
Standard Form 298 (Rev 8/98) 
Prescribed by ANSI  Std. Z39.18

W911NF-08-1-0109

304-696-6627

Final Report

54521-EL.12

a. REPORT

14.  ABSTRACT

16.  SECURITY CLASSIFICATION OF:

The objective of the NanoArchitectures initiative is the generation of well defined arrays of DNA capable of 
supporting molecular systems demonstrating switching phenomena. Parallel efforts have been in place to forward 
the objective of large scale structures and installation of molecular components. In particular the research has 
transitioned from 0D (stand alone origami) to 1D (chains of origami). Although forays into 2D (both limited 
structures and unlimited structures) has been performed, the emphasis is on 1D growth since defects and the source 
of defects may be more readily “traced” in 1D systems than in 2D systems. We have observed that the lengths of 

1. REPORT DATE (DD-MM-YYYY)

4.  TITLE AND SUBTITLE

13.  SUPPLEMENTARY NOTES

12. DISTRIBUTION AVAILIBILITY STATEMENT

6. AUTHORS

7.  PERFORMING ORGANIZATION NAMES AND ADDRESSES

15.  SUBJECT TERMS

b. ABSTRACT

2. REPORT TYPE

17.  LIMITATION OF 
ABSTRACT

15.  NUMBER 
OF PAGES

5d.  PROJECT NUMBER

5e.  TASK NUMBER

5f.  WORK UNIT NUMBER

5c.  PROGRAM ELEMENT NUMBER

5b.  GRANT NUMBER

5a.  CONTRACT NUMBER

Form Approved OMB NO. 0704-0188

3. DATES COVERED (From - To)
-

UU UU UU UU

20-05-2014 1-May-2008 14-Mar-2014

Approved for Public Release; Distribution Unlimited

Final Report: Integrated Sensing Using DNA Nanoarchitectures, 
Norton, Marshall U

The views, opinions and/or findings contained in this report are those of the author(s) and should not contrued as an official Department 
of the Army position, policy or decision, unless so designated by other documentation.

9.  SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS
(ES)

U.S. Army Research Office 
 P.O. Box 12211 
 Research Triangle Park, NC 27709-2211

DNA, Nanostructures, Origami, Arrays, nanoparticle, Organization, nanoparticle arrays, THz spectroscopy

REPORT DOCUMENTATION PAGE

11.  SPONSOR/MONITOR'S REPORT 
NUMBER(S)

10.  SPONSOR/MONITOR'S ACRONYM(S)
    ARO

8.  PERFORMING ORGANIZATION REPORT 
NUMBER

19a.  NAME OF RESPONSIBLE PERSON

19b.  TELEPHONE NUMBER
Michael Norton

Michael L. Norton

622622

c. THIS PAGE

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, 
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information.  Send comments 
regarding this burden estimate or any other aspect of this collection of information, including suggesstions for reducing this burden, to Washington 
Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington VA, 22202-4302.  
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any oenalty for failing to comply with a collection 
of information if it does not display a currently valid OMB control number.
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

Marshall University
Marshall University Research Corporation
401 11th Street
Huntington, WV 25701 -2225



ABSTRACT

Final Report: Integrated Sensing Using DNA Nanoarchitectures, Norton, Marshall U

Report Title

The objective of the NanoArchitectures initiative is the generation of well defined arrays of DNA capable of supporting molecular systems 
demonstrating switching phenomena. Parallel efforts have been in place to forward the objective of large scale structures and installation of 
molecular components. In particular the research has transitioned from 0D (stand alone origami) to 1D (chains of origami). Although forays 
into 2D (both limited structures and unlimited structures) has been performed, the emphasis is on 1D growth since defects and the source of 
defects may be more readily “traced” in 1D systems than in 2D systems. We have observed that the lengths of 1D systems far exceeds the 
length scale of extant 2D systems. Because there are approaches which can expand 1D systems in a second dimension, creating 2D systems ( 
which are a pre-requisite to controlled 3D systems), our emphasis has been placed on control of 1D system growth. Yield information is 
much more rigorously obtained when the system is organized into arrays. Similarly, quantitative evaluation of the performance of individual 
nanosystems will be much improved by the organized, rather than the current, disorganized placement of such systems.
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1. Foreword  

This award has spanned an appreciable fraction of the entire “lifetime” of DNA structural chemistry.  

