 1D-3HB filaments. C) Sequences and tile structure of 2D-3HB tile. It also 
consists of nine different strands but the length is 4.5 full turns, ~15.3 nm. The odd number of 
helical half-turns causes neighboring tiles to face alternating directions in the lattice plane. D) A 
cartoon of 2D-3HB lattice. 
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Figure 2.2: Strand structure of cross tile. The tile contains nine oligonucleotides, shown as 
simplified backbone traces. One four-arm junction is oriented in each direction (N, S, E, W); the 
cyan strand participates in all four junctions and contains T4 bulged loops connecting adjacent 
junctions. 
 
Extensively studied in our lab and complex structures employing two or more distinct 

cross-tiles were further designed [19, 57-59]. This chapter will highlight some of my 

work on cross-tile based DNA nanostructures, which include 2x2, 2x4, nanotrack (NT), 

and nanogrid (NG). 

2.2 Experimental 

2.2.1 Design and characterization of 1D and 2D 3HB structures 

Sequences of each individual strand were designed with the help of the program 

Sequin [60] and are shown in Figure 2.1. Different sets of sticky ends were employed in 
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order to facilitate the formation of 1D or 2D 3HB constructs. Strands were synthesized by 

Integrated DNA Technology (www.idtdna.com, Coralville, IA) and PAGE 

(Polyacryalmide Gel Electrophoresis) purified in the lab.  

Strands designed for 3HB but without the corresponding sticky ends (Figure 2.3) 

were first annealed to test formation of the single unit tile. Complexes containing 

different combination of strands (Figure 2.4 top panel) were formed by mixing a 

stoichiometric quantity of each strand, as estimated by OD260 in 1xTAE/Mg2+ buffer (20 

mM Tris, 20mM acetic acid, 2 mM EDTA, 12.5 mM MgCl2) into a final concentration of 

1 μM each in a total volume of 30 μl. This mixture was then heated to 90℃ for 5 min and 

cooled to the desired temperature by the following protocol: 20 min at 65℃, 20 min at 

45℃, 30 min at 37℃, 30 min at room temperature, and 30 min at 4℃.  

Gels containing 8% acrylamide (19:1, acrylamide: bisacrylamide) and 

1xTAE/Mg2+ buffer were made at room temperature. The annealed DNA mixtures (30 μl 

each) were then mixed with 6 μl 6X Tracking dye (containing 1xTAE/Mg2+, 50% 

glycerol, and 0.2% each of Bromophenol Blue and Xylene Cyanol FF). Gels were run on 

a Hoefer SE-400 electrophoresis unit at 10V/cm at room temperature, then stained by 

ethidium bromide (0.5 μg/ml) and exposed to UV light to be photographed. 50 bp DNA 

ladder was purchased from Invitrogen (#10416- 014, Invitrogen, Carlsbad, California ). 

2.2.2 Design and characterization of A-B cross tile based system 

Design of the cross-tiles and the superstructure assemblies discussed here was 

based on the structure of immobile 4-arm branched junctions as illustrated in Figure 2.2. 



 

 

19

This cross-DNA motif contains nine strands, which form four four-arm DNA branched 

junctions pointing in four directions (North, South, East, and West in the tile plane) with 

one strand (shown in cyan) going through every junction. There is an unpaired T4 loop at 

each of the four corners inside the tile cavity. These bulged loops were designed to avoid 

stacking between adjacent four-arm junctions and help the arms to point to those four 

different directions.   

The length of each individual arm and sequences of the sticky ends were slightly 

changed to facilitate formation of different nanostructures. Schemes and sequences for 

2x2, 2x4, NT and NG are illustrated in Figure 2.10 to Figure 2.13. Sequences were 

designed with SEQUIN to minimize the chance of undesired complementarity and 

sequence symmetry. Custom oligonucleotides were purchased from Integrated DNA 

Technology (www.idtdna.com, Coralville, IA) and purified by PAGE.  

Strands for single cross tile without sticky ends were used first for subset 

annealing to verify successful formation of single A and B tile units. Different 

combinations of strands in each subset were shown in Figure 2.5, top panel. Complexes 

were made by mixing a stoichiometric quantity of each strand into a final concentration 

of 0.5 μM in a final volume of 30 μl. Oligonucleotide mixtures were cooled slowly from 

90℃ to 20℃ in a heating block over approximately 16 hours to facilitate hybridization. 

Non-denaturing polyacrylamide gel electrophoresis was carried out as previously 

described. 
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2.2.3 Atomic Force Microscopy (AFM) Imaging  

A 5 μL sample was spotted on freshly cleaved mica (Ted Pella, Inc.) and left to 

adsorb to the surface for 3 min. 30 μL of 1xTAE/Mg2+ buffer was then laid over the dried 

sample. Imaging was performed under buffer on a Multimode NanoScope IIIa, using a 

fluid cell and NP-S tips (Veeco Probes Inc., Camarillo, CA). 

2.2.4 Melting curve analysis of annealed structures 

To prepare annealed samples of tiles and lattices for melting tests, 

oligonucleotides were mixed stoichiometrically at 0.25 µM in 1X TAE/Mg2+ buffer and 

slowly cooled from 95℃ to 20℃ over a period of 16 hours. Melting was performed with 

120 µL of pre-annealed DNA lattice at 0.25 µM using a Cary 5000 UV-Vis 

spectrophotometer (Varian Inc., Palo Alto, CA). 120 µL of 1X TAE/Mg2+ buffer was 

used as a control. The temperature of the sample block was increased from 20℃ to 90℃ 

at 0.2℃ /min and then slowly cooled to 20℃ at the same rate. Derivatives of the melting 

curves were calculated using software provided by Cary 5000. 

2.3 Results and discussion   

2.3.1 Subset annealing of 3HB and cross-tile structures  

We have successfully characterized tile formation using non-denaturing gel 

electrophoresis. Formation of specific molecular weight complexes by annealing 

stoichiometric mixtures of all nine or various subsets of the nine oligonucleotides for 
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3HB or A&B cross-tile is shown in Figures 2.4 and 2.5, respectively. Different strand 

combinations are illustrated in the top panels of both figures.  

Using subset annealing of 3HB as an example, each lane shows only a single band, 

demonstrating specific base-pairing without significant unexpected associations. With the 

introduction of each additional strand, the band starts to move at a slower speed, which 

correlates well with the increased molecular weight and complexity of the structure. Lane 

9 contains equal molar combination of all nine oligonucleotides. This complex moves 

slowest and has the highest molecular weight compared to the other oligo combinations. 

The subsets of cross-tile complex also run as single bands on non-denaturing gels. No 

higher molecular weight products (caused by unexpected base pairing between two or 

more complexes) or lower molecular weight by-products (dissociated complexes) can be 

detected, indicating the stable nature of the cross-tiles in the annealing buffer. 

2.3.2 Thermodynamic studies of single tile units 

Double-stranded DNA molecules can dissociate into single strands with heat or 

detergent treatment, the process of which is called denaturing or melting. It processes 

through break of hydrogen bonds between complementary bases and disruption of the 

base stacking. Denaturation of DNA can be caused by a number of physical factors such 

as changes in salt concentration and pH. Important for the thermodynamic study 

discussed here, denaturation is initiated by simply increasing sample temperature. The  
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Figure 2.3: Strand structure and sequences of 3HB tile unit without appending sticky ends. 
In this case, both the 1D and 2D tile have 4.5 full turns of three helical domains, which define a 
unit length of about 15.3 nm. 
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Figure 2.4: Characterization of the 3HB tile structure formation using non-denaturing gel 
electrophoresis. Strands were mixed at equimolar ratios, annealed and run on an 8% gel at room 
temperature. Complexes with different combinations of strands were shown to be migrating at 
different speeds and strands included in each individual annealing are indicated on the top panel. 
The last lane contains 5ul 50 bp DNA ladder (M). 
 
simplest characterization method for this type of denaturing event is to study the melting 

temperature Tm, the temperature at which half of the melting has taken place. Due to the 

extreme cooperativity seen in DNA hybridization, this corresponds to the point where 

50% of the molecules are single-stranded while the other half are still in their double-

stranded form. Since duplex DNA (dsDNA) and single-stranded DNA (ssDNA) have 

different UV absorbance values, the total UV absorbance value will change gradually 

during the denaturation process. The plot of the UV absorbance against temperature is  
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called a melting curve and the mid-point of the transition is defined as the melting 

temperature, Tm. The use of a UV/Vis spectrophotometer or other similar equipments 

enables us to record the melting curve of a DNA sample during denaturation and 

calculate the Tm accordingly. 

 

 
 

Figure 2.5: Characterization of the A cross-tile structure formation using non-denaturing 
gel electrophoresis. Strands were mixed at equimolar ratio, annealed and run on an 8% non-
denaturing gel. Complexes with different combinations of strands were shown to be migrating at 
different speed and strands included in each individual annealing are indicated on the top panel. 
The last lane contains 5ul 50 bp DNA ladder (M). 
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Figure 2.6: Melting behavior of 3HB tile without sticky-ends. The optical absorbance at 260 
nm was plotted as a function of temperature (left panel) and the derivatives of the melting data 
showed several different melting domains with the most significant transition peak appeared at 
around 57°C (right panel). 
 

Although the melting test was originally developed for Tm test of dsDNA, it can 

also be used for studying complex DNA nanostructures and revealing useful information 

regarding their stabilities. We have carried out a series of experiments to characterize the 

Tm of both single unit tiles and complex DNA nanostructures. As shown in Figure 2.6, 

3HB tiles without sticky-ends melted in a cooperative fashion. A plot of the first 

derivative revealed several different melting domains with the most significant overall 

transition occurring at around 57°C (Figure 2.6 right panel). This relative high Tm 

indicates the point when the tiles start to dissociate and it correlates very well with the 

calculated Tm based on the sequences.  

The melting curve of single DNA cross-tile is shown in Figure 2.7. The 

temperature at the transition midpoint and the width of the transition peak are good 
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indications of the stability and cooperativity of the internal interactions. In this case, it 

shows that cross-tile melts cooperatively and has a Tm of around 60℃. 

 

 
Figure 2.7: Melting behavior of single cross-tile unit. The optical absorbance at 260 nm was 
plotted as a function of temperature (left panel).The derivative of the melting data showed a 
single prominent peak at ~60°C, which was defined as the Tm of the tile.  
 

2.3.3 AFM imaging of 3HB 

AFM images were taken by tapping mode under 1xTAE/Mg2+ buffer as described 

in the experimental section. The 1D 3HB images (Figure 2.8) show many individual 

filaments crowded together on the mica surface. Those filaments have measured heights 

of 1.8 ± 0.2 nm, and their lengths vary from a few hundred nanometers to a few microns 

which correspond to tens to hundreds of tiles. In high resolution AFM images (Figure 

2.12 (a) inset), individual 1D-3HB tiles (circled in blue) with a unit length of ~16.7 nm 
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can be seen clearly, which is in good agreement with the original design of five full turns 

of helices (~17.0 nm).  

The 2D-3HB tile also consists of nine strands, but has only 4.5 full turns of 

double helices (47 base pairs), the unit length of which is ~15.3 nm. As shown in Figure 

2.12 (b), we observed a more flexible lattice with alternating stripes. The height of those 

upward-facing stripes is ~2.5 nm and that of downward-facing stripes is 2.3 nm, 

measured from the mica surface. The cartoon in Figure 2.9 highlights the formation of 

different stripes observed on the lattices and the stripes are clearly visible in higher-

magnification AFM images. 

 

   

Figure 2.8: AFM images of A) 1D 3HB filaments and B) 2D 3HB lattices. 1D Filaments and 
2D lattices of various length were detected. Further close-ups revealed the details of individual 
tiles, which had a unit length of about ~ 16.8 nm for 1D 3HB tile and ~ 15.4 nm for 2D 3HB tile 
(data not shown). 
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Figure 2.9: Schematic diagrams and experimental observation of 2D-3HB lattices. A) Lateral 
view of 3HB lattices. B) Cartoon of lattices with upward- and downward-facing stripes 
highlighted. C) Close-up AFM images of the 2D-3HB lattices. Scan size 100x100nm.  

2.3.4 AFM imaging of cross-tile lattices 

Through previous experiments, we have successfully characterized a series of A, 

B tile system-based structures in our lab. My focus was to further study the properties of 

these structures and make additional structural varieties based on the original design.  

First of all, assembly of 2x2, 2x4, nanotrack (NT) and nanogrids (NG) were 

successfully repeated and the fully assembled structures were visualized by AFM, as 

summarized in Figure 2.10 to Figure 2.13.  
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Figure 2.10: Schematic drawing and AFM image of 2x2 structure.  
 
 
 

 
 

Figure 2.11: Schematic drawing and AFM image of 2x4 structure.  
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Figure 2.12: A) Strand structure of A and B cross tiles used for the construction of nanotrack.  
Complementary sticky-end pairs are labeled as numbers, n and n’ and “a, b, c, d” denote the non-
complementary sticky-ends.  B) Schematic drawing and AFM image of nanotrack.  
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Figure 2.13: A) Strand structure of A and B cross tiles used for the construction of nanogrid.  
Complementary sticky-end pairs are labeled as numbers, n and n’ and “a, b, c, d” denote the non-
complementary sticky-ends.  B) Schematic drawing and AFM image of nanogrid.  

 

The association of the programmed sticky-ends between A- and B- tiles resulted 

in 2D lattices composed of alternating A- and B- tiles. Further measurement of the 

dimension and height showed that each individual grid structure has a dimension of about 

17x19 nm, which correlated well with our original design. Several different varieties 
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were further designed, such as 2x2, nanotrack, and nanogrid with nicked central strands. 

The results are summarized in Figure 2.14.   

 

 

Figure 2.14: A) Schematic drawing of A tiles with nicked central strand. B) From left to right, 
2x2, nanotrack and nanogrid made from regular B tile and modified A tile as illustrated in panel 
A). Scan size: 2x2 um. 
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2.3.5 Stability study of cross-tile based lattices 

2.3.5.1 Melting curve of cross-tile based lattices  

Melting curves of DNA complexes provide a measurement of their stability and   

cooperativity. Melting test results of 2x2 and NG lattices are summarized in Figure 2.15. 

Interestingly, during the process of heat denaturation, all the structures studied showed 

two critical transition points on the melting curve, which were named Tm1 and Tm2 

accordingly. We believe that Tm1, normally around 40℃, corresponds to the point where 

inter-tile dissociation (in other words conformation change from lattices to individual 

cross-tiles) began, while Tm2 (normally around 60℃) indicates the point of intra-tile 

dissociation (tiles begin to fall apart into ssDNAs).  This interpretation also correlates 

with our previous observation that single cross-tile had a Tm of 60℃. Depending on the 

sequences of the sticky ends and the individual strands, these two temperatures did vary  

to some degree but they were generally good indicators of the stability of the tile lattices. 

2.3.5.2 NT stability in plasma 

Bearing the possible biomedical applications of these nanostructures in mind, we 

further studied their stability in biological fluids, such as plasma. As an example, we 

incubated nanotrack in either 1xTAE/Mg2+ or pooled human plasma at 37℃, collected 

samples at different time points, and then visualized and analyzed the structural integrity 

of the nanotrack under AFM. The results are shown in Figure 2.16. These data revealed 

two important aspects of the interaction of our DNA nanostructures with blood plasma. 
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First, the nanotracks appear thicker with less detail visible, which we interpret as 

evidence that they have become coated, probably by non-specific protein interactions.  

