
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Engineering of DNA-mediated assemblies for biosensing applications /

Permalink
https://escholarship.org/uc/item/87n5d3bs

Author
Xu, Phyllis F.

Publication Date
2013
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/87n5d3bs
https://escholarship.org
http://www.cdlib.org/


 

 

 
 
 

UNIVERSITY OF CALIFORNIA, SAN DIEGO 

 

Engineering of DNA-mediated assemblies for biosensing applications 

 

 

A dissertation submitted in partial satisfaction of the 

requirements for the degree Doctor of Philosophy 

in 

 Materials Science and Engineering 

 

by 

 

Phyllis F. Xu 

 

Committee in Charge: 

   Professor Jennifer N. Cha, co-chair 
   Professor Joseph Wang, co-chair 
   Professor Renkun Chen 
   Professor Sungho Jin 
   Professor Donald Sirbuly 
 

 
2013 

 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright 

Phyllis F. Xu, 2013 

All rights reserved 

 

 



 

iii 
 

 

 

 

The dissertation of Phyllis F. Xu is approved, and it is acceptable 

in quality and form for publication on microfilm: 

 

 

 

 

 

                                       Co-Chair 

          Co-Chair 

 

University of California, San Diego 

2013 

 

 

 

 



 

iv 
 

DEDICATION 

 

Dedicated to my family and friends who have given  

me love and support throughout my life in every task 

I’ve chosen to take on 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

v 
  

EPIGRAPH 

  

 

 

“W hen artists create pictures and thinkers search for law s and formulate 

thoughts, it  is in order to salv age something from the great dance of death, 

to make something that lasts longer than w e do.” 

 - Hermann Hesse  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

vi 
 

TABLE OF CONTENTS 

SIGNATURE PAGE..........................................................................................................iii 

DEDICATION....................................................................................................................iv 

EPIGRAPH..........................................................................................................................v 

TABLE OF CONTENTS....................................................................................................vi 

LIST OF FIGURES............................................................................................................ix 

ACKNOWLEDGEMENTS...............................................................................................xii 

VITA.................................................................................................................................xvi 

ABSTRACT OF THE DISSERTATION........................................................................xvii 

CHAPTER 1:  Introduction .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1  

1.1 Motivation and Background .......................................................................................... 1 

1.1.1 Assembly of DNA into Programmed Discrete Structures in Two and Three 

Dimensions ...................................................................................................... 2 

1.1.2 DNA-Mediated Assembly of Nanomaterials for Device Fabrication ............. 7 

1.1.3 Tunable DNA Switches as General Platforms for Sensitive and Specific 

Analyte Detection .......................................................................................... 13 

1.2 Acknowledgments ....................................................................................................... 16 

1.3 Thesis objective ........................................................................................................... 17 

1.4 Overview of the dissertation ....................................................................................... 18 

1.5 References ................................................................................................................... 19 

CHAPTER 2: DNA-mediated assembly of single-walled carbon nanotubes: 

role of DNA linkers and annealing .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  24  

2.1 Introduction ................................................................................................................. 24 

2.2 Materials and Methods ................................................................................................ 26 



 

vii 
 

2.2.1 DNA conjugated CNTs .................................................................................. 26 

2.2.2 Subtraction printing ....................................................................................... 26 

2.2.3 DNA–CNT adsorption and patterning ........................................................... 27 

2.2.4 Thermal annealing ......................................................................................... 27 

2.3 Results and Discussion ................................................................................................ 28 

2.4 Conclusion ................................................................................................................... 40 

2.5 Acknowledgments ....................................................................................................... 41 

2.6 References ................................................................................................................... 42 

CHAPTER 3:  Switchable nanodumbbell probes for analyte detection .. . .  44  

3.1 Introduction ................................................................................................................. 44 

3.2 Materials and Methods ................................................................................................ 47 

3.2.1 AuNP Purification ......................................................................................... 47 

3.2.2 AuNP-ssDNA Conjugation ........................................................................... 47 

3.2.3 Nanodumbbell Dimer Purification by Gel Extraction ................................... 48 

3.2.4 Addition of ATP Aptamer and ATP to Purified Nanodumbbells .................. 48 

3.2.5 TEM/STEM Imaging and Analysis ............................................................... 49 

3.2.6 Fluorescence Measurements .......................................................................... 49 

3.3 Results and Discussion ................................................................................................ 50 