With the broad objective of the generation of well-defined arrays of DNA capable of supporting 

molecular systems demonstrating switching phenomena, we have used this grant as a mechanism to 

enable us to perform the fundamental research which is necessary to support the development of 

applications of this new technology.  Parallel efforts have been made to forward these objectives, which 

are, I believe, critical for moving forward:  The assembly of large scale structures with uniquely 

addressable locations and the precise installation of molecular components on these species.  Rather 

than catalog each of our small steps, which are well enumerated in the monthly and annual reports, an 

effort is made here to overview the state of the art as moved forward by this fundamental effort in the 

chemical sciences.  Lasting contributions have been made in 5 supporting areas:  One dimensional 

arrays, Surface Immobilization strategies, Modeling of DNA based Nanostructures, Large Scale Assembly 

Dynamics and THz characterization.     
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3. List of Illustrations and Tables 

 

Figure 1  Cross shaped tile building block, design, high resolution AFM image of single cross species and 

low resolution image demonstrating reproducibility of these block structures.  



Figure 2  (Left) One dimensional arrays generated using the building blocks shown in Figure 1. (Right) 

Two single walled carbon nanotubes arranged into parallel configuration through binding with one 

dimensional origami array. 

Figure 3  AFM images demonstrating the use of 1D origami to organize (left) Quantum Dots and (right) 

gold nanoparticles into a linear array format. 

Figure 4  (Left) Three frames from a high speed AFM video in which growing number of bound molecules 

can be observed in frames 1-3 (white points are bound streptavidin molecules).  (Rigtht) The plot of 

fractional surface coverage vs time can be fit using the equation presented below the AFM images to 

yield an adsorption rate constant of 5 X 105 .   

Figure 5  2X2 (left) and 3X3 (right) arrays of cross shaped origami (yellow spots denote streptavidin). 

Figure 6 Process for immobilizing single stranded DNA on a gold surface.     

Figure 7  Simulation of origami structure using Chimera for visualization 

Figure 8  Closeup of bases in model for Cross Shaped Origami. 

Figure 9  A stick model showing all atoms in a small region of the Cross Shaped Origami construct. 

Figure 10 (Left) Fluorescence vs temperature curve and (Right) first derivative of fluorescence vs 

temperature curve obtained for slow annealing of cross structures in 0D, 1D and 2D formats. 

Figure 11 (Left) Transmission spectrum derived for sample containing 13mer solution.   (Right) Lorentz 

oscillator fit to the attenuation coefficient around the 720 GHz resonance 

 

4. Statement of the problem studied  

In order for a technology to be useful, it must be timely.  A key driver for molecular scale assembly of 

optoelectronic components is that either optical or high frequency (eg THz) signals will at some point be 

readily launched and processed at significantly subwavelength length scales.  While such launching, in a 

highly multiplexed format is near technical feasibility, the manipulation of these signals at the individual 

molecular size scale is even further from common practice.  Parallel development in several areas must 

be made before systems for molecular scale signal processing in the optical and THz regimes will be 

realized.  Molecular sensing was perceived as a particularly useful mechanism for the demonstration of 

switching, which is one form of signal manipulation.  In this research we have sought to progress from 

the “bottom up” the engineering requirements for very high yield which will be necessary for actual 

applications while simultaneously collaborating with others (specifically Dr. Elliott Brown, Wayne State U 

and Tatiana Globus, U of Virginia) to both determine the DNA background THz signatures, since 

detection and signaling will require discrimination against these signatures and to determine the 

instrumental configurations necessary to interrogate a minimal number of DNA structures, with the 

terminal objective, not met yet principally for economic reasons, of observing THz signatures from single 

molecular structures.   

 

 



5. Summary of the most important results 

1. One dimensional arrays and target capture 

Although we have certainly worked with a number of constructs, which have evolved through the 

course of this program of research, our focus is currently in the development of a ca 100 nm X 100 nm X 

2 nm building block first conceived by Seeman’s group (Liu et al., 20111. Figure 1 displays the design and 

observed structure of that construct, which Liu used to generate 2D structures with a broad range of 

length scales and containing the building blocks in rotationally randomized orientations. 

 

Figure 1  Cross shaped tile building block, design, high resolution AFM image of single cross species and 

low resolution image demonstrating reproducibility of these block structures.  

We have demonstrated that these block structures can be used to generate long 1 dimensional arrays 

(Figure 2 left), which can be used to align carbon nanotubes (CNT’s) (Figure 2 right).   The alignment of 

CNT’s was a natural outgrowth of the Architectures program, with significant overlap and feedforward 

into the MURI program.  Although these CNT’s were selected for study because 6,5 CNT’s are among the 

most fluorescent ones identified to date, there is reason to anticipate that in addition to these 

semiconducting CNT’s, metallic CNT’s can similarly be placed.  The “automatic” placement of CNT’s has 

been very difficult to accomplish using standard lithographic methods, making DNA a potentially 

competitive strategy for organization of these 1D particles. 

 

 

Figure 2  (Left) One dimensional arrays generated using the building blocks shown in Figure 1. (Right) 

Two single walled carbon nanotubes arranged into parallel configuration through binding with one 

dimensional origami array. 