Second, the DNA nanostructures are stable at 37°C without plasma for at least 11 hours 

and in the presence of blood plasma for at least 7 hours. This degree of stability is 

encouraging for future in vivo stability and function test.  

 

2x2 0.25μM

NG 0.25μM

Tm1 Tm2

2x2 0.25μM

NG 0.25μM

Tm1 Tm2  

Figure 2.15: Thermal melting data of 2x2 and NG nanolattices. Two critical melting transition 
points are identified, which corresponds to the point where lattices start to dissociate into tiles 
(lower Tm) and where tiles dissociate into strands.  
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Figure 2.16: AFM images (2x2 um) of DNA nanotrack taken after 37°C incubations with 
and without plasma.  
 

2.4 Conclusion   

In conclusion, we have designed and constructed a series of novel DNA 

nanostructures. The uniform 1-D 3HB filaments can be used as templates for other 

materials such as semiconducting, superconducting, or magnetic nanowires for a variety 

of applications in future electronic devices. We have also presented 2D lattices using 

slightly modified 3HB tiles. Unit tiles of 2D-3HB have an odd number of helical half-

turns (4.5 full helical turns) and therefore present alternating stripes with the extra helix 

either above or below the lattice plane. With tile sets containing greater numbers of 

sticky-ends, 2D-3HB lattices could serve as addressable templates for protein or metallic 

nanoparticle periodical arrays for use in quantum dot arrangement or molecular machines.  

As for the lattices based on cross-tile systems, we have rationally designed, assembled,  
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and examined a set of programmable self-assembling nanostructures. In this process, 

more structural varieties were created. A deeper understanding of the process of structure 

formation was achieved through the thermodynamic studies. These cross-tile-based 

systems can be easily programmed by varying sticky-ends to create even more 

sophisticated arrays for applications in construction of logical molecular devices. For 

instance, quantum dot cellular automata arrays may be constructed by specifically 

incorporating metal nanoparticles into the nanogrids. The nanogrids may also be useful as 

nanoscale contact masks for transferring patterns onto surfaces via vapor deposition. The 

cavities can also be used as pixels in a uniform-pixel array which could be applied to 

AFM visual readout of self-assembly DNA computations such as binary-counting lattices.  
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3. DNA Directed Organization of Biomaterials 

3.1 Introduction 

As demonstrated in the previous chapter, we have succeeded in making a variety 

of self-assembled DNA nanoarchitectures, which by themselves make novel and useful 

construction materials. A further challenge remains to use these structures as scaffolds to 

template the display of other biomolecules and materials. The ability to position proteins 

and other biomacromolecules in distinct patterns with precise spacing on the nanometer 

scale has important implications for biocatalytic networks, ultrasensitive detection, drug 

delivery systems and other possible biomedical applications.  

Chemical conjugation has been widely used to attach proteins to oligonucleotides 

[48, 61], yet this method is always limited by the tedious coupling and purification steps, 

and sometimes loss of functionality after conjugation. The noncovalent streptavidin-

biotin interaction is another often explored strategy, in which DNA oligonucleotides are 

modified with biotin at specific positions and streptavidin molecules bind accordingly 

[62-65]. Due to the strong binding affinity between biotin and (strept)avidin (Kd=~10-

15mol/L) [66], this method is very robust in terms of creating stable DNA-protein nano-

arrays or networks. However, this method is also limited in that only one type of protein-

ligand interaction is present. In order to attach proteins other than streptavidin to the 

nanolattices, the target proteins need to be either biotinylated or genetically fused with 

streptavidin. As an alternative strategy, DNA/RNA aptamers can be employed. Aptamers 

[67-69] are short DNA or RNA molecules that can be selected from random pools to bind 
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to various targets, such as nucleic acids, proteins, small organic compounds, and even 

entire organisms [70-73]. Cox and Ellington have reported the identification of new 

aptamer sequences through an automated systematic evolution of ligands by exponential 

enrichment (SELEX) process [71]. Using this approach, it will be possible to generate a 

virtually unlimited number of specific ligand-aptamer pairs, so that each class of 

aptamers will interact with high affinity to their specific ligands. By incorporating these 

selected aptamers at certain positions of the DNA nanolattices and then applying their 

protein targets, we should expect to achieve patterned protein display. In this chapter, I 

will discuss the use of a linear array of DNA triple crossover molecules (TX) as a model 

system to controllably template the self-assembly of a series of proteins and nanoparticles 

by using both the biotin-streptavidin and aptamer-target pair strategies discussed above.  

Inspired by the aptamer display approach, we further proposed to design universal 

modular adapter molecules that can bind down to the DNA lattices and up to the 

nanomaterials we wish to pattern. Recombinant single chain antibodies are developed as 

such adaptor molecules. Single-chain antibodies or single-chain variable fragments (scFv) 

are fusions of variable regions from one heavy chain and one light chain of an 

immunoglobulin protein molecule [74]. Despite removal of the constant regions and the 

introduction of a linker peptide, this chimeric molecule still retains the binding specificity 

of the original immunoglobulin. Due to their relatively small size and full functionality, 

they have been extensively studied and utilized for imaging and molecular detection 

assays [75]. A variety of scFvs have been identified as binders for different targets 

through phage based selection (reviewed in [75]). Here we extend this approach by  
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showing that combinatorial phage-displayed scFv libraries can be used to derive scFvs 

that can bind to a synthetic ssDNA created solely for the purpose of protein docking. We 

further report the first assembly of scFv particles on three different structural templates 

that are constructed from self-assembled DNA tiles [53]. We show that the periodicity 

and inter-particle spacing of the displayed scFvs can be precisely controlled through 

variation of the DNA-tile dimensions. The future use of scFv antibodies and bispecific 

diabodies as components for nano-construction tool kits will also be discussed. 

3.2 Experimental  

DNA complex design, assembly and characterization.  

The TX tile lattices used here were originally described by LaBean et al. [21]. As 

illustrated in Figure 3.1, one single tile unit has four strands, which forms three helices 

with their axes coplanar. These three helices are held together by two sets of crossovers 

between each helical domain and the middle helix is capped with hairpin loops. In our 

modified design (Figure 3.1 right panel), the two hairpin loops in the middle helix are 

replaced with complementary sticky ends. For TX used in streptavidin display, additional 

stem-loops are added to both strand a and c and strand sequences are included in Figure 

3.2. Internal biotinylation is introduced by using two biotin dT bases where biotin is 

chemically attached to the base prior to oligo synthesis. For TX and 2x2 used in 

templated scFv array, stem-loops containing the specific aptamer sequences are added. 

For TX, the aptamers are added to strands a and c, as described previously. For 2x2,  
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stem-loops are added to the 5’ end of strand A9-3’.All the sequences for the molecules 

used here were designed with the program SEQUIN to minimize the chance of undesired 

complementarity and sequence symmetry. Custom oligonucleotides including the biotin- 

modified oligos were purchased from IDT and purified by PAGE.  

 

 

Figure 3.1: Left: schematic diagrams of original TX tile. The molecule is composed of four 
strands, two of which are drawn with solid lines (one thick, one thin), and two drawn with dotted 
lines; arrows indicate the 3' ends of strands. The three helical domains are indicated by horizontal 
stripes that correspond roughly to base pairs and the crossover points are the connections between 
the domains. The middle helices are capped with hairpin loops. Right: modified TX tile used in 
the experiments. Hairpin loops in the middle helix was replaced with sticky ends and two 
additional stem-loops were introduced in strand a and c for protein display purposes. 
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Annealing of DNA nanostructures 

DNA complexes were formed by mixing a stoichiometric quantity of each strand, 

as estimated by OD260 in 1xTAE/Mg2+. The final concentration of each DNA was 0.5 μM, 

and the final volume was 50 μL. Oligonucleotide mixtures were cooled slowly from 90℃ 

to 20℃ in a heating block over approximately 16 hours to facilitate hybridization. 

 

 
Figure 3.2 DNA strand structure and sequences used for TX lattice templated streptavidin 
display. Internal biotinylation is introduced on one of the unpaired T loops. 

 

Streptavidin and streptavidin conjugated nanogold binding to self-assembled TX 

Streptavidin was purchased from Rockland Inc. (Gilbertsville, PA, USA). 5nm 

gold labeled streptavidin was purchased from KPL Inc. (www.kpl.com). TX DNA arrays 

containing biotinylated oligos were annealed as described previously. The ratio of 
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streptavidin vs. TX arrays was optimized to a range of 1:1 to 1:10. After adding 

streptavidin or streptavidin-conjugated AuNP to the annealed DNA linear arrays, the 

solution was incubated overnight at 4 ℃ before imaging. 

Thrombin binding to thrombin aptamer containing DNA lattices 

Thrombin was purchased from Sigma-Aldrich (T6884, Sigma-Aldrich, St. Louis, 

MO) and reconstituted into aqueous solution by adding ultrapure water to a final 

concentration of ~10 uM. For TX templated thrombin display, 1 μL of annealed DNA 

sample (0.5 μM) was incubated with 1μL of thrombin in 20 μL 1xTAE/Mg2+ buffer at     

4 ℃ overnight. 

Selection of scFv against DNA target 

Biotinylated target DNA was synthesized by IDT and was diluted to a 

concentration of 50 μM in 1xTAE/Mg2+ buffer. The diluted DNA was put in a boiling 

water bath for 3 minutes and then slowly cooled to room temperature. This annealed 

product can be stored at −20℃ for future application. The scFv libraries used in this 

project are based on the phagemid display vector pCANTAB-5E (GE-Amersham). For 

simplicity, the term “phage” is used instead of “phagemid” in the results section; however 

it should be noted that all libraries and virion-encoded scFvs were produced in the 

context of phagemid vectors. Fresh phagemids were prepared by growing phagemid-

transformed E. coli TG-1 cells in 2 X YT supplemented with 100 μg/ml ampicillin and 

2% glucose at 30℃ overnight. Phagemids were rescued by treating the bacterial 

suspension with helper phage followed by incubation and centrifugation. The titer was 
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determined by plating appropriate dilutions on plates containing 2 × YT/AG (100ug/ml 

ampicillin plus 2% glucose) plates. Streptavidin-coated magnetic beads (Dynabeads 

MyOne Streptavidin, #65001, Invitrogen, Carlsbad, California) were separated from the 

preservative buffer, washed, and resuspended with 2 X B&W buffer (10mM Tris, 1mM 

EDTA and 2M NaCl). For each round of phage-based selection, 10 μL of beads were first 

incubated with 1012 purified phagemid particles to pre-clear any scFvs that might have 

binding affinity for raw beads. Another 10 μL of beads were incubated with 6 μL of DNA 

target in PBS to prepare the target for panning. After 30 minutes incubation, beads bound 

with DNA were washed and blocked with PBS containing 2% nonfat dry milk (MPBS) 

for 1 h. The sample was then incubated with the phagemid particles from the preclearing 

step for 1 h with medium rocking. After ten washes with PBS-0.1% Tween (PBST) and 

ten washes with PBS, phagemid particles remained bound to the DNA target were 

isolated by magnetic separation and the bead-phage complexes were used to infect log 

phase TG-1 cells directly for amplification. This procedure was repeated four times to 

select the scFvs with the most specific binding. Phagemid pools from the third and fourth 

rounds of selection were used to infect TG-1 cells. Subsequent dilution and plating on 

2XYT/AG agar plate allowed colonies harboring individual phagemid to grow, which 

were later rescued and screened for target binding using ELISA.  

Binding properties assay by ELISA 

Streptavidin-coated microtiter plate wells were coated with biotinylated DNA 

(2μL per well diluted into 50 μL PBS). After 30 minutes incubation, wells were blocked 

with 2% MPBS for 1 h at room temperature. Phagemid suspensions containing 1012 
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phagemid particles in 2% MPBS were then added to each well. After one hour incubation, 

the plate wells were subject to ten washes with PBS–0.1% Tween followed by three 

washes with PBS. Peroxidase-conjugated anti-M13 phage antibodies (1:3000) in 2% 

MPBS were added and allowed to incubate for another one hour. Bound phagemid 

particles were detected by using OPD substrate following the manufacturer’s instructions 

(Pierce Inc.). This assay produced a maximum signal at 490 nm for bound phage particles.  

Production and isolation of soluble scFv antibodies  

To produce soluble scFv antibodies, the positive clones identified by ELISA were 

used to infect the non-suppressing E.coli strain HB2151. HB2151 cells containing 

phagemids were subject to overnight induction with 1 mM IPTG at 30 ℃ with shaking at 

250 rpm. Infected cells produced a soluble form of the scFv antibody fragment, which 

was secreted into the periplasm. Cells were pelleted by centrifugation at 1500 g for 20 

minutes and cell pellets were resuspended in TES buffer. After 20% PEG treatment, 

soluble scFvs (with His tag) contained in the supernatant were further purified by affinity 

chromatography (RPAS purification module, GE-Amersham). The concentration of 

purified scFv was determined by protein BCA assay (Pierce Inc.). 

DNA-templated scFv assembly 

For TX nanoarray templated single layer scFv display and 2 × 2 array templated 

scFv binding, 1 μL of annealed DNA sample (0.5 μM) was incubated with 1 μl purified 

scFv (10 μM) in 20μL 1x TAE/Mg2+ buffer. For multilayer DNA–scFv complexes with 

scFv molecules sandwiched in between, the ratio between the DNA complex and purified 
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scFv was adjusted to larger than 1:1. Shown specifically in Figure 3.5, 15 μL of annealed 

DNA sample (1 μM) was incubated with 1 μL purified scFv (10μM) in a total of 20 μL     

1 x TAE/Mg2+ buffer. The solution was incubated overnight at 4℃ before AFM imaging. 

AFM Imaging.  

A 5μL sample was spotted on freshly cleaved mica (Ted Pella, Inc.) and left to 

adsorb to the surface for 3 min. Then 30 μL 1x TAE/Mg buffer was placed onto the mica. 

DNA interacts with mica surface by nonspecific ionic charge attraction. Imaging was 

performed under 1xTAE/Mg2+ on a Multimode NanoScope IIIa, using a fluid cell holder 

and NP-S tips (Veeco Inc.). 

SEM Imaging.  

All SEM images were taken at 10 - 15 kV (accelerating voltage) with electron-

beam spot size = 3 in a Philips FEI XL30 Thermal Field Emitter SEM. Chamber pressure 

was between 1.0 x 10-7 and 1.0 x 10-6 mbar. All samples were prepared on doped n-type 

silicon substrate. 10 μL of 1% solution of 3-aminopropyltriethoxysilane was allowed to 

sit on cleaned substrate for 5 minutes and then rinsed off with distilled water for better 

adhesion.  