3.4 Conclusion ................................................................................................................... 59 

3.4 Supplementary Information ......................................................................................... 60 

3.3.1 DNA sequences (Integrated DNA Technologies, Inc.) ................................. 60 

3.5 Acknowledgements ..................................................................................................... 66 

3.6 References ................................................................................................................... 67 

CHAPTER 4: Enhanced Raman signals from switchable nanodumbbell 

probes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  69  

4.1 Introduction ................................................................................................................. 69 



 

viii 
 

4.2 Results and Discussions .............................................................................................. 71 

4.3 Materials and Methods ................................................................................................ 80 

4.3.1 AuNP purification .......................................................................................... 80 

4.3.2 AuNP-ssDNA conjugation ............................................................................ 80 

4.3.3 Nanodumbbell dimer purification by gel extraction ...................................... 80 

4.3.4 Silver shell coating of NDB dimers ............................................................... 81 

4.3.5 Addition of ATP aptamer and ATP to purified nanodumbbells .................... 81 

4.3.6 TEM imaging and analysis ............................................................................ 82 

4.3.7 Adsorption of sample to ssDNA modified pillars and SEM analysis ........... 82 

4.3.8 Raman measurement and analysis ................................................................. 82 

4.3.9 COMSOL Multiphysics simulations ............................................................. 83 

4.4 Supplementary Information ......................................................................................... 84 

4.4.1 SERS Enhancement Factor (EF) Calculations .............................................. 84 

4.4.2 DNA Sequences ............................................................................................. 85 

4.5 Acknowledgements ..................................................................................................... 92 

4.6 References ................................................................................................................... 93 

CHAPTER 5:  Conclusions and Future directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  95  

 

 

 

 

 



 

ix 
 

LIST OF FIGURES 

Figure 1.1  (a) Schematic of a branched DNA unit [9] (b) DNA tetrahedron structure 
with captured CAP protein [10]. (c) Electrical switch operated by DNA meta-
hydrogels [16]. (d) Design of DNA origami, folding path, and AFM images[17]. (e) 
Schematic of 3D DNA structures with complex curvatures and TEM images [20]. .. 6 

Figure 1.2  (a) Amorphous and crystalline 3D gold nanoparticle arrays assembled 
through DNA interactions. Tpm and Tm encode for DNA pre-melting and melting 
temperatures, respectively [32]. (b) Schematic illustration and TEM image of 
superlattices with ordered i)nanorod (55nm length, 14nm width), ii) nanoprism 
(140nm edge length), iii) rhombic (64nm diameter) and iv) octahedra (83nm 
diameter) nanoparticles [35]. (c) DNA origami mediated assembly of gold 
nanoparticles on lithographically patterned surfaces [43]. ........................................ 11 

Figure 1.3  DNA origami is used to pattern (a) gold nanoparticles of different sizes [47] 
and (b) silver nanoparticles in specified locations [48]. Carbon nanotubes aligned by 
DNA on (c) Si substrates [53] and (d) across gold electrodes [54]. .......................... 12 

Figure 1.4  (a) Color changes are caused by aggregation of GNP aggregation or 
dispersion due to aptamer binding of cocaine [64]. (b) A triparite, fluorescence-
quenching assembly [69]. (c) An adenosine-responsive gadolinium MRI contrast 
agent [70]. (d) Gold nanoparticles (GNP) with adsorbed thrombin binding aptamer 
(TBA) and SERS active dye will decrease their Raman signal in the presence of 
thrombin [71]. (e) Contrast enhanced sonography of TBA crosslinked microbubbles. 
Acoustic signal will increase in presence of thrombin as shell becomes more fluid 
[77]. ........................................................................................................................... 15 

Figure 2.1 (A) Optical micrograph of CNTs dispersed in solution with T20–(TC)7, T30–
(TC)7, and T40–(TC)7. (B) Representative AFM image of DNA-conjugated CNTs 
dried on mica. (C) Histogram comparing the lengths of CNTs from T20–(TC)7 and 
T40–(TC)7. (D) Schematic changing polythymine length affects binding (TC)7 strand 
density. (E) Zeta potential measurements of the different DNA-conjugated CNTs. 30 