The regular spacing of the origami species into an array configuration enables a level of quality 

evaluation not readily practicable with individual origami species. We have recently published2 (Rahman, 

2014), that 1D origami can be used as a template for the high yield organization of semiconductor Qdots 

into an arrayed configuration ( Figure 3, left).  Similarly, gold nanoparticles can be arranged, as is readily 

seen in Figure 3, right.  



                                    

Figure 3  AFM images demonstrating the use of 1D origami to organize (left) Quantum Dots and (right) 

gold nanoparticles into a linear array format. 

While arranging particles with high yield in configurations potentially amenable to integration into 

laboratory experimental use if not use in commercial products is important, each of these particle 

assembly processes is also an example of stochastic switching of the composition of the DNA based 

architectures.  Using very high resolution imaging methods, such as AFM, we can observe the time scale 

of this assembly process.  We have used streptavidin as an example molecule to be captured into a 

sensing platform, with results shown in Figure 4.  While it may well be argued that streptavidin is not a 

species of interest in terms of bioweapons, there are two major motivations for our use of this material.  

First it is not hazardous, and can be handled safely, second, it is a very well parameterized species and 

third, its residence time is very long and therefore it can be imaged in its bound state on a substrate.  

These properties make it ideal for troubleshooting systems at the nanoscale.   

 

 

Figure 4  (Left) Three frames from a high speed AFM video in which growing number of bound molecules 

can be observed in frames 1-3 (white points are bound streptavidin molecules).  (Rigtht) The plot of 

fractional surface coverage vs time can be fit using the equation presented below the AFM images to 

yield an adsorption rate constant of 5 X 105 .   

The ability to directly observe adsorption at the nanoscale and to observe the dynamics of the reaction, 

using a sample size only 400 nm X 400 nm cannot be performed, to our understanding, without the use 

of DNA Origami platforms.  Although entirely regular platforms were not available at the time of this 

experiment, 200 nm X 200 nm (2X2 arrays) and 300 nm X 300 nm arrays (3X3 origami arrays) can now 

routinely be generated in this laboratory (Figure 5).  The ability to sense and organize biomolecules on 

this size scale is only, at this time, possible using DNA nanotechnology.   



                 

Figure 5  2X2 (left) and 3X3 (right) arrays of cross shaped origami (yellow spots denote streptavidin). 

 

2. Surface Immobilization strategies 

One of the most important unmet challenges in DNA nanostructure field is site specific immobilization of 

nanostructures on surfaces.  We have developed (and reported 3) one of the most robust methods for 

associating DNA with surfaces.  This method, described in cartoon form in Figure 6, uses dendrimers to 

provide multipoint adhesion of a single stranded DNA component on a surface. 

 

      

Figure 6 Process for immobilizing single stranded DNA on a gold surface.     

The gold surface is first exposed to a single stranded DNA sequence which is covalently bound to a 

dendrimer (shown as a round species).  These dendrimer species are Generation 3 PAMAM dendrimers 

with ~ 30 thiol groups to bind the dendrimer/DNA construct to the surface.  This binding approach 

demonstrates strong resistance to strand loss from the surface, even with prolonged exposure to buffer 

solutions at high temperature (95oC).   We are applying this chemistry for SPR (surface plasmon 

resonance) studies almost daily, and we anticipate that the approach will be applied by other 

laboratories.  In order to fully utilize this attachment chemistry, we need to fabricate “gold dot” 

attachment sites on the SiOX surface, in order to immobilize DNA based nanostructures.  We are 

working with a group at PSU (Chad Eichfeld of PSU’s Nanofabrication Facility) to use ebeam lithography 

to generate such arrayed attachment sites.  Large scale organization of large scale origami arrays will be 

necessary in order for the analytical efforts we are developing to become fieldable. 

 



3. Modeling of DNA based Nanostructures 

We have recently been collaborating with Jorge Seminario of Texas A&M University.  The objective is to 

realistically simulate the dynamics of an entire origami structure, first without surface modification, then 

with selected modifications.  At this time, there is only one published report (in 2013 4) for atomistic 

simulations of origami structures, and the simulated structures were “basic” rather than functional.  

Ground truth for these reported structures has been attempted using cryo-TEM, however the best 

microscopy seems to be only achievable using modelling.  We anticipate that these simulation studies 

will continue, and that departures between designed structures and actual structures will become 

increasingly important as functional materials are developed for actual applications.  The cross shaped 

structure shown in Figure 1 above is the one simulated.  In design, the structure is planar, on the flat 

mica surface, the structure is planar (it is conformal, lacking rigidity as a 2 nm thick polymer sheet.  The 

simulated structure is shown in Figure 7 below. 