3.3 Results and discussion  

3.3.1 TX templated streptavidin and streptavidin-gold nanoparticles 

Streptavidin has a diameter of ~5 nm. When streptavidin molecules bind to the 

self-assembled TX arrays at their biotinylated hairpin loops, distinct geographical 
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landmarks will be created which can be detected by AFM. Figure 3.3 (A) shows an AFM 

image of a sample containing only streptavidin, demonstrating that the streptavidin 

molecules are randomly distributed on the mica surface. Figure 3.3 (B) shows an AFM 

image of the bare TX linear DNA array. The length of each hairpin loop is ~3.4 nm (10 

base pairs) and is not resolved due to the limitation of the lateral resolution of AFM. 

However, the binding of 5 nm streptavidin to each biotinylated hairpin loop dramatically 

enhances its visibility by AFM. Figure 3.3 (C) shows an AFM image of the TX-templated 

single-layer streptavidin linear arrays. Since only stem-loops on one side of the TX tile 

arrays were modified with biotin, the streptavidin molecules appeared periodically on one 

side too. The measured distance between each adjacent streptavidin molecule was ~17 

nm, matching the designed distance between two adjacent hairpin loops along the TX 

linear arrays. AFM profile measurement showed that the streptavidin had a height of ~3.8 

nm in contrast to the height of ~1.8 nm measured for bare DNA. This further confirmed 

that the periodic bumps on the linear array were direct results created by streptavidin 

binding. Double-layer streptavidin arrays were obtained by replacing the non-biotinylated 

stem-loops on the other side with biotinylated ones. The AFM image in Figure 3.3 (D) 

shows the formation of the double-layer protein array, demonstrating the 

programmability of DNA nanostructures templated protein display. Since streptavidin is 

tetravalent (capable of binding four biotin molecules), the concentrations of TX 

nanostructure templates and streptavidin molecules were adjusted to ensure each array 

contained only a single layer of DNA lattice. When lower streptavidin concentrations 
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were pursued, cross-linked superstructures containing one protein layer sandwiched 

between two DNA lattice layers were observed (data not shown).  

 

 

Figure 3.3 AFM images of the DNA-templated protein arrays. A) Streptavidin alone. B) Bare 
TX DNA tile arrays. C) Single-layer streptavidin array. D) Double-layer streptavidin array. 

 

One potential application of DNA nanotechnology is the use of self-assembled 

DNA lattices as scaffold for assembly of nanoelectronic components, especially metallic 

nanoparticles. We further demonstrated linear TX arrays templated assembly of 
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streptavidin-conjugated 5-nm gold particles (AuNPs) where the gold particles could be 

precisely positioned along the side of the self-assembled DNA array.  

 

 

Figure 3.4: SEM images of the DNA-templated streptavidin-nanogold arrays, scale bars: 50 
nm. A) Streptavidin-gold alone. B) Bare TX DNA arrays. C) Single-layer streptavidin-gold 
arrays. D) Double-layer streptavidin-gold arrays. 

 

Panel C and D of Figure 3.4 are scanning electron microscopy (SEM) images 

showing the TX array templated self-assembly of single-layer and double-layer 

streptavidin-AuNP nanoarrays. These assemblies can be compared to the SEM images of 

randomly distributed streptavidin-conjugated gold nanoparticles (Figure 3.4 (A)) and bare 

TX DNA assemblies (Figure 3.4 (B)). The distance between adjacent gold particles in the 

single-layer and double-layer arrays is ~17 nm, which matches the predicted distance. We 

note that the average length of observed linear arrays incorporating gold nanoparticles is 
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far less than that of streptavidin arrays created without gold conjugation. Possible 

explanations for this include: repulsion between neighboring gold nanoparticles that carry 

static electrical charges; decreased biotin-streptavidin binding strength following gold 

conjugation; and steric constraints due to the additional mass created by the attached 

AuNPs. Further experiments will be required in order to differentiate between these 

possible mechanisms. 

3.3.2 TX templated display of thrombin molecules  

Thrombin is a multifunctional serine protease that recognizes multiple 

macromolecular substrates and plays a key role in both coagulation and anticoagulation. 

To demonstrate aptamer-directed target protein assembly, we chose the well-

characterized thrombin-binding aptamer (TBA), which is a 15-base DNA aptamer with a 

consensus sequence of “GGTTGGTGTGGTTGG”. It folds into a unimolecular guanine 

quadruplex and binds thrombin with nanomolar affinity [76].  

Figure 3.5 illustrates the use of the TX tile lattice as the template to organize the 

thrombin aptamers and the subsequent binding of proteins into periodic arrays. The TX 

tile shown is similar to the one used for streptavidin binding as described in previous 

section, except that the stem-loops were slightly modified: one protrudes outward in the 

plane of the tile and contains the aptamer sequence (in red) at the end of the stem while  

the other loop without aptamer sequence serves as a control. The length of the stem is 

arbitrary and can be adjusted as needed to place the target-binding aptamers in the desired 

positions and rotational orientations.  
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Figure 3.5: Aptamer-directed self-assembly of thrombin protein on a triple crossover DNA 
tile (picture adapted from [52]). a) DNA strand structure and sequence used for the self-
assembly. The red strand contains the thrombin-binding aptamer sequence, which is illustrated as 
a G-quadruplex structure; b) the TX tiles self-assemble into linear DNA nanoarrays, in which the 
spacing between adjacent aptamer loops corresponds to five helical DNA turns: 17 nm; c) 
binding of thrombin (green spheres) to aptamers on the linear array leads to linear protein arrays; 
d) 3D rendering of the aptamer-directed self-assembly of the protein array. 
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Figure 3.6: AFM images of the aptamer-directed self-assembly of thrombin protein linear 
arrays. A) 1D TX tile array with aptamer sequences prior to thrombin protein binding; B)& C) 
AFM images after binding of thrombin to the TX array; brighter spots correspond to thrombin 
proteins. 

 

The dimensions of the three components used in this study are summarized below: 

The TX tile is about 4 nm wide and has a periodicity of about 17 nm in the long axes. 

The DNA aptamer stem loop is approximately 2 nm in helical diameter. A stem of 9 bp 

(~3 nm) is included to allow enough space for the thrombin to bind the aptamer. 

Thrombin has a molecular weight of 37 kDa and a spherical diameter of about 3 nm [77].  

Other larger target macromolecules could also be accommodated onto the lattice by 

varying the dimension of the tiles and the length of the stems. The TX tile self-assembles 

in 1xTAE/Mg2+ buffer into a linear array of TBA units with a periodic distance of 17 nm 

between two adjacent aptamers (Figure 3.5). Following formation of the 1D TX array and 

sequential binding of thrombin molecules, the samples were examined by AFM. With its 

diameter of 3 nm, thrombin bound to the aptamer sequences generated topographical 

features on the mica surface that were higher than those of bare TX arrays; These were 

observed as regularly spaced brighter spots near the aptamer locations. The AFM images  
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in Figure 3.6 clearly demonstrate the regular spacing of the thrombin molecules, with an 

average distance measured between pairs of adjacent thrombin molecules to be about 

18.1 nm (Figure 3.7). Further AFM profile measurements also showed that thrombin  

 

 

Figure 3.7: Profile analysis of TX tile displayed thrombin array (adapted from [51]). Lines 
and numbers in the image correspond to the cross sections of the image shown in profiles 1 to 6. 
The periodicity of the protein molecules in the array is clearly shown (lateral distance 17-19 
nm). The parallel pairing of the TX linear arrays show protein molecules sandwiched in between 
that are higher (2.5-3 nm), than the DNA tiles ( 1.7 nm). Profile 6 clearly shows two loosely 
bound thrombin molecules resolved by AFM. The average distance between the linear DNA 
arrays is 22 nm. 
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molecules had an average height of 2.7 nm (Figure 3.7) in comparison with a height of 

1.7 nm measured across the DNA segment on the array. This further confirmed that the 

periodic bumps in the lattice were a result from the binding of thrombin to the DNA tiles.  

Interestingly, upon binding of thrombin, the TX linear array had a tendency to 

form a parallel pair with the proteins sandwiched inside. One possible explanation is that 

each protein molecule binds two aptamers which brings two opposing TX tiles together. 

A second possibility is that the protein dimerizes under the experimental conditions, and 

each monomer in the dimer binds with an aptamer on the opposite side of the TX tiles, 

thus creating the parallel pair of the TX linear arrays. Liu et al. further studied this 

phenomena and concluded that the latter explanation was most relevant [52].   

3.3.3 TX templated display of scFv molecules  

3.3.3.1 Phage-based scFv selection against a DNA aptamer target 

Our laboratory has previously constructed and validated a number of M13 phage 

displayed scFv libraries. These libraries are typically generated by combinatorial 

reassortment of heavy and light chain variable domains derived by reverse transcription-

PCR of mRNA isolated from antibody-producing cells from immunized animals[78]. 

Thus, the resulting libraries comprise a small fraction of recombinant clones that are 

reactive against the immunogens that were used to elicit an immune response (the 

“specific” component) and a much larger fraction of clones that do not recognize the 

eliciting immunogens (collectively comprising the “naïve” component of the library).   
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The naïve component represents a population of novel antibodies that, if sufficiently 

large, will by chance contain clones that bind almost any molecule.  This property of 

naïve antibody phage display libraries is particularly useful in the derivation of antibodies 

against molecules that are poor immunogens, such as nucleic acids discussed here.  

In order to identify the proposed scFv-aptamer pair, development can proceed in 

two ways. First, existing antibody clones can be used as targets for screening nucleic acid 

aptamer libraries. This approach has been used previously to isolate RNA aptamers that 

recognize specific polyclonal and monoclonal antibodies directed against peptide 

epitopes [79-83]. Alternatively, a given nucleic acid stem loop structure may be used as a 

target for screening scFv libraries. In contrast to RNA aptamers, which are easily 

prepared on a library scale as single stranded molecules by T7 RNA polymerase 

transcription, DNA aptamers require additional steps to generate single stranded 

molecules. Therefore, we chose the alternative strategy of using an engineered DNA stem 

loop “aptamer” as a target for screening our scFv phage display libraries. 

The experiments described herein utilized a DNA hairpin structure with 22 

nucleotides (GGATCCTGGTGGAGCAGGATCC), which was predicted to form a stem 

with 8 base-pairs and a loop region containing 6 nucleotides (Figure 3.8). For phage 

selection, the DNA was biotinylated at the 5’ end, immobilized on streptavidin magnetic 

beads and then incubated with several scFv libraries in which each recombinant antibody 

fragment was displayed as a capsid protein fusion on the surface of a rescued phagemid 

particle (Figure 3.8). Phagemid particles displaying scFvs specific for the target DNA  
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remained attached to the DNA-streptavidin beads and were recovered by magnetic 

separation. Bound phagemids were recovered by direct infection of E.coli cells, and then  

  

Figure 3.8: Schematic depictions of an aptamer and an scFv-phage.  A) Target DNA aptamer 
sequence and secondary structure showing site of biotin functionalization for oligonucleotides 
used in selections.  B) Phage coat proteins and site of single-chain antibody (scFv) attachment for 
the scFv phage display system. 
 

amplified in the presence of selective media and rescued by superinfection with helper 

phage M13K07 (New England Biolabs). Rescued phagemid populations were used as 

input for the next round of selection. A total of four rounds of selection were carried out. 

Rescued phagemid particles obtained after each round of panning were then tested in a 

polyclonal phage ELISA to determine whether enrichment for binders had taken place 

with each successive selection step. As Figure 3.9 shows, significant enrichment for  
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aptamer-binding clones occurred by round 3 of screening. At the same time no 

appreciable enrichment for clones that bind to the milk proteins used in the blocking 

solution could be detected, indicating that the selection was specific for the aptamer 

molecule. 

Figure 3.9: Iterative selection for antibody/phage clones against target DNA aptamer.  (Left) 
ELISA results for phage pools from each of four rounds of selection (R1-R4) and starting pool 
(R0) for binding to target DNA. Bound phage were detected with an anti-M13 phage antibody 
conjugated to HRP. MPBS data correspond to negative control binding to milk/PBS blanks.  
(Right) Results of individual clone-specific binding to target DNA aptamer. Only clones with 
positive results are shown (out of a total of 80 clones from round 3 and 40 clones from round 4 
tested). Clone F4 from round 3 was chosen for production, purification, and further testing. 
 

Rescued phage particles obtained after selection rounds 3 and 4 showed an 

increase in ELISA signals upon serial dilution of the phage particles, further indicating 

that this was a dose-dependent, target-specific reaction (data not shown). No reactivity 

with unrelated antigens was discernible, indicating that improved binding to the target 

with each round of panning was due to specific enrichment and not caused by an increase 

in "stickiness" or phage titer.  
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Individual phage clones from these two pools were further characterized (Figure 

3.9). Using an ELISA absorbance of greater than 3 times the control signal as the 

criterion for positive binding, four clones were found to be DNA target specific from 

eighty clones picked randomly after selection round 3. After round 4, 26 out of 40 were 

DNA target specific. DNA fingerprinting demonstrated that at least four different scFv 

sequences were represented in the four positive “round 3” clones, and 2 different scFv 

sequences were represented in the twenty-six positive “round 4” clones. The decrease in 

clonal diversity is commonly seen during increasing cycles of selection and likely reflects 

the enrichment of the most “successful” clones. However, success in phage enrichment 

does not necessarily reflect binding affinity; therefore, the increased diversity of clones in 

round 3 provides a richer source of clones with potential for useful properties in terms of 

aptamer binding. 

Several positive single clones from selection rounds 3 and 4 were analyzed via 

ELISA with serial dilution, confirming that binding was specific and occurred in a dose-

dependent fashion (data not shown). In addition, scFv clone F4 was expressed and 

purified using the RPAS purification module (GE-Amersham). The binding between 

purified scFv F4 and the DNA target was validated by ELISA (data not shown), 

confirming that the purified recombinant antibody retained specificity for the DNA target.  

3.3.3.2 DNA nanostructure self-assembly 

Significant prior work has been published regarding self-assembled DNA 

nanostructures[31, 56-58]. In brief, the process begins with chemical synthesis of 



 

 

58

engineered single-stranded DNA oligonucleotides, which, due to specific base-pairing 

can further assemble into branched elements, known as tiles. These DNA tiles can carry 

sticky ends, which can preferentially match the sticky ends of other tiles to promote the 

assembly of higher-ordered lattice structures.  

 

 

Figure 3.10: Schematic drawings of scFv antibodies binding to aptamers displayed on 
different DNA nanostructures.  A) TX tiles strand trace diagrams with aptamer on one side (left) 
or both sides (right) and example three tile linear assemblies where aptamers are represented as 
black dots and scFv protein molecules are shown as yellow circles.  B) Cross-tile strand trace 
drawings and schematics of two-tile-by-two-tile (2x2) arrays with aptamers and antibodies as 
above. 
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In order to demonstrate the binding between the DNA aptamer target and the 

selected scFvs, triple crossover (TX) tile lattices and 2x2 cross-tile arrays containing the 

appended DNA aptamers were prepared. Figure 3.2 illustrates the design of TX tiles and 

2x2 cross-tile arrays and the modification by the target DNA sequence. The TX tile has 

been discussed in previous chapter. It consists of seven oligonucleotides hybridized to 

form three double-helices lying in a plane and linked by strand exchange at four 

immobile crossover points. To template the assembly of selected scFv molecules, the 

hairpin loops were modified to incorporate the specific DNA target sequence. Figure 3.10 

(a) left panel is a TX tile containing one stem-loop protruding out of the upper helix 

while shown in the right panel is a TX tile with modifications of both stem-loops. A 

linear array of the TX molecules can be obtained by designing three pairs of sticky ends 

where their complementarity is represented by matching color and geometric shape. Once 

the array forms, the space between neighboring stem-loops remains constant at about 

17nm.  