Figure 2.2 AFM images of (A) T20–(TC)7 (B) T30–(TC)7 (C) T40–(TC)7 dispersed CNTs 
adsorbed to subtraction printed lines of (AG)7 in 20mM NaCl. Scale bar of top row 
corresponds to 1µm and bottom row to 500nm. ........................................................ 33 

Figure 2.3 AFM images of T20–(TC)7 dispersed CNTs adsorbed on printed (AG)7 lines 
from buffers containing 10mM NaCl (A), 20mM NaCl (B), and 100mM NaCl (C). 
Scale bars correspond to 500nm. ............................................................................... 34 

Figure 2.4 (A) AFM image of T20–(TC)7 dispersed CNTs adsorbed in 20mM NaCl 
onto 250nm (AG)7 lines before (top) and after (bottom) thermal annealing at 60°C. 
(B) AFM image of T20–(TC)7 dispersed CNTs adsorbed in 200mM NaCl onto 



 

x 
  

250nm (AG)7 lines before (top) and after (bottom) thermal annealing at 60 °C. (C) 
AFM image of T20–(TC)7 dispersed CNTs adsorbed in 20mM NaCl onto 150nm 
(AG)7 lines with no thermal annealing (D)AFM image of the T15 printed substrate 
after adsorbing T30–(TC)7 dispersed CNTs in 20 mM NaCl. No nanotubes could be 
observed anywhere on the substrate. ......................................................................... 37 

Figure 2.5  (A) AFM images of T30-(TC)7 dispersed CNTs adsorbed on printed (AG)7 
lines from buffers containing 100mM NaCl (top: 5mm x 5mm. bottom: 3mm x 
3mm) (B) AFM images of T40-(TC)7 dispersed CNTs adsorbed on printed (AG)7 
lines from buffers containing 100mM NaCl. top: 5mm x 5mm. bottom: 3mm x 
3mm). ........................................................................................................................ 38 

Figure 3.1 a) General scheme of nanodumbbell formation and structure change with 
addition of aptamer and ATP analyte. b) TEM image of nanodumbbell in hairpin 
structure and c) extended structure. ........................................................................... 46 

Figure 3.2 a) 3% gel electrophoresis of 5nm AuNP conjugated with DNA. Lane 1 
shows bare, purified AuNP. Lane 2 is AuNP conjugated with 100x excess of 
polyT5 only. Lane 3 shows AuNP conjugated first with di-thiolated hairpin ssDNA 
at 2:1 ssDNA:AuNP and then 1:100 excess of polyT5. Lane 4 is prehybridized di-
thiolated hairpin ssDNA with complementary aptamer strand and then conjugated 
with AuNP at 2:1 ds/ssDNA:AuNP followed by coating with T5. The extracted 
dimer band is as indicated in lane 3. b) STEM image of AuNP nanodumbbells after 
gel extraction. ............................................................................................................ 51 

Figure 3.3 Histogram and corresponding TEM images of nanodumbbell interparticle 
spacing, a) centering at 2.6 ± 1.5 nm, after gel purification in its natural hairpin 
structure, b) centering at 7.9 ± 2.1 nm after addition of ATP aptamer at 100x excess, 
and c) centering at 2.9 ± 2.0 nm, after 200x excess addition of ATP and a control 
sample centering at 6.8 ± 1.8 nm without the addition of ATP. TEM image in c) 
corresponds to sample with addition of ATP. ........................................................... 53 

Figure 3.4 Histograms of interparticle distance with varying concentrations of ATP 
added to the extended form probes. The majority of nanodumbbells change back to 
hairpin formation at 5 nmol ATP. ............................................................................. 55 

Figure 3.5 Control samples of no NTP, CTP, and GTP in “open” states where the dye 
is further from the Au surface show higher normalized intensity than with ATP in 
“closed” states where the dyes are closer to the Au surface. (See Figure 3.10 for 
original PL spectra.) .................................................................................................. 57 

Figure 3.6  STEM image of AuNP aggregation after pre-hybridizing thiolated ssDNA 
with complementary strand and then conjugation with AuNP. ................................ 61 

Figure 3.7  Nanodumbbell interparticle distance after addition of various ratios of ATP 
aptamer as well as filtering of excess aptamer through 30K MWCO centrifuge filter 