                 

 

Figure 7  Simulation of origami structure using Chimera for visualization 

Although this simulation will be refined in the future, already in this rough form it is obvious that the 

solution structure is non planar and, when catenated ( chained together) will result in a twisted ribbon 

structure.  This is quite consistent with the observed folding found when long 1D structures are formed 

in solution then deposited on mica. 

Higher magnification views are readily obtained once a model has been created.  Figure 8 displays half 

of the DNA bases, to improve clarity. 



       

Figure 8  Closeup of bases in model for Cross Shaped Origami. 

Although the view is a bit complex, the view shown in Figure 9 will become important as functional 

species are added to the top of the structure, to interact with solution species, particularly protein 

species of interest. 

The consortium Dr. Seminario belongs to affords to him use of the second largest computing system 

available for non-government use.  Although such computing power is unlikely to become available to 

commercial users at a rate sufficiently low to enable common use, these computations can be used to 

provide parameters which can be used in less complex simulations.  At this moment, the applications of 

interest for this research would benefit from knowledge of the locations of molecules associated with 

the surface with sub-nm resolution, because optical interactions, including FRET (fluorescence resonant 

energy transfer) is sensitive to distances at the d6 power.  Certainly the dynamics of these systems, 

particularly in the solution phase, will become of great importance.  Through this collaboration, we have 

a window into the fluctuations and static structural aspects determining the optical responses of these 

systems. 

        

Figure 9  A stick model showing all atoms in a small region of the Cross Shaped Origami construct. 



4. Large Scale Assembly Dynamics determined using annealing curves for 1D origami constructs. 

We have used a Real Time PCR system (RT PCR) to study the temperatures at which self assembly 

processes occur in the block structure, in the 1D, catenated origami structures and in 2D. The real time 

data, and the resulting derivatives of the fluorescence intensity of an intercalating dye (Sybr Green) in 

solution with the Origami components are plotted below as a function of temperature during a very 

slow cooling process, are shown in Figure 10.   It is our interpretation of these diagrams that all three 

systems assemble as blocks at the same temperature interval, between 60 and 70 oC.  In the block (0D) 

system, there is no more evolution of the system at lower temperatures.  The one dimensional systems 

first form a core or block structure at this higher temperature, then at a much lower temperature, the 

catenation (daisy chaining) of the component “blocks” occurs.  Although we have seen evidence for this 

in the case of the cross origami structure, we have extended these studies to two similar “windowed” 

origami constructs with different sequences.   

The derivative for the 2D case shown in Figure 10 right, shows a relatively indistinct peak, near the 0D 

assembly peak, corresponding, we believe, to these two processes, block formation and block binding.  

In the case of the 2D structures we are not certain why there is a size limitation for observed arrays.  Our 

best hypotheses are either: 1)  that the twist (see simulations above) contribute to a loss of planarity for 

the large assemblies or that 2) the imperfectly formed structures are not capable of joining in an error 

free manner, causing sufficient defects in the nascent 2D structure to terminate growth.  A third 

hypothesis is that grain boundary defects occur, perhaps due to a large nucleation density.  In other 

projects, we are seeking to control nucleation in these systems.  AFM images ( not shown) indicate well 

formed 0, 1 and 2D structures resulting from these experiments. 

    

 

Figure 10 (Left) Fluorescence vs temperature curve and (Right) first derivative of fluorescence vs 

temperature curve obtained for slow annealing of cross structures in 0D, 1D and 2D formats. 

 

5. THz characterization 

 Despite the significance of DNA as a molecule central to biology, its complexity has limited the amount 

of information available concerning its dynamics.  It has long been postulated that DNA would have 



vibrations in the THz range, and that these vibrations would interact with THz frequency photons.  

Although simulations of molecules of sufficient length to have utility are still limited, experiments of 

increasingly high quality are being performed.  In an attempt to determine the absorption properties of 

solution phase DNA, 13mer oligonucleotides were studied using a microliter solution cell.  These 

experiments, performed in the laboratory of E. R. Brown, resulted in the spectroscopic signature 

observed in Figure 11 (left) and the absorption detailed in Figure 11(right). 5     The analysis of this 

spectroscopic feature yields an absorption strength of 2.6X1016 cm-1/mol, a linewidth of 0f 48 GHz and 

a damping time of 6.6 ps for the resonance centered at ~717 GHz.  Instrumental broadening in prior 

studies had distorted and perhaps hidden the observed features.    

 

          

Figure 11 (Left) Transmission spectrum derived for sample containing 13mer solution.   (Right) Lorentz 

oscillator fit to the attenuation coefficient around the 720 GHz resonance 

Because future spectroscopic characterization of oriented biomolecules may require the use of a DNA 

nanostructure substrate, it is important to determine the background attributable to DNA. 
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