The 2x2 is a small 2-D lattice containing four cross-tile structures. Each cross tile 

contains nine strands forming four four-arm DNA branched-junctions pointing in four 

directions (North, South, East, and West in the tile plane). The target DNA aptamer 

sequence was incorporated into one of the arm strands of the A tiles and was displayed as 

a protruding stem-loop (shown as blue dots in Figure 3.10 (b)). The binding of scFv 

molecules to these different templates is represented by the presence of yellow circles. As 

confirmed by AFM, the stem-loop incorporation has no effect on the formation of DNA 

nanostructures or on the stability of the formed structures (see Chapter 2). 
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3.3.3.3 DNA templated scFv display 

All the DNA nanostructures were constructed at a concentration of 0.5 μM and 

the concentration of purified scFv was estimated by protein BCA assay to be ~300 μg/ml, 

which corresponded to about 10 μM. 1 μl of DNA sample was incubated together with 

1ul scFv sample in TEN binding buffer. After overnight incubation, sample was checked 

by AFM. Figure 3.11 (a) shows an AFM image of a sample containing only purified scFv, 

which are randomly distributed on the surface. Figure 3.11 (b) shows an AFM image of 

the bare TX linear DNA array. The length of each hairpin loop is about 2.7 nm (8 base 

pairs) and is not resolved due to the well-known limitation of the lateral resolution of 

AFM. However, the binding of 6 nm scFv to each hairpin loop dramatically enhances its 

visibility by AFM. Figure 3.11 (c) shows an AFM image of the TX-templated single-

layer streptavidin linear arrays, where only one side in each TX tile is modified with 

target DNA. The scFv molecules appear periodically on one side of the array. The 

measured distance between each adjacent scFv molecules is around 17 nm, matching the 

designed distance between adjacent repeating hairpin loops along the linear TX arrays. 

Double layer scFv linear arrays were also obtained by replacing only one strand in the 

first template to incorporate DNA groups on both hairpin loops. The AFM image in 

Figure 3.11 (d) shows the formation of the double-layer protein linear array.  

Interestingly, by varying the concentration of scFv used, several other binding 

patterns can also be detected. When DNA is in excess amount, cross-linked DNA linear 

arrays with the scFv molecules sandwiched inside can be seen (Figure 3.12 (A)& (B). For 

double-side modified TX tiles, formation of multiple parallel arrays is apparent, via the 
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connection provided by scFv (Figure 3.12 (C)& (D)). A likely explanation for these 

higher-order structures is that a significant proportion of the scFvs exist as dimeric or 

possibly tetrameric molecules that can bind two or more DNA aptamer targets on the TX 

 

Figure 3.11: AFM images of the scFv antibodies binding to aptamers on TX tile linear 
assemblies.  A) scFv protein alone (0.5μM) with dimer and tetramer species visible.  B) Bare TX 
DNA tile linear assemblies (1μM) with one-side aptamer modification. C) Single layer scFv 
(white spots) templated on TX tile arrays with one-side aptamer display. D) Double layer scFv 
templated on TX linear arrays with two-side aptamer modification. 
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tile surfaces. Careful AFM examination confirmed that the majority of purified F4 scFvs 

existed as dimers and tetramers (Figure 3.11 (a)). However, due to steric hindrance 

effects, usually no more than two DNA stem loops can bind to each multimerized scFv. 

Based on the same principles, a variety of binding patterns between the 2x2 arrays and 

the scFvs can be detected, as illustrated in Figure 3.13.  

Overall, we demonstrate for the first time the use of aptamer-specific scFvs 

binding to periodic aptamers sites within self-assembled DNA nanostructures as a robust 

platform for grafting user-defined proteins at precise locations within nanoscale 

molecular assemblages. The system employs three components: 1) a rationally designed 

DNA nanostructure that can self-assemble into highly ordered spatial lattices by virtue of 

specific annealing of complementary sticky ends; 2) a DNA-docking site containing an 

aptamer sequence which tethers the protein of interest to the DNA lattice; and 3) scFv 

molecules that bind specifically to the DNA aptamers. In theory, the phage-based 

selection technique should enable the discovery of many more aptamer/scFv pairs, which 

will facilitate multiple scFv display. A further enhancement of the platform will involve 

protein engineering, perhaps as scFv fusions or affinity pairs, to enable grafting of 

essentially any effector protein at precise locations within the nanoscale molecular array. 
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Figure 3.12: AFM images demonstrating assembly of mixed component biomolecular nano-
lattices with integral protein and DNA structural members. (A & B) Ladder-like structures 
formed from TX DNA tile legs and scFv protein dimer rungs. (C & D) Larger scale DNA/protein 
lattices showing some longer-range order. 
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Figure 3.13: AFM images of 2x2 arrays and scFv antibody binding.  A) Bare 2x2 arrays of 
DNA cross-tiles.  B) Single-chain antibodies (white spots) show bound to DNA cross-tiles and in 
dimeric and tetrameric forms. C) shown acting as cross-linkers between different 2x2 arrays. 

 

3.4 Conclusion    

Given that many nanodevices would ideally incorporate protein modules that can 

act as motors, sensors, binding sites, and catalysts, the ability to graft proteins onto DNA-

based nanostructures is of tremendous practical advantage. This chapter described our 

efforts to find better solutions for grafting proteins, and showed we were able to use self-

assembled DNA nanostructures to precisely control the spatial location of streptavidin, 

streptavidin-AuNP conjugates, thrombin and selected scFv molecules.  

The organization of streptavidin-conjugated gold nanoparticles into periodic 

arrays templated by DNA nanostructures provides a convenient way to construct multiple 

nanoparticle arrays for electrical measurements. It may also find applications in 

constructing logical molecular electronic devices such as quantum cellular automata, or 

serve as interconnects between other nanoelectronic and molecular electronic 

components by providing uniformly sized gaps between adjacent gold nanoparticles.  
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We also demonstrated the first use of selective DNA aptamer binding as a robust 

platform to link proteins to periodic sites of a self-assembled DNA array. This work is an 

important step towards building DNA-protein multiplex system and can serve as a future 

foundation for biocatalytic networks, drug discovery or ultrasensitive detection systems.  

We further described a general approach for engineering self-assembling protein–

DNA nanostructures using recombinant antibodies to graft active proteins onto DNA-

based nanodevices. Self-assembly is a process by which higher order structures form 

spontaneously through self-interacting surfaces present on modular building blocks. The 

processes are abundantly known for proteins, nucleic acids, lipids, and synthetic 

molecules.[3, 84-90]  Although natural protein assemblages can be highly complex, the 

rules for molecular recognition that control protein self-assembly are not well understood 

and cannot be readily harnessed. This is in contrast to amphiphilic lipids and base-pairing 

nucleic acids, for which the rules of self-assembly are understood sufficiently to support 

engineering of customized structures. DNA-based nanostructures in particular have the 

advantage of fully addressable tile-based modules that can be precisely engineered to 

form repetitive or discreet structures. Given that many nanodevices would ideally also 

incorporate protein modules that can act as motors, sensors, binding sites, and catalysts, 

the ability to graft proteins onto DNA-based nanostructures is of tremendous practical 

advantage. The technology described herein provides a means of protein-DNA grafting  

by development of customized antibody fragments that bind to defined DNA structures.  

Different DNA structures can be precisely displayed at nanoscale resolution, and 

antibody adaptors can be developed that can graft proteins onto these different DNA 



 

 

66

structures. Thus, the technology enables positioning of a variety of functional protein 

modules at user-defined locations across multiple surfaces of DNA-based nanostructures. 

Although the scFv modules developed herein have no intrinsic mechanical, 

sensory, or catalytic capabilities, existing protein engineering technologies are 

sufficiently robust to support coupling of the scFv modules to active protein moieties.  

Examples include recombinant protein fusion, chemical coupling, affinity coupling (for 

example, biotin-avidin assembly), and the use of bispecific diabodies. The latter 

technology entails the recombinant joining of two separately derived scFvs to form a 

single chain dimeric antibody (diabody) consisting of two different heavy chain and two 

different light chain variable fragments.[91-93].  The advantage of using diabodies is that 

most scFvs can be re-engineered in modular fashion to be incorporated into bispecific 

diabodies.  Such diabodies would then be able to mediate assembly of a specific active 

protein module onto a precise location on a DNA-based nanostructure.  Ongoing work in 

our laboratory is investigating the use of bispecific diabodies for protein engraftment. 

A strategic advantage of employing protein modules within DNA-based 

nanostructures is that the protein modules can be resupplied or “reprogrammed” by either 

recombinant or natural sources at the sites of deployment in blood, cells, or tissues.  The 

self-assembling scFvs or diabodies could be resupplied by capture of endogenous 

proteins, infusion of purified proteins, or by cDNA encoded proteins produced locally by 

gene therapy methods.  The resupplied protein modules do not have to be identical to 

those originally placed on the graft, but may replace the original protein modules with 

new protein modules expressing different functions. Thus, such nanodevices could 
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conceivably be “reprogrammed” after deployment to support revised therapeutic goals.  

We are currently exploring such strategies to develop nanodevices that effectively target 

and regulate biological therapies at sites of disease, while sparing normal tissues from 

therapeutic side effects. 
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4. DNA Based Nanodevice for Multivalent Thrombolytic 
Delivery – the Components 

4.1 Introduction 

After successful demonstration of DNA nanostructure templated self-assembly of 

proteins and nanoparticles, we further explored the possibility of using these DNA 

nanostructures to make packaging and delivery vehicles. This chapter describes some of 

our ongoing efforts to employ self-assembled DNA nanostructures for templating, 

directing and delivering biomolecules of therapeutic importance. In our prototype attempt, 

human tissue plasminogen activator (tPA) and plasminogen (PLG), the two molecules 

that are essential in the thrombolytic pathway, are going to be displayed and delivered. A 

multivalent thrombolytic delivery system is proposed and will be further studied.  

4.1.1 tPA, plasminogen and thrombolytic therapy 

Thrombosis is the formation of a clot or thrombus, which is a structureless mass 

of red blood cells, leukocytes and fibrin, inside a blood vessel. Abnormalities in vessel 

walls, blood constituents, blood flow, and occasionally the coagulation system all 

contribute to thrombus formation [94, 95]. Physiologic thrombus is usually confined to 

the immediate area of injury and is counterbalanced by intrinsic antithrombotic agents 

and physiologic fibrinolysis [96-98]. Under pathological conditions, thrombus can 

propagate into normal vessels, further obstruct flow in critical vessels and interfere with 

valves and other structures that are essential to normal hemodynamic functions. The 

principal clinical syndromes that result are acute myocardial infarction, deep vein 
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thrombosis, pulmonary embolism, acute ischemic stroke, and acute peripheral arterial 

occlusion. These conditions represent serious threats to life and general health of a 

significant population worldwide. 

The growth, migration and dissolution of thrombi depend upon the relative 

contributions of platelet activation, coagulation system activation, anticoagulant system 

operation and fibrinolysis [99-101]. As one effective way to treat thrombosis, 

thrombolytic therapy aims at thrombus dissolution and vascular reperfusion by the use of 

thrombolytic agents delivered locally or systemically. It is sometimes complemented by 

anticoagulation, antiplatelet and mechanical removal strategies [102-105]. Most 

thrombolytic agents are plasminogen activator (PA) based and work by converting the 

enzyme plasminogen to plasmin (PLM), the latter of which can degrade cross-linked 

fibrin mesh and produce the desired beneficial effect of thrombus size reduction [106]. 

Currently six kinds of PAs (each with one or more brands on the market) have been 

approved by the U.S. Food and Drug Administration (FDA) for use in major thrombotic 

diseases: streptokinase, urokinase, alteplase, anistreplase, reteplase and tenecteplase. 

They have been exploited clinically and have been shown to be associated with 

symptomatic improvements in patients with coronary artery thrombosis, peripheral 

arterial occlusions, and thrombosis of the venous system [107-109]. However, with 

administration of therapeutic dosage of PAs, virtually all of the plasma plasminogen is 

converted to plasmin, which overwhelms the neutralizing capacity of plasminogen 

activator inhibitor and as a result, often causes hemorrhagic complications [110]. 

Ineffective delivery and permeation of PAs into clots also limit the thrombolytic effects 
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[111]. Several approaches have been suggested to improve the therapeutic potential of 

PAs, which include: 1) chemical or genetic modifications of PAs to prolong their 

circulation half-life in the bloodstream [112]; 2) conjugation with targeting units to 

facilitate specific binding to fibrin clots [113-115]; and 3) protection from deactivation by 

inhibitors [116]. These strategies have been demonstrated to enhance pharmacologic 

thrombolysis to some extent. 

4.1.2 The technology: self-assembled DNA lattice for targeted delivery of tPA 
and plasminogen 

Our overall research goal here is to employ those strategies discussed above to 

build a novel delivery system with higher thrombolytic efficacy. The intended device 

contains t-PA and plasminogen loaded DNA nanocarrier, which will be guided to the site 

of vascular occlusion via specific targeting units. Such a t-PA delivery system will 

conveniently combine the advantages of the non-invasiveness of nano-sized delivery 

vehicle and the clot binding specificity of the targeting module. The focus of our 

discussion in this chapter will be the three fundamental and interrelated bioengineering 

steps: the development of well-characterized, biocompatible and functionally active 

nanocarriers; the incorporation of tPA, plasminogen and clot targeting units for more 

effective thrombolysis; and the research of a proper scheme for triggered release of the 

thrombolytic agents on the clot surface.  
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Figure 4.1: Schematic view of the modular nanodelivery system. 

As illustrated in Figure 4.1, our intended device will employ four modular 

components. Module I is a series of engineered nanoscale DNA lattices which can be 

modified by appending hairpin (stem-loop aptamer) structures (module II) with pre-

designed lattice spacing and binding specificities. Some of the hairpins will act as 

docking sites for binding of module III bi-specific single chain diabodies (bs-scDb), 

which will be constructed through recombinant fusion of two separately isolated scFvs, 

one designed to selectively bind to the hairpin region of the DNA lattices while the other 

to the target protein molecules (module IV). Initially, two scDbs will be developed: 

scDb1 to provide binding pockets for aptamer 1 and tPA, and scDb2 to bridge aptamer 2 

and plasminogen. Subsequently, scDbs against other PAs will be developed. We propose 

to leave the scDb binding pockets for plasminogen unoccupied and hypothesize that they 

will be able recruit plasminogen molecules pre-existing in the circulation system. The 

lattice will also be decorated with another group of appending hairpins (module II facing 
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downwards) that have clot binding specificity. All the components will be synthesized, 

purified and validated separately, and the whole device will then be assembled in a 

bottom-up self-assembly fashion. We posit that the proposed DNA nanodevice with its 

cargos will achieve greater therapeutic efficacy by: 1) markedly prolonging the 

circulation time of PAs; 2) targeting fibrin clots specifically; and 3) recruiting PAs and 

plasminogen in plasma and forming an active fibrinolytic center both on the clot surfaces 

and inside the clots. The programmable and expandable nature of the DNA lattice also 

allows for further modifications such as incorporation of other molecules for targeting, 

imaging and therapeutic purposes.  