 

xi 
 

after 100x excess aptamer addition. (1x aptamer corresponds to ~0.5pmol of ATP 
aptamer.) .................................................................................................................... 62 

Figure 3.8  Nanodumbbell interparticle distance with various controls and ATP. ......... 63 

Figure 3.9  Estimated distances of Cy3 dye position relative to AuNP for a) Cy3-P1 and 
b) Cy3-P2. ................................................................................................................. 64 

Figure 3.10  a) and b) show the PL spectra for 126nM nanodumbbell probe solutions 
with the Cy3-P1 DNA sequence before and after ATP, CTP and GTP. c) and d) 
show the PL spectra for 97nM nanodumbbell probe solutions with the Cy3-P2 DNA 
sequence before and after ATP, CTP and GTP. ........................................................ 65 

Figure 4.1  Scheme of NDB structural change. a) NDBs are formed by conjugating a 
Cy3-modified dithiolated hairpin ssDNA to 20nm AuNPs and then coated with an 
Ag shell. After addition of ATP aptamer, NDB changes to extended formation. 
When ATP is added, NDB reverts back to hairpin formation. TEM images of b) 
NDB before Ag shell coating, c) after Ag shell coating in hairpin formation, and d) 
in extended formation are shown, with indicated scale bars of 20nm. ..................... 72 

Figure 4.2  TEM histogram analysis of interparticle distances. a) NDBs in natural 
hairpin form, b) and after addition of aptamer in extended form. c) TEM image 
showing majority dimers after gel extraction. ........................................................... 73 

Figure 4.3  a) COMSOL simulations of NDB structures with “open” and “closed” 
structure for various positions of Cy3 dye. Experimental and theoretical 
approximations of Cy3 position within the NDB gap are shown. The positioning of 
the Cy3 on the dithiolated ssDNA is shown as the red star in the corresponding 
simulations. b) Comparison of average intensity/NDB of NDB designs in “open” 
and “closed” states. Intensity is taken at Cy3 fingerprint peak at 1580cm-1. ............ 75 

Figure 4.4 a) Histogram of interparticle distance of NDB after ATP addition with 
corresponding TEM image. b) Comparison of average Raman intensity per NDB of 
original NDB structures, before and after ATP addition. c) Sample SERS spectra of 
NDB in its original form, after ATP aptamer addition, and then after ATP addition. 
Increase in intensity at Raman shift of 1580cm-1 show “on” signal after ATP 
addition. ..................................................................................................................... 79 

Figure 4.5 Image of 2.5% agarose gel electrophoresis of 20nm AuNP conjugated with 
dithiolated hairpin ssDNA and TEM of extracted dimer band. Lane 1 is 20nm AuNP 
only. Lane 2, 3, 4, 5 is 10nm AuNP conjugated to dithiolated hairpin ssDNA at 1:10, 
1:20, 1:50, 1:100 AuNP:ssDNA, respectively. Monomer band fades and dimer and 
aggregate bands darkens as ratio of ssDNA is increased. Dimer band is gel extracted 
at conjugation ratio to maximize dimer band, at 1:50 AuNP:ssDNA. Relative yields 
at optimal ratio is 71% AuNP dimers, 13% monomers, and 16% trimers or higher 
aggregates. ................................................................................................................. 87 



 

xii 
 

Figure 4.6  UV-Vis spectra for Au NDB dimers only and Au@Ag core-shell NDB 
dimers. Clear shift in main Au peak is seen after Ag shell coating from 527nm to 
494nm, with additional peak at 415nm corresponding to the Ag shell. TEM analysis 
shows shell coating to be ~5nm in thickness. ........................................................... 88 

Figure 4.7   Representative Raman spectra of “closed” (upper spectrum) and “open” 
(lower spectrum) NDBs. Intensity counts were taken at Cy3 fingerprint peak at 
1580cm-1. Average intensity/NDB values were taken as the intensity at 1580cm-1 
divided by the number of NDB on each particular sampled Si pillar. ...................... 89 

Figure 4.8  a) Representative SEM images of 3um Si pillar with adsorbed NDB. b) 
ImageJ analysis of a) used for particle counting. Number of particles across all 
sampled pillars ranged from 300-700 particles. NDB counts were taken as half of the 
total number of particles, assuming all particles are NDBs. ..................................... 90 

Figure 4.9 Fluorescently labeled DNA patterned preferentially to top of 3 micron Si 
pillars. ........................................................................................................................ 91 

 

 

 

 

 

 

 



 

xiii 
 

ACKNOWLEDGEMENTS 

My time as a graduate student at University of California, San Diego has given 

me some of the most memorable experience in my life thus far. First and foremost, my 

advisor, Jennifer Cha, has been the best guide and motivator I could ask for in an advisor. 