4.2 Experimental 

As discussed previously, the proposed device consists of four components, and 

each of them will be synthesized, purified and validated separately. The whole device 

will then be assembled through bottom-up self-assembly. This section will discuss how 

each individual component is identified and validated.  

4.2.1 Design and characterization of the DNA substrate for the nanodevice – 
modified DNA nanotrack 

Detailed procedure for construction and experimental validation of regular 

nanotrack can be found in Chapter 3. Several changes were made here to accommodate 

our specific needs. First, the central strands of A and B tiles were broken into two 

segments, which were named A9-5’, A9-3’ and B9-5’, B9-3’ accordingly; secondly, sequences 

corresponding to the aptamer targets (aptamer 1 and aptamer 2) were added to the 5’ end 
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of A9-3’ and B9-3’, which formed additional hairpins and were later used as docking sites 

for the bsDbs to bind (Figure 4.2). These two aptamers were adopted from previous 

publications [117] and their sequences are summarized in Table 4.1. 

Table 4.1: Aptamer targets used in phage scFv selection. 

 

Aptamer 1 has been used as a target in our previous phage based scFv selection as 

described in Chapter 3. Complete sequences of all the strands used in nanotrack 

construction can be found in “Appendix B”. All strands were synthesized by IDT and 

PAGE purified in the lab. Annealing and AFM visualization were done as described 

before.  

4.2.2 Selection of aptamer binding scFvs  

Selection of scFvs against aptamer target 2 was carried out in the same fashion as 

described in selection against aptamer 1 (Chapter 3).  In brief, the target aptamer was 

biotinylated at its 5’end and immobilized on streptavidin beads during the selection. After 

washing steps with increasing stringency in each around, bound phages displaying the 

potentially positive scFvs were further amplified and recovered for the next round of  

selection. Figure 4.3 is a schematic illustration of the whole selection process.  
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Figure 4.2: Schematic diagram of NT-A and NT-B tile with nicked central strands. A) NT-A 
tile with aptamer 1 as 5’ end appending hairpin of strand A9-3’. B) NT-B tile with aptamer 2 as 
5’ end appending hairpin of strand B9-3’. 
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4.2.3 Selection of tPA and plasminogen binding scFvs  

Human tPA and plasminogen were kindly provided by Dr. Salvatore Pizzo. tPA 

was reconstituted in 1 M KHCO3  to a final concentration of 100 μg/ml. Plasminogen was 

reconstituted with 1X PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.47 mM 

KH2PO4) to a final concentration of 1 mg/ml. Subsequent dilutions were made with 1 X 

PBS with 1% Bovine Serum Albumin (BSA).  

The same phage library as described in Chapter 3 was used in the selection of 

scFvs against tPA and plasminogen. Immunotubes (Nunc Maxisorp, Thermo Fisher 

Scientific, Rochester, NY) were coated with 1 ml tPA, plasminogen or plasmin (100 

μg/ml) at 4°C overnight. After blocking with 2% MPBS for 1 h at 37°C and washing with 

1XPBS, 1012 plague forming unit (pfu) phage particles in 2 ml 2% MPBS were added and 

allowed to bind for 2 h with gentle rotating at 37°C. For selection of plasminogen binding 

scFvs, those input phage particles were first pre-cleared against a plasmin-coated 

immunotube for 1 h. Unbound phages in solution were then removed and applied to the 

plasminogen coated tube. The tube was washed with PBS / 0.1% Tween-20 (PBST) and 

PBS (three times each for round 1, five times each for round 2, and ten times each for 

subsequent rounds). Bound phages were then eluted and amplified by infecting fresh E. 

coli TG-1 cells, and phage particles were rescued as described in Chapter 3.  

4.2.4 Binding properties assay by ELISA 

Costar high-binding microtiter plate wells (#3590, Corning Inc., Lowell, MA) 

were coated with 100 µL tPA or plasminogen at 50 µg/ml. After overnight incubation at 
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4℃, plate well surface was blocked with 2% MPBS for 1 h at room temperature. 

Phagemid suspension containing 1012 phagemid particles in 2% MPBS was then added 

and allowed to bind for another 1 h. After ten washes with PBST followed by three 

washes with PBS, bound phagemid particles were detected by peroxidase-conjugated 

anti-M13 antibodies (1:5000 dilution in MPBS, # 27-9421-01, GE Healthcare Corp., 

Piscataway, NJ), which yielded a water soluble yellow-orange product when reacted with 

OPD substrate (# 34005, Pierce Inc., Rockford, IL). The maximum absorbance value at 

490 nm was measured using a THERMOmax microplate reader (Molecular Devices, 

Sunnyvale, CA). 

4.2.5 tPA and plasminogen chromogenic assay 

tPA chromogenic substrate was purchased from Sigma-Aldrich (T2943, Sigma-

Aldrich, St. Louis, MO) and reconstituted to 2 mM in distilled water. tPA was prepared 

as described previously. The reaction was performed in triplicate in multi-well plate with 

the following conditions: 128 μl chromogenic buffer (30 mM Tris.HCl, 30 mM imidazole, 

130 mM NaCl, pH 8.4), 2 μl tPA and 20 μl tPA chromogenic substrate. The reaction 

solution was mixed by quick inversion and absorbance was measured at 405 nm. The 

change of absorbance value versus time (△A/min) was plotted for the first two hours at a 

5-minute interval. Activity was determined according to the calculation method 

suggested by the manufacture (sc-tPA has a km of 0.286 mM and an observed Vmax of 

6.95 nmol/μg of tPA/min).  
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4.2.6 Production and purification of soluble scFv antibodies  

Soluble scFv antibodies were initially produced in E.coli strain HB2151 as 

described in Chapter 3. In order to achieve higher expression levels and obtain purified 

scFvs that are free of LPS contamination, we further shuttled those selected scFvs into an 

expression vector for production in the Drosophila melanogaster cell Schneider 2 (S2).  

The expression vectors were built based on the vector pMT/V5-His C from 

Invitrogen, Carlsbad, California (Appendix B). This vector contains the Drosophila 

metallothionein promoter and the Drosophila BiP secretion signal, which allow metal-

inducible expression of secreted recombinant proteins. The vector also contains C-

terminal peptides encoding the V5 epitope and polyhistidine (6X His) tag for detection 

and purification of recombinant protein. An ampicillin resistance gene is present in the 

vector as well. Production of stable transfectants requires the co-transfection of a plasmid 

with a selectable marker such as pCoBlast with the blasticidin resistance gene. We 

replaced the multiple coding region originally provided in the vector for cloning the gene 

of interest with sequences allowing the Gateway recombination cloning method (for 

sequence, see “Appendix B”). The cloning proceeded with the following steps. 

4.2.6.1 PCR amplification of scFv inserts  

The scFvs to be shuttled were first amplified by PCR. Phagemid DNA from  

mini-prep (Spin Miniprep Kit, #27104, Qiagen, Valencia, CA) of 3ml overnight 

2xYT/AG (for recipe, see “Appendix A”) culture was used as template. PCR reactions 

with GW primers were set up as follows:  
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10 ng phagemid template 

1.0 μl 10 mM dNTP mix 

5.0 μl 10X PCR buffer 

2.0 μl 50 mM MgCl2 

1.0 μl GW_Fwd primer (10 μM) 

1.0 μl GW_Rev primer (10 μM) 

1.0 μl Taq 

XX μl dH20 (bring total volume to 50 μl) 

Cycle reactions were as follows: 

1 cycle of 95℃ for 2 minutes; 

30 cycles of 95℃ for 30 seconds, 55℃ for 30 seconds, 72℃ for 1 minute; 

1 cycle of 72 ℃ for 30 minutes 

Hold at 4℃ 

20 μl of the PCR products were run on a 2% agarose gel and bands corresponding 

to the amplified scFv inserts were cut out and further purified using GeneClean Kit (Q-

BIOgene, Inc. Carlsbad, CA).  

4.2.6.2 TOPO TA Cloning scFv inserts into Gateway entry vector 

Gateway entry vector pcDNA™3.1/V5-His TOPO® TA Expression Kit was 

purchased from Invitrogen (K480001, Invitrogen, Carlsbad, California). An aliquot of the 

Gene Cleaned scFv fragments was used to set up TOPO cloning reaction as follows: 

3 μl of scFv product 
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1 μl of salt solution (provided in Topo cloning kit; stored at –20℃) 

1 μl of dH20 

1 μl of TOPO vector (also stored at –20℃) 

After incubation at room temperature for 30 minutes, 2 μl of this reaction was 

transformed into TOP10 chemically competent cells, using the conventional ice-heat-

shock method detailed in the manual (#C4040-03, Invitrogen, Carlsbad, California). Cells 

were then plated on LB-spectinomycin (100 μg/ml spectinomycin) plates and allowed to 

grow at 37℃ overnight. 8 colonies were further picked and grew to 5ml cultures in LB-

spectinomycin at 37℃. Plasmids were obtained by Qiagen spin mini-prep kit. Double 

digestion of the mini-prep DNA with EcoRV and NotI (both from NEB, Inc., Ipswich, 

MA) was carried out to verify the proper orientation of the insert (Insert in the right 

orientation gives a band of approximately 175 bp while one in the opposite direction 

gives an insert band of about 900 bp.). Stock culture of clones in the right orientation was 

frozen in dry ice/EtOH bath and kept at -80℃ for long term storage.  

4.2.6.3 Clonase recombination into destination vector 

For each selected entry clone, recombination reaction was set up as follows:  

150 ng of entry clone plasmid DNA (approx. 1 μl of mini-prep solution) 

150 ng of destination vector (1 μl of pMTBiPGW+avi vector working solution) 

TE buffer (pH 8.0) to 8 μl  

2ul of LR Clonase II enzyme mix (#11791-020, Invitrogen, Carlsbad, California) 

The reactions were incubated at room temperature for 1 hour before 1 μl of 
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Proteinase K solution (#25530-015, Invitrogen, Carlsbad, California) was added. After 

another incubation of 10 minutes at 37℃, 1 ul of the reaction mix was transformed into 

TOP10 cells following manufacture’s instructions (#C4040-03, Invitrogen, Carlsbad, 

California) and 50 μl of reactions was plated on LB-Amp plates.  

Two colonies per plate were picked up the next day and 5 ml mini-prep cultures 

in LB-Amp were prepared. Separate digests of each clone with NotI and SacI (both from 

NEB) were used to verify plasmid structure. Not I should produce linear plasmids, while 

Sac I should produce two bands by cutting once in the linker region of the clone 

containing the scFv insert and once in the vector at the 3’ region flanking the insert.  

4.2.7 Transfection of S2 cells using Cellfectin 

For transient transfection, the following solutions were prepared: Solution A, 

dilute 2 µg of plasmid DNA into Sf-900 II medium to a total volume of 100 µl; Solution 

B, mix 5 µl of Cellfectin with 95 µl of Sf-900 II medium. For stable transfection, the 

following solutions were prepared: Solution A, dilute 5 µg of plasmid DNA and 0.25 µg 

of pCoBlast into a total of 2500 µl Sf-900 II medium; Solution B: mix 25 µl of Cellfectin 

with 225 µl of Sf-900 II medium. Transfection of S2 cells was carried out according to 

the manufacture’s instructions (#10362-010, Invitrogen, Carlsbad, California). 

4.2.8 Western blot analysis using the Odyssey Infrared Imaging System 

The Odyssey Infrared Imaging System was purchased from LI-COR Biosciences 

(Lincoln, Nebraska). SDS-PAGE and western blot were carried out according to the 
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manufacture’s instructions. Pre-stained blue protein size markers (Precision Plus Protein 

Standards, Bio-Rad) were used on the SDS-PAGE. The blue marker bands can be 

visualized by the Odyssey Infrared Imaging System as orange in the 700 nm window. 

Rabbit anti-V5 antibody (primary antibody) was purchased from Sigma-Aldrich (V8137) 

and used in a 1:5000 dilution. Anti-rabbit IgG: IRDye 800 mouse antibody (secondary 

antibody) was purchased from Invitrogen and used in a 1:20000 dilution. Odyssey system 

settings were as follows: 1) preset: membrane, 2) resolution:169 mm, 3) quality: medium, 

4) focus offset: 0.0. Alexa Fluor 680 is detected as orange in the 700 nm window and 

IRDye 800 is detected as green in the 800 nm window. 

4.3 Results and discussion 

4.3.1 Panning HPM phage scFv library for aptamer 2 specific clones 

4.3.1.1 Amplification and titer determination of HPM phage scFv library stocks 

The aim of checking the stock titer is to ensure an adequate representation of the 

diversity of the library, which normally requires a titer that is greater than 1012-1013 

pfu/ml. The complexity of the HPM library used here was estimated to be between 107 

and 108 and the titer of the library was determined to be 1.7x1014, which suited our needs 

perfectly well. 

4.3.1.2 Panning against the aptamer target 

As stated before, two previously identified DNA aptamers targeting C595 and 

chitin were designated as aptamer 1 and 2 in our selection. Aptamer 1 has been used as a 
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target in screening phage scFv libraries in our previous attempt and the results are 

described in detail in Chapter 3.  

Panning against aptamer 2 was performed for a total of three rounds. 

Recombinant phages expressing a library of scFv antibodies on their surfaces were 

produced by helper phage rescue and selectively enriched by panning against biotinylated 

aptamer 2 that was immobilized on streptavidin beads. The whole panning and selection 

process is illustrated in Figure 4.3 and the enrichment of positive clones after each round 

of selection is summarized in Table 4.2.  

 

Table 4.2:Enrichment of phage clones during affinity selection with aptamer 2 

 

Panning 
Round 

Phage 
input 
   (pfu) 

Phage 
output 
    (pfu) 

% 
Bound 
(x 10-4) 

 
Enrichment

 
Binders/Total 
   

Phage retained on the preclearing beads 
0          
1  1012  3.2x108    
2  1012  2.5x108     /  
3 

         
 1012 

  
1.7x108 

 
    

   
        

HPM phage library panning result 
0      
1 1012  6.6x107    
2  1012  3.2x106     /  
3 

    
 1012 

  
2.7x107 

   
   8.4 

           
   42/80 
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Figure 4.3: Schematic diagram of panning against aptamer targets. Panning involves 
immobilizing biotinylated target DNA onto streptavidin beads and then exposing the phagemid 
library to the bound target aptamer to allow phage displaying complementary scFv to the target to 
bind. The non-binding phages are washed away while bound phages are amplified by directly 
adding helper phage and TG-1 cells into the mixture. Iterative rounds of selections result in 
increased number of phages displaying scFvs that bind specifically to the target aptamer.  
 

4.3.1.3 Assessment of scFv binding to aptamer 2 by polyclonal and monoclonal 
phage ELISA  

Phages selected after each round of panning were screened for their ability to bind to the 

biotinylated DNA target. Polyclonal ELISA was performed using pooled phage libraries 

that were recovered after each round of selection. The concentration of the phage 

particles was adjusted to ensure same amount of phage input (from 107 to 1011 
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phages/well). As shown in Figure 4.4, the pool of phage particles before panning showed 

no binding to aptamer 2 at all; while after three rounds of selection, the phage pool had 

significantly enhanced binding signal towards the target. The same test was repeated once 

and a similar result was obtained (data not shown). 

Phage Pool ELISA -- aptamer 2
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Figure 4.4: Polyclonal phage ELISA for pooled phage scFvs. Phages from the starting pool 
and those selected after each round (R1-R3) were amplified and adjusted to a final concentration 
of 1013 pfu/ml. 107-1011 phages were used for each individual ELISA reaction. Different color-
coded bars represent different concentrations of phages used in the tests.  
 

The pool of phages selected after round 3 panning was used to infect TG-1 cells. 

Individual colonies harboring specific phagemid sequences were further amplified and 

tested for their binding to the aptamer target by monoclonal ELISA. As shown in Figure 

4.5, 42 out of 80 (52.5%) of clones tested showed specific binding towards aptamer 2 but 

not to control MPBS coated plate wells (ELISA data of binding towards MPBS not 
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shown here).  In contrast, none of the 94 clones selected randomly from the unpanned 

starting library showed significant binding activity (data not shown). 
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Figure 4.5: Binding of selected phage scFvs to aptamer 2 assessed by monoclonal ELISA.  
 

DNA segments encoding the 21 highest-binding phage clones, as identified by the 

monoclonal ELISA, were PCR amplified using the following primers: pCANTAB5-S1 

and pCANTAB5-S2. The amplified products were then digested with BstNI and Sau3AI 

separately, and analyzed on a 2% agarose gel. Their fingerprinting patterns were 

compared and found to represent at least seven different clones, as shown in Figure 4.6. 

From left to right, the clones were arranged with decreased binding strength towards the 

target and the names of the first eight clones were labeled. Phage particles of these eight 

clones were further purified and used in monoclonal ELISA with serial dilution (we 

failed to obtain data for clone G12 due to some unexpected problems with phage 

recovery). Apart from the original target aptamer 2, binding towards a shortened version 
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of aptamer 2 (aptamer 2-s) and aptamer 1 was also tested (Figure 4.7).  

 

 

Figure 4.6: Fingerprint analysis of anti-aptamer 2 phage scFvs. The amplified scFv fragments 
were digested with the frequent-cutting enzyme BstNI (top panel) at 60℃ or Sau3AI (bottom 
panel) at 37℃ for 2 h. The restriction patterns of samples were analyzed on 2% agarose gels.  
100 bp DNA ladder was used as a marker.  

 

Among the seven phage clones tested, E7 and G9 showed strong binding towards 

aptamer 1, D7, E2 and G9 seemed to bind both aptamer 2 and aptamer 2-s, which left us 

with clone F8, F9, F12 and G11 for further study. Considering that clone F8 and F9 had 

the same enzyme digestion pattern as F12 and G11, which might be indicative of 

identical sequences, we decided to chose F12 and G11 for further studies.  
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Figure 4.7: Single-clone ELISA of anti-aptamer 2 phage scFvs.  1011 phages per well were 
used in the binding assay. Binding towards aptamer 2-s, aptamer 1 and MPBS was also included.  
 

4.3.2 Panning HPM phage scFv library for tPA specific scFv clones 

4.3.2.1 Panning against human tPA 

Phage selections against tPA and plasminogen were carried out in the same 

fashion as selections against aptamer targets. The only difference was that instead of 

using streptavidin beads, immunotubes were employed and surface coated protein was 

used as a target. The process was repeated for three consecutive rounds for tPA selection 

and the resulting phage titers after each round of selection were summarized in Table 4.3. 
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The input, output, and control phage titers were recorded as the number of plague 

forming units per ml. 

Table 4.3: Enrichment of phage binders during affinity selection with tPA. 

 

4.3.2.2 Assessment of scFv binding to tPA by polyclonal and monoclonal phage 
ELISA 

Rescued phagemid particles obtained after each round of panning were tested in a 

polyclonal ELISA to determine whether enrichment for binders had taken place with each 

consecutive selection step. As Figure 4.8 shows, significant enrichment for tPA-binding 

clones has occurred by round 2 of screening. We decided to pick up single clones from 

after this round considering that the pooled ELISA signal did not increase greatly after 

that and we might risk losing clonal diversity after further rounds of selection.  
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Figure 4.8: Iterative selection for phage scFv clones against tPA. ELISA results for starting 
pool (R0) and phage pools after the first two rounds of selection were obtained. A serial dilution 
of phage particles was applied and bound phages were detected with an anti-M13 phage antibody 
conjugated to HRP. 

 

40 clones out of the 96 tested showed positive binding signal during monoclonal 

ELISA test, as shown in Figure 4.9. As a contrast, no clones from selection round 1 (data 

not shown) showed up as positive. These 40 clones might be identical or different, which 

needed to be further verified by DNA fingerprinting.  

As shown in Figure 4.10, four phage clones showed up as positive from selection 

round 2 were purified, titer determined and used for concentration controlled ELISA test, 

which further confirmed that the binding was specific and occurred in a dose-dependent 

fashion. No reactivity with control antigens was detected, indicating that improved 

binding to the target was due to specific enrichment and not caused by an increase in 

"stickiness" or phage titer.  
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Figure 4.9: Specific binding of individual phage scFv towards tPA (I). Only clones with 
positive results are shown here (40 out of a total of 96 clones from round 2). No. 41 indicates 
the level of binding towards MPBS coated surface. Four clones (circled in red) were chosen for 
further validation. 
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Figure 4.10: Specific binding of individual phage scFv towards tPA (II). 107‐1011 phages/well 
was used in the binding assay. Binding strength shows a concentration dependent manner.  
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We amplified the DNA of 20 such confirmed reactive clones through PCR and 

checked them for clonal differences by BstN1 and Sau3AI restriction pattern fingerprint 

(Figure 4.11). Our analysis indicated that digestion patterns of all tested clones were 

similar and it might be possible that they were all identical. Clone D1 did show slightly 

different digestion pattern yet the sequencing results revealed it was exactly the same as 

others. Hence, we concluded that we had selected a single, tPA binding clone that was 

designated as tC4.  

 

 

Figure 4.11: Fingerprint analysis of tPA binding phage scFvs. The amplified scFv fragments 
were digested with the frequent-cutting enzyme BstNI (top panel) at 60℃ and Sau3AI (bottom 
panel) for 2 h. The restriction patterns of samples were analyzed on 2% agarose gels. 100bp DNA 
ladder was used as a marker.  
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4.3.3 Panning HPM phage scFv library for plasminogen specific scFv clones 

Selection of plasminogen binding scFvs was carried out in the same way as tPA 

selection except in round 1 and 2, a plamin counter-selection was introduced to help 

eliminate any clones that might be cross-reactive with plasmin. Phage pool ELISA result 

after selection round 2 was summarized in Figure 4.12.  

 
Figure 4.12: Iterative selection for antibody/phage clones against plasminogen. ELISA 
results for starting pool (R0) and phage pools after the first two rounds of selection were 
obtained. A serial dilution of phage particles was applied and bound phages were detected with 
an anti-M13 phage antibody conjugated to HRP. 

 

Single clones from after selection round 2 were further tested for their target 

binding capacity. 20 out of the 72 tested showed positive signal during monoclonal 

ELISA test, as shown in Figure 4.13. Concurrently, DNA fingerprinting with BstNI and 

Sau3AI was carried out, which indicated at least five different digestion patterns from 

these twenty positive clones (Figure 4.14).  
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Figure 4.13: Monoclonal ELISA to test the specific binding of phage scFvs against  
plasminogen. Only clones with positive results are shown here (20 out of a total of 72 clones 
from round 2). No.21 indicates the level of binding towards MPBS coated surface. Those six 
clones with the highest binding signal were selected for further verification.  
 

Six clones (circled in red in Figure 4.13) shown up as positive were further 

purified, titer determined and used for concentration controlled ELISA tests, which 

further confirmed that the binding was specific and occurred in a dose-dependent manner 

(Figure 4.15). Among these six tested, PB2 and PG1 still showed certain level of binding 

towards plasmin. Combining the results of monoclonal ELISA and the fingerprint 

analysis, we decided to further study clone PA2, PB2 and PD10. PA2 and PB2 showed 

identical sequencing result, which was slightly different from PD10 at certain locations 

(for sequencing result, see Table 4.4). 
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Figure 4.14: Fingerprint analysis of plasminogen binding phage scFvs. The amplified scFv 
fragments were digested with BstNI (top panel) at 60 °C and Sau3AI (bottom panel) for 2 h. The 
restriction patterns of samples were analyzed on 2% agarose gels. 100bp DNA ladder was used as 
a marker. The five clones tested by ELISA are labeled. 
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Figure 4.15: Single-clone ELISA of anti-plasminogen phage scFvs.  1010 phages/well was 
used in the binding assay (binding data of PG11 not included).  
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4.3.4 Characterization of soluble scFvs with binding activity against their 
targets 

4.3.4.1 Production of soluble antibody fragments in Drosophila S2 cells 

Aptamer 1 specific phagemid F4, aptamer 2 specific phagemids cF12, cG11, tPA 

specific phagemids tB2, tC4, tC7, tD1 and plasminogen specific phagemids PA2, PB2, 

PD10 were shuttled into the expression vector for protein production in S2 cells. As 

described in the Experimental section, soluble antibody fragments were produced for 

evaluation of their binding activity towards the targets.  

              

Figure 4.16: Western blot analysis of S2 cell culture supernatant. Left: culture supernantants 
of S2 cells that produced five selected scFvs. The membrane was probed by antibody against V5-
tag; right: serial dilution of F4 containing supernatant, which produces the scFv that binds to 
target aptamer 1. 1D6 is an scFv previously characterized in the lab and works as a positive 
control.  

As confirmed by western blot of S2 cell culture supernatant, all scFvs were 

successfully expressed and secreted into the culture media (Figure 4.16). The primary 

antibody for scFv detection was a monoclonal rabbit anti-V5 antibody and the secondary 
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antibody was a mouse anti-rabbit peroxidase conjugate antibody diluted 1:10,000. 

Identical results were obtained from duplicate cultures.  

The culture media of each individual clone was collected and soluble scFv was 

purified using HisTrap column (GE Healthcare, Piscataway, NJ). Figure 4.17 is a silver-

stained SDS-PAGE gel documenting the elution profile of scFv clone F4 (aptamer 1 

binding). Lane 1 is a fraction of the original culture media input; Lane 2 and 3 are two 

different fractions of the flow-through from the HisTrap column; Lane 4-7 are fractions 

of the eluate, which contain scFv that comes off the column by the imidazole wash. 

These fractions were collected and combined for dialysis and concentration determination. 

The concentration of all purified scFv protein was determined by protein BCA assay 

(Thermal Fisher Scientific, Inc.) and adjusted to 100 µg/ml before usage. 

 

Figure 4.17: Purification of scFvs from S2 culture supernatant as analyzed by SDS-PAGE.  
Lane1: Precision Plus protein strandard; lane 2: starting material, S2 cell culture supernatant; 
Lane 3 and 4: Flow through; Lane 5-8: Eluted scFv-(His)6, dilution 1:10. 10ul of sample and 2ul 
of dye were mixed and loaded in each lane.  

1        2       3       4       5       6      7      8 
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4.3.4.2 Sequencing of selected scFv clones 

Aptamer 1 binding clone F4, aptamer 2 binding clone cG11, cF12, tPA binding 

clone tB2, tC4, tC7, tD1 and plasminogen binding clone PA2, PB2, PD10 were sent for 

sequencing. The gene segment families of VH and VL were identified by a search for 

similarities against sequences in GenBank/EMBL. As shown in Table 4.4, the sequencing 

result indicates that all the tPA binding clones are identical. It also shows that clones that 

have specific binding to the same target such as cG11 and cF12 are closely related. 

Sequence alignment further shows that the heavy chains of clones cG11 and cF12 are 

identical, whereas the light chains have some mutations in framework region 1(FR1) and 

complementarity-determining region (CDR) 1& 3.  

 

Table 4.4: Sequence comparision of target binding clones. 
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4.3.4.3 Binding of soluble scFvs to their targets 

The binding between purified scFv and their targets was further validated by 

ELISA. Figure 4.18 shows the specific binding of purified PB2 against its target 

plasminogen as an example. All the other scFvs were purified, tested and shown to bind 

to their targets as well (data not shown). This further confirmed that the purified 

recombinant antibodies did retain their binding specificity towards their targets.  
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Figure 4.18: Purified scFv PB2 binds specifically to plasminogen. Purified PB2, PB2 
producing stable and transient cell cultures, PBS and control scFv cG11 were added to microtiter 
wells pre-coated with plasminogen, plasmin or MPBS, and bound scFvs or phages were detected 
by ELISA using anti–E tag mAb. Purified PB2 shows specific binding towards plasminogen but 
not plasmin while scFv selected against aptamer 2 doesn’t have any binding activity towards 
plasminogen.  

 

4.3.4.4 Functional validation of selected scFvs 

So far we have identified one tPA binding scFv (tC4) and the binding activity of 

purified scFv was validated. One challenge that remains is to verify that this scFv is non-
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inhibitory and won’t block the normal functionality of tPA. This was confirmed by tPA 

chromogenic assay.  As the chromogenic curve shows in Figure 4.19, upon scFv binding, 

there is no obvious change of tPA’s ability to lyse the chromogenic substrate, which 

confirms that this selected scFv is non-inhibitory towards tPA. 
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Figure 4.19: Characterizations of the lytic activity of tPA upon scFv binding. tPA was mixed 
with substrate in the absence/presence of   purified scFv-tC4 (100 ug/ml). The absorbance value 
created by the lysis of the substrate was plotted against time for the first three minutes.  
 

4.3.5 Panning DNA aptamer library for clots specific aptamers 

In order to identify DNA sequences that can be readily incorporated into the 

lattice system as the specific clot targeting module, we proceeded with DNA aptamer 

library based selection. 

Aptamers are generally discovered using the in vitro selection process referred to 

as SELEX (Systematic Evolution of Ligands by EXponential enrichment). SELEX is an 

iterative process used to identify aptamers to a chosen target from a large pool of nucleic 
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acids. It was first developed in the early 1990's by the Gold group [118]. The process 

begins with the synthesis of a very large oligonucleotide library consisting of randomly 

generated sequences of fixed length flanked by constant 5' and 3' ends that serve as 

primers. For a randomly generated region of length n, the number of possible sequences 

in the library is 4n. The sequences in the library are then exposed to the target ligands. 

Those that do not bind are removed and the bound species are eluted and amplified by 

RT-PCR (RNA aptamer), PCR (DNA aptamer), or recovered using other methods. This 

step prepares the library for subsequent rounds of selection in which the stringency of the 

elution conditions can be increased to help identify the tightest-binding sequences. 

The technique has been used to identify aptamers with extremely high binding 

affinity to a wide variety of target ligands, including small molecules such as ATP [119] 

and adenosine [120], and proteins such as prions [121] and vascular endothelial growth 

factor (VEGF) [122]. Clinical uses of this technique are reviewed by Sullenger et al. and 

Bunka et al. [123, 124]. Our hypothesis here is that aptamers specifically targeting blood 

clots can be discovered using the SELEX technique as well.  