Her passion for science and her dedication to her students is truly inspirational. I thank 

her sincerely for giving me the opportunity to work with her and for helping me 

throughout every step of my journey to complete my dissertation. 

 I would also like to thank Prof. Joseph Wang, for providing me the resources and 

helpful discussions to complete my journey here at UC-San Diego. His lab is constantly 

full of a diverse group of passionate and talented people, creating an environment that 

allowed me to grow in many different ways. Special thanks to Sirilak Sattayasamitsathit 

and Aoife O’Mahoney for bringing lively discussions and high spirits to my experience 

in Prof. Wang’s lab. 

 Next, I would like to thank my committee members, Prof. Renkun Chen, Prof. 

Sungho Jin, and Prof. Donald Sirbuly, for their interest and advice for my dissertation. 

 I would not have come this far in my journey without the help and encouragement 

of the former and present members of Prof. Cha’s lab. In particular, I would like to thank 

Hyunwoo Noh and Prof. Albert Hung for being the first ones I worked with when I 

entered the lab. They taught me the foundation of many lab techniques that I still use 

today. Many thanks to Ju Hun Lee for the invaluable advice and discussions on cell 

cultures and Raman techniques. Also thanks to Matt Nakatsuka, Lauren Forbes, Sarah 



 

xiv 
 

Chowdhury, Dylan Domaille, Taeseok Oh, Yue Shi, Mike Brasino, and Prof. Andrew 

Goodwin for their support and advice throughout the years.  

 Thank you also to the Nano3 staff—Maribel Montero, Ryan Anderson, and Sean 

Parks—for training me on various instruments in the facility, Norm Olson for patient 

training and help on the TEM, Dr. Chulmin Choi for lithography advice, and Benjamin 

Suen for help with the Raman microscope. Although I cannot name everyone that have 

helped me along the way, I want to thank all the colleagues I have met from the Materials 

Science Engineering Program, Mechanical Engineering Department, and 

Nanoengineering Department.  

 Thank you to the Nanoengineering Department staff and Charlotte Lauve for all 

their administrative help and organization. 

 Last but not least, I want to thank my family and all the friends I made in San 

Diego for all the support and encouragement for me throughout my graduate career. You 

all have made me feel loved and have made my time in San Diego thus far a fulfilling and 

happy experience. 

 Chapter 1, in part, is a reprint of the material as it appears in Materials Today, in 

press, 2013. Xu, Phyllis F.; Noh, Hyunwoo; Lee, Ju Hun; Domaille, Dylan W.; 

Nakatsuka, Matthew A.; Goodwin, Andrew P.; Cha, Jennifer N. The dissertation author 

was the primary author of this paper. 

 Chapter 2, in full, is a reprint of the material as it appears in Physical Chemistry 

Chemical Physics, Volume 13, 2011. Xu, Phyllis F.; Noh, Hyunwoo; Lee, J.H.; Cha, 

Jennifer N. The dissertation author was the primary author of this paper. 



 

xv 
 

 Chapter 3, in full, is a reprint of the material as it appears in Physical Chemistry 

Chemical Physics, Volume 13, 2011. Xu, Phyllis F.; Noh, Hyunwoo; Lee, J.H.; Cha, 

Jennifer N. The dissertation author was the primary author of this paper. 

 Chapter 4, in full, is currently being submitted for publication. Xu, Phyllis F.; 

Lee, Ju Hun; Ma, Ke; Choi, Chulmin; Jin, Sungho; Wang, Joseph; Cha, Jennifer N. The 

dissertation author was the primary author of this paper. 

 

Phyllis F. Xu 

 

La Jolla, July 2013 



 

xvi 
 

VITA 

2009  Bachelor of Science in Materials Science and Engineering, 

  Massachusetts