4.3.5.1 Preparation of plasma clot 

Plasma clots were prepared as described in the experimental section. After one 

hour incubation at 37℃, clot surface was washed with fibrin buffer for at least three times. 

A brief centrifuge was applied before the buffer was removed. Kimwipes were then used 

to remove any trace amount of buffer that might stick to the tube and clot surfaces. Same 
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procedures were taken during the washing steps in each round of selection. Figure 4.20 is 

a picture of plasma clot that was prepared in a 1.7 ml Eppendorf tube.  

 
 

Figure 4.20: Plasma clot generated inside an Eppendorf tube. 
 

4.3.5.2 Preparation of DNA aptamer library 

The library we chose contained 40-nt randomized oligodeoxynucleotides, which 

theoretically could produce 440 =1024 different sequences. However, our experiment 

setting only allowed us to handle about 1 nmol DNA in each round of selection. If we 

directly used this library as an input, only one out of 1.66x1013 species would be 

represented and each of them would only have one copy at the very first selection step. 

This would substantially reduce the possibility of recovering any potentially positive 

clones. To circumvent this limitation, we decided to use PCR to amplify the original 

library and only use a small portion of the amplified products as input for the very first 

round of selection. We might lose library complexity due to this extra step yet that was 

the only way to guarantee enough copy numbers (here the number was 1000 specifically) 
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of each individual sequence. Same PCR reactions were carried out in the following 

rounds to recover single-stranded library DNA.  

In order to isolate ssDNA from PCR amplified products, three different 

approaches were explored. First, uni-directional (asymmetric) PCR was carried out 

following the protocol recommended by Missailidis et al. [83] but the yield of the library 

strand after PCR was way too low to be recovered and used. We then exploited the usage 

of Dynabeads Streptavidin. We biotinylated the 5’ end of the 3’ primer so that after PCR 

reaction, all the bottom strands (anti-sense strands of the library strands) would have  

 

Figure 4.22: Agarose gel analysis of DNA separation using Dynabeads. Lane1: double 
stranded PCR products; lane 2: DNA recovered from binding buffer after Dynabeads incubation; 
lane 3: single-stranded library DNA recovered by alkaline wash of the beads; lane 4: single-
stranded anti-sense DNA recovered from the beads.  
 
biotinylation on their 5’ end. Upon incubation with dynabeads, these biotinylated strands 

stayed bound to the beads and left the library strands in the solution, which were then 
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removed and further purified by ethanol precipitation. Figure 4.21 shows the successful 

separation of the library strands and their anti-sense counterpart using streptavidin 

magnetic beads.  

We decided to opt in for the third strategy, in which the PCR products containing 

non-biotinylated library strands and biotinylated anti-sense strands were first heat-

denatured and then allowed to bind to streptavidin at room temperature for 30 mins. The 

mixture was then loaded on a denaturing polyacrylamide gel. The interaction between the 

biotinylated strands and streptavidin was so strong that they remained bound to each 

other even under denaturing conditions. Compared to this complex, the library strands 

moved much faster and created a readily distinguishable band that can be cut out and gel 

purified. A typical gel picture is shown in Figure 4.22.  

                                   

Figure 4.22: Denaturing PAGE (10%) analysis of PCR amplified library strands. Left three 
lanes: double stranded PCR products; right lanes (5-8): separation of anti-sense strands 
complexed with streptavidin from the non-biotinylated sense strands. 
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As can be seen from the gel, the sense and antisense strands of the PCR products 

moved at about the same speed and created two distinct bands that were quite close to 

each other (lane 1-3). Upon complexion with streptavidin, the biotinylated strands started 

to move at a much slower speed and created a band that is further up on the gel (lane 4-8). 

Same procedures were repeated for ssDNA recovered after each consecutive rounds of 

selection and the final concentration of ssDNAs recovered after ethanol precipitation was 

adjusted to 100 µM for ease of calculation.  

4.3.5.3 Selection of clot binding aptamers 

The development of the methodology for the selection of aptamers against clot 

surface is in itself a significant finding. Previously published SELEX methodologies were 

based on separation of bound from unbound aptamers with the use of nitrocellulose filters, 

or the immobilization of the targets on solid supports. These methods involve separation, 

elution, desalting and freeze-drying steps, which are time-consuming, and can lead to loss 

of high affinity aptamers. In our specific approach, the clot was formed inside a tube and 

the aptamer library was mixed in. After non-specific aptamers were washed away, tPA 

and plasminogen were added to dissolve the clot, thus releasing those bound aptamers. 

This mixture was then used directly as a template for PCR amplifications. After the very 

first round of selection, fibrinogen counter-selection was also introduced to help remove 

any aptamers that might potentially bind fibrinogen. Clot binding aptamers were isolated 

after ten rounds of selection. The binding of recovered aptamers to plasma clots was 

evaluated after every round of selection by ELISA using fibrin clots that were 
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immobilized on the 96 well plate surface. ELISA results after selection round 10 are 

summarized in Figure 4.23.  
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Figure 4.23: Aptamer library binding to clot surfaces as detected by ELISA. Amplified 
aptamer libraries after each round of selection were added to ELISA wells pre-coated with plasma 
clot or MPBS.  Aptamer libraries showed increased affinity towards the clot surface even in the 
presence of fibrinogen compared to the signal exhibited by MPBS coated well surfaces.  

 

After ten rounds of selection, the recovered library was PCR amplified, TOPO 

cloned and transformed into TOPO 10 chemically competent cells. We picked 10 

colonies (each hosting an individual aptamer sequence) for plasmid extraction. PCR was 

then carried out to amplify the specific aptamer sequences. All the colonies tested had 

inserts size of about 100bp, which corresponded with the length of the original aptamers 

(99 bp).  

Single-stranded DNA was recovered as described before. Their binding activity 

towards plasma clots was further tested in ELISA using either plasma clot or fibrinogen 
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coated plate well surface. As shown in Figure 4.24, all ten aptamer tested showed 

increased binding towards plasma clot but not fibrinogen.  
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Figure 4.24: Single aptamer binding to clot surface as detected by ELISA. 10 randomly 
picked aptamers were annealed with 3’ biotinylated primer and applied to ELISA wells coated 
with either fibrin clots or fibrinogen. The binding was detected by streptavidin-HRP conjugated 
antibody that can bind to the biotinylated 3’primer. The majority of the clones showed increased 
affinity towards the clot surface but not to fibrinogen. Binding signal created by 3’primer was 
tested as a negative control. 

4.3.6 Construction of bispecific single chain diabodies (scDbs)  

Key to the entire prototype approach is the scDb linker molecules to be 

constructed. As shown in Figure 4.26 (A), currently two different scDb molecules are 

needed: one composed of scFv(1) against aptamer 1 and scFv(3) against tPA, and the 

other one composed of scFv(2) against aptamer 2 and plasminogen-specific scFv(4). 
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Through previous phage scFv selection, we have identified more than one candidate for 

each of the scFvs. In the initial experiments, we propose to employ F4 (aptamer 1 binder), 

cG11 (aptamer 2 binder), tC4 (tPA binder) and PB2 (PLG binder) as scFv (1) through 

scFv (4).  

 

 

Figure 4.25: Schematic illustration of scDb construction. A) Components of scDb 1 and scDb 
2. B) Cloning strategy for the generation of bispecific single chain diabodies.  
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4.3.6.1 Construction of diabody plasmids  

            As shown in Figure 4.26 (B), the bispecific scDbs proposed here are generated by 

the expression of a single fragment of the format VHA-VLB-VHB-VLA (HL 

configuration). Another format VLA-VHB-VLB-VHA (LH) can be used as well but is 

not discussed here. For diabody construction, the VH and VL fragments of the scFv 

(scFv-B) with second specificity are amplified by PCR to introduce appropriate cloning 

sites and the middle linker. These fragments are then digested and cloned into a plasmid 

containing the other scFv (scFv-A) in the same configuration. Due to the presence of the 

middle linker, which is 20 amino acids, it is not necessary to introduce a ribosome 

binding site or additional leader sequences in between.   

Take the construction of scDb1 as an example, we started from two 

pMTBiPGW_Avi derived plasmids containing sequences of F4 and tC4. The VH and VL 

region of F4 (corresponding to VHB and VLB in the general scheme) were successfully 

PCR amplified using Phusion high-fidelity DNA polymerase (NEB #531, by Finnzyme). 

Linker sequences were successfully added by PCR as well. After gel purification, the 

PCR products were double-digested with BseRI/AscI (VH), or AscI/SacI (VL), which 

created cohesive sticky ends for further ligation. The products created after enzyme 

digestions are shown in Lane 1&2 of Figure 4.27. 

pMTBiPGW_Avi plasmid hosting tC4 were double digested with BseRI and SacI, 

which created a nicked plasmid with ligation sites on both of its ends (Lane 5 of Figure 

4.27) Ligation of VH and VL fragments of F4 into this digested plasmids created a series 

of bands on the gel, the most prominent of which being a product of about 5000 base 



 

 

110

pairs, which correlated very well with the expected size of a fully-constructed scDb. We 

are currently performing further diagnostic enzymatic digestions in order to validate that 

the ligation occurred at the appropriate position and the inserts had the correct  

orientation. 

 
Figure 4.26: Diabody gene construction process as visualized on a 1.2% agarose gel. From 
left to right: lane 1, purified VH fragment (340 bp); lane 2, purified VL fragment (320 bp); lane 3, 
enzyme digested destination vector; lane 5, purified destination vector; lane 7, ligation product 
(VH: VL: vector =3:3:1); lane 8, ligation product (VH: VL: vector =6:6:1); lane 9, ligation 
product (vector only); lane 10, 1kb DNA ladder.  

4.3.6.2 Diabody purification and analysis                                                     

The constructed diabody gene was successfully ligated into the pMTBiPGW_Avi 

vector and chemically transformed into TOP 10 cells. We are still in the process of 

analyzing positive clones for expression of full-length antibody products. Once that is 

validated, we will start the production of scDbs in S2 cells and carry out downstream 
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analysis such as SDS-PAGE, western blot, etc. Sequencing of the scDb inserts will be 

carried out as well.  

4.4 Conclusion    

To summarize, in this chapter we described the screening of phage displayed 

scFv libraries using both synthetic DNA hair-pins and purified protein moleucles as 

targets. A series of recombinant scFvs were identified, with proven affinity and 

specificity for their targets. Certain scFv clones were selected for further validation. 

Although antibodies are not generally thought of as nucleic acid binding 

proteins, there are several examples in the literature in which nucleic acid aptamers 

have been selected for binding to certain given antibodies.[83, 125-132] Previous 

aptamer-specific antibodies were originally raised against protein epitopes, and the 

resulting selected aptamers were able to compete with the original protein epitopes for 

binding to the antibody, indicating that they bound to the same or overlapping sites.  

This is in contrast to the scFvs derived herein, for which no protein epitopes have been 

identified. What’s more, all those antibody-aptamer pairs reported previously were 

derived based on screening combinatorial RNA aptamer libraries for specific aptamers 

with affinity for an existing antibody. To our knowledge, the data presented herein 

represents the first time that the reverse screen is performed, in which a DNA aptamer is 

used as a target for panning and screening combinatorial antibody libraries. The relative 

ease with which this scFv derivation was accomplished suggests that our approach has a 

high likelihood of success for deriving scFvs specific for other DNA and RNA species. 
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We have identified several non-inhibitory scFvs that bind to tPA and plasminogen. 

Interestingly all the positive clones tested for tPA binding have identical sequences, 

which indicates that this specific clone has been selectively amplified and represents a 

relatively large fraction of the selected population. This is not uncommon in phage based 

antibody selection and also indicates that sequencing data is more precise than the 

competition data which must be confirmed by other methods. Finally, it is clear that one 

heavy chain sequence was used for several different scFvs. We did not sequence random 

clones from the original library and so could not evaluate if this sequence was highly 

represented in the original library. It is more likely that it in some way contributed to 

stabilizing the scFvs or to more efficient amplification of the clones. 

Given more time and proper equipment access, we are interested in further 

characterizing these selected scFvs, especially their binding affinity towards their 

respective targets. We are still actively seeking the possibility of employing BIAcore or 

other methods for affinity determination. We are also considering post-selection analysis 

and optimization, for both the clot-binding aptamers and the target-binding scFvs will 

benefit from this step. For example, aptamers isolated by the SELEX process often 

exhibit chemical characteristics that may limit their potential as therapeutics. Accordingly, 

we can use proprietary chemistry techniques, which we call post-SELEX modification, to 

design, stabilize and optimize the early lead series of aptamers to create aptamer product 

candidates for clinical development. Specifically, we seek to engineer the aptamers’ rates 

of metabolism so that the aptamer may have the appropriate duration of action to effect 

the desired targeting or therapeutic responses. Genetic engineering can also be applied to 
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the selected scFvs in order to increase their binding affinity and specificity as well as 

optimize their biochemical properties.  

In summary, we have identified and characterized each and every component of 

our proposed nanodevice. We also described a general approach for engineering self-

assembling protein-DNA nanostructures using recombinant antibodies. The technology is 

highly modular and can be extended to assemble virtually any proteins or therapeutic 

molecules. Moreover, a variety of other nanomaterials of interest could be incorporated 

into these protein-DNA devices by self-assembly onto the DNA-based affinity docking 

sites, including aptamers and DNA-peptide conjugates. As our molecular toolbox 

continues to develop and expand, our ability to engineer truly useful biomolecular 

nanodevices will continue to advance. 
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5. DNA Based Nanodevice for Multivalent Thrombolytic 
Delivery – the Assembly, Functional Validation and 
Future Work 

5.1 Bottom-up self assembly and size determination 

5.1.1 Experimental design 

Self-assembly is a process in which higher-order structures form spontaneously 

through self-interacting surfaces that are present on modular building blocks. This is a 

process abundantly known for proteins, nucleic acids, lipids, and synthetic molecules [84, 

85]. In our approach, each component of the device will be individually synthesized, 

characterized and then mixed under conditions that favor their spontaneous self-assembly 

into superstructures driven by their selective affinity. After sequential binding of bs-

scDbs, targeting unit (aptamer unit that is already embedded in the lattice substrate) and 

therapeutic molecules (tPA in this case), the whole device will be visualized by AFM. 

Different height profiles caused by sequential assembly of each component can be readily 

differentiated under tapping mode AFM, which will give us a good view of the structural 

conformation of the fully-assembled device. The height profile can be further evaluated 

by selective biotinylation of either the scDbs or the enzyme target. Upon loading of 

streptavidin, distinct height profiles will be created which are non-ambiguous by AFM. 

5.1.2 Potential difficulties and alternative approaches 

A common but manageable issue with bottom-up self assembly is the difficulty to 

achieve uniform assemblage with relatively high yields. In addition to imperfections in 
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the DNA self-assembly process, variable loading of the bs-scDbs onto the DNA lattices 

might occur as well. These difficulties can be ameliorated by performing small scale 

assembly at first to optimize ratios of DNA lattices versus bs-scDb versus protein targets. 

For initial proof-of-concept demonstration, we will be satisfied as long as the majority of 

the molecule components are presented in the correct fashion.  

If the efficiency of device assembly is really poor once all components are present, 

we will consider performing purification after step-wise assembly. Simple dialysis, 

HPLC, size-exclusion column or other methods can be used to separate the fully 

assembled device from those partially assembled and small molecules in solution. In 

order to keep all aptamers bound to their cognate scDbs, cross-linking strategies might be 

considered as well. 

Another potential problem is the possibility of immune responses caused by 

scDbs from murine origin. Monoclonal antibodies (mAbs) from murine source have been 

extensively studied for immunotherapy of cancer, autoimmune diseases, etc. The major 

advantages of scFv and scDb molecules are their small size and excellent penetration 

profile, yet murine mAbs generally induce human anti-mouse antibody responses. The 

immunogenicity of murine mAbs can be minimized by genetic humanization, wherein 

non-human framework regions are replaced by the corresponding human sequences. 

Considering we are not going to test the device’s functionality in vivo at this stage, we 

will continue using scDbs developed from scFvs of murine origin. Eventually, we will 

build an all-aptamer based device by replacing the aptamer-scDb docking stations with 
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aptamers that interact directly with the enzymatic targets, thereby eliminating this 

potential concern for human therapy. 

A final concern is the possibility that the tethered tPA might be inactivated by 

circulating type 1 plasminogen activator inhibitor (PAI-1).  This can be minimized by the 

use of recombinant tPA variants that exhibit low sensitivity to PAI-1, as well as the 

inclusion of other PAs including streptokinase and urokinase. 

5.2 Validation of the fibrinolytic functionality of the proposed 
device ex vivo 

One major goal of our research is to build a superior thrombolytic delivery 

vehicle that has better target specificity and fibrinolytic efficacy. Once we have finalized 

the validation of the fully assembled device, we will test the stability, fibrin binding 

specificity, and fibrinolytic activity of the prototype fibrinolytic nanodevice and compare 

it side by side with free tPA. The hypothesis is that effective presentation and recruitment 

of PAs and optimized orientation with respect to plasminogen should promote plasmin 

activation and increase the device’s fibrinolytic activity. This will be tested in the 

following experiments. 

5.2.1 Experimental design 

5.2.1.1 Fibrin binding specificity                                                                                        

After final assembly, the clot-targeting aptamer module should still retain its 

binding specificity and this should suffice to anchor the whole nanodevice to fibrin clots. 

This expected property will be tested first. We propose to build a biotinylated nanodevice 
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by replacing the plasminogen docking stem-loop with biotinylated strand. Microtiter 

plates will be coated with fibrin clots, and the biotinylated nanodevice will then be added 

and allowed to bind. Unbound material will be washed off, and bound device will be 

detected with horseradish peroxidase (HRP)-conjugated streptavidin. Alternatively, 

strands containing the clot-binding sequences and other strands used for nanodevice 

construction can be labeled with different fluorescent dyes. After annealing and 

incubation with the clots, fluorescence microscopy examination can be carried out. We 

should be able to see colocalization of two different fluorescence signals on the clot 

surfaces. Clot binding specificity will be assessed in similar manner in which a panel of 

proteins are used in place of plasma clot, including albumin, collagen, immunoglobulins, 

casein, plasma, whole blood, and cultured endothelial cells.  Because surface binding of 

fibrinogen to microtiter plates induces unmasking of fibrin-like epitopes [133, 134], 

fibrinogen binding cannot be measured directly in this assay. Instead they can be 

evaluated in a competition binding assay in which fibrinogen is added in increasing 

concentrations and assessed for ability to inhibit clot binding by the nanodevice, exactly 

as what we did in the evaluation of binding of selected scFv against plasminogen/plasmin.  

Finally, the possibility of aggregation of the nanodevice in the presence of plasma and 

serum will be investigated by sedimentation studies.  In brief, biotinylated nanodevices 

will be incubated independently with 100% plasma and serum and then fractionated by 

centrifugation.  Fractions will be assayed for streptavidin binding as described above. If 

the biotinylated device remains in the supernatant fractions in comparison to device in 

buffer alone, then we will conclude that aggregation is not occurring.  If the device is 
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found in the pellet after incubation with serum or plasma, then we will attempt to 

determine if a specific molecular component is responsible for this aggregation by 

assaying the device systematically excluding each component in turn. If one or more 

components are found to be responsible for aggregation, then these components will be 

re-engineered and a modified nanodevice will be constructed. Alternatively, masking 

strategies can be employed in which case PEGlation or PEI complexation can be 

considered.   

Binding of the complete device to fibrin clots will be monitored in an indirect 

assay using the method described by Hua et al. [135]. In brief, fibrin clots will be soaked 

in solutions containing full-assembled nanodevices or nanodevices lacking each of the 

four components (fibrin-binding aptamers, PA-binding linker, PA, and plasminogen-

binding linker). After washing, the clots will be placed in cuvettes containing 

plasminogen (0.1 mg/ml) and phosphate buffer and the rate of degradation of fibrin will 

be measured optically. The underlying rationale is that fibrinolysis occurs at its maximal 

rate only when the plasminogen activator is bound to fibrin clots. We expect that the 

DNA nanodevice will enhance the positioning and tethering of both PA and plasminogen 

on the fibrin clot and will thereby produce an enhanced activation of plasminogen as 

compared to the soluble components only.  We further expect that scFvs optimized for 

fast on-rates for plasminogen and fast off-rates for plasmin will produce an additional 

enhancement of plasmin activation.   
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5.2.1.2 Fibrinolytic activity 

The traditional fibrinolysis assay is to measure isotope release from radio-

iodinated fibrin clots. Clots will be formed by adding CaCl2 and thrombin to 125I-

fibrinogen (6 mg/ml in PBS) and then overlaid with the reagents to be tested. The mixture 

will be incubated at 37°C and the radioactivity in the supernatants at different time points 

will be measured in a gamma counter. We predict that the fibrinolytic DNA nanodevice 

will significantly enhance the release of labeled soluble fibrin degradation products. 

We will also measure the fibrinolytic activity of free PA, PA-scDb and PA-loaded 

DNA nanodevices using microtiter plate clot-lysis assays as described [136]. In brief, 

CaCl2 will be added to pooled normal human citrated plasma to initiate clot formation.  

The plates will be incubated for 30 minutes in a 37°C water-bath to promote clot 

formation. 25 μL each of free PA, PA-carrying nanodevice, nanodevice without PA and 

nanodevice without fibrin targeting units in PBS-BSA (all with a PA concentration of 5 

μg/ml) will then be added to freshly prepared clots. 100 μL of pooled normal human 

plasma will be added into each well and the turbidity (absorbance at 405 nm) will be 

determined after 0, 0.5, 1, 2, 3, 4, and 5 hours (37°C), using a microtiter plate reader. The 

clot lysis percentage will be recorded and analyzed. We expect that the fibrinolytic 

activity of PA delivered by the DNA nanodevice will be at least the same as, if not better 

than free PA. For the nanodevice without loaded PA, the lysis of blood clots should be 

minimal. 

These assays will also be used to optimize the catalytic efficiency of the 

nanodevice with respect to plasminogen activation. The rate of conversion of 
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plasminogen to plasmin will be measured and used to assess the effects of changes in the 

spacing between aptamer 1 and aptamer 2 stem loops in the DNA lattice, by constructing 

lattices wherein the stem-loop anchorage points are moved along the double-helical arms 

in increments of full-helix turns (10 or 11 bases).  In addition, systematic variation in the 

length of the aptamer stem loops will be introduced to determine the optimal z-axis 

spacing between the PA and the plasminogen docking sites.  Variations in stem length 

will also alter the relative rotational orientation of the PA and plasminogen binding sites; 

this may also affect activity and will be optimized.  Addition distance and rotational 

flexibility afforded by a linker placed between the protein binding sites and the main 

body of the DNA assembly could increase plasminogen activation by eliminating steric 

hindrance and will be considered. Such modifications are inexpensive and easily 

incorporated during custom oligonucleotide synthesis. 

5.2.1.3 Effects of protein attachment on the stability of nanolattices 

 Apart from the catalytic activity of the proposed nanodevice, another property 

that must be assessed is the device’s stability in blood. Previously we have demonstrated 

that bare NT nanolattice can be kept in human pooled plasma and remain stable for at 

least 9 hours at 37°C incubation. ScFv loaded TX tiles have an approximately similar 

half-life (unpublished results). In order to make sure that further protein attachments 

won’t lead to a significant decrease in the stability, similar plasma incubation tests will be 

carried out and the structure will be visualized by AFM after various times of incubation. 

More quantitative SYBR-Green assays will also be used. SYBR-green I is a fluorescent 
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dye that binds specifically to double-stranded DNA and thus can be adsorbed into the NT 

lattice. If the tile structure is degraded, there will be loss of the SYBR-Green fluorescence 

signal. The fully-assembled device will be incubated with excess SYBR-green I and then 

put into serum. The mixture will be placed into a cuvette in the Fluorescence 

spectrophotometer (Cary Eclipse) with the block temperature set to 37°C. The OD 

reading at 300 nm will be monitored starting from 1h after incubation through 10 hours 

and the change in fluorescence signal will reveal the stability of the DNA substrate.  

Measurements on control nanodevice samples in TAE buffer will also be recorded.  A 

variety of structural and chemical modifications are available to increase the thermal 

stability and nuclease resistance of the nanolattices.  The most straightforward strategy 

would be to increase the lengths of helical regions and sticky-ends within the lattice 

structure.  If these changes are insufficient or undesirable since they would increase the 

size of the device, non-natural nucleic acid structures could be utilized.  These include 

isoG/isoC basepairs and nuclease insensitive backbones such as peptide-nucleic aicd 

(PNA) or locked-nucleic acid (LNA), several of which have already been tested in the 

context of self-assembling DNA nanostructures [137]. 

5.2.1.4 Binding to fibrin under flow  

One of the key differences between the in vitro and in vivo experiments is the 

presence of hemodynamic factors in the latter situation. Apart from testing the stability of 

the proposed device in a non-flow state, we will also assess integrity of the nanodevice 

when put into flow conditions mimicking blood flow in vivo. To test whether the 
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nanodevice displays sufficient fibrin affinity to anchor it to fibrin under flow conditions, 

we propose to perfuse suspensions of free PA and PA containing nanodevice for 5 min 

across a fibrin monolayer formed from plasminogen-depleted fibrinogen. The device’s 

affinity needs to be strong enough and its on-rate needs to be high enough to promote 

stable binding under conditions of physiologically relevant flow.  

5.2.2 Potential difficulties and alternative approaches 

The most likely difficulty that we will encounter is that the initial DNA 

nanolattice configuration will not have optimal geometry for tethering and presentation of 

plasminogen to bound PA.  If that is the case, we expect to build several prototypes that 

progressively adjust spacing and orientation to favor optimal positioning for activation of 

plasminogen.  AFM results from prototype DNA nanodevices will provide feedback as to 

the spacing and orientation of plasminogen with respect to PA.  If these are spaced too 

close or too far away for optimal interactions, the dimensions of the DNA tiles can be 

adjusted accordingly and a next generation prototype will be produced for testing. Other 

factors that can be adjusted are the lengths of the aptamer stems and the orientation of the 

bound proteins docked onto the aptamers.  The length and flexibility of the linkers used 

in the bs-scDbs can also be adjusted to promote optimal orientation of the bound proteins.  

The modularity and adaptability of the DNA-based nanodevice affords a tremendous 

level of control over the structure and function of the final device.  
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5.3 Conclusion 

In summary, here we attempt to merge some of the principles of structural 

nanotechnology with aptamer and protein functionality. Thrombolysis offers many 

challenges that mesh well with the capabilities of our proposed nanodevices.  For 

example, the DNA nano-platform is less than 100 nm long and 40 nm wide, while 

channels and pores within the fibrin mesh of therapeutically interesting thrombi are on 

the order of several hundred nanometers. Our nanodevice appears as a tiny speck on the 

clot and can obviously diffuse throughout the fibrin network, delivering plasminogen 

activation deep within the clot without obstructing access for additional nanodevices. 

By incorporating aptameric motifs, bispecific scDb, and therapeutic agents, we 

will create a novel multivalent thrombolytic delivery system. The modular design and use 

of bi-specific scDbs as linker molecules allows for an extensible system in which a large 

number of binding motifs may be simply combined to form an even greater number of 

constructs with the possibility to display other therapeutic molecules. We believe the 

proposed device should be able to demonstrate increasing value as tools for medicine and 

diagnostics.  
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Appendix A: Buffers and Media 

1 X PBS: 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.47 mM KH2PO4 

1 X TAE/Mg2+: 20 mM Tris, 20mM acetic acid, 2 mM EDTA, 12.5 mM MgCl2 

2 X B&W: l0 mM Tris-HCl, pH 7.5,1 mM EDTA, 2 M NaCl 

2 X YT: 16g tryptone-B, 10g Yeast Extract, 5g NaCl 

2 X YT agar broth media contents/liter: 16g tryptone-B, 10g yeast extract, 5g NaCl, 5g 
agar-B 

fibrin buffer : 0.01 M HEPES, 0.125 M NaCl, 2 mM MgCl2, pH 7.5 

LB broth growth media: 10g tryptone-B, 5g yeast extract, 10g NaCl 

TE: 10 mM Tris-HCl, pH 7.5 1 mM EDTA 

TES: 10 mM Tris-HCl, pH 7.4, 5 mM EDTA, 0.1% SDS 

TEN: 0.1 M Tris-HCl,  pH 8.0, 0.01 M EDTA, 1 M NaCl 

tPA chromogenic buffer: 30 mM Tris-HCl, pH 8.4, 30 mM imidazole, 130 mM NaCl 
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Appendix B: DNA Strand Structures and Sequences 

 

1D and 2D 3HB: 
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Cross-tile used in subset annealing (Figure 2.5 & 2.7), adapted from [19]: 
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A and B tile of 2x2 in Figure 2. 10: 
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Corresponding sticky-ends for 2x2 construction: 
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A tile of NT in Figure 2.11: 
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B tile of NT in Figure 2.11 
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Corresponding sticky-ends for NT construction  

(provided by Dr. SungHa Park) 
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DNA sequences used in Figure 3.3 (C) and Figure 3.4 (C): 
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DNA sequences used in Figure 3.3 (D) and Figure 3.4 (D): 
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DNA sequences used in Figure 3.5, adapted from [19]: 
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Original pMTBiP-A sequence (from Invitrogen Manual 28-0178): 
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pMTBiPGW+Avi (provided by Dr. Barbara Lipes):  

 

Plasma clot binding aptamer library: 

ssDNA aptamer library 

5' - TAG GGA ATT CGT CGA CGG ATC CNN NNN NNN NNN NNN NNN NNN 
NNN NNN NNN NNN NNN NNN NNC TCC AGG TCG ACG CAT GCG CCG - 3' 

5’-primer 

5’- TAA TAC GAC TCA CTA TAG GGA ATT CGT CGA CGG ATC C-3’ 

3’-bio-primer 

5' - /5Bio/ CGG CGC ATG CGT CGA CCT G - 3' 
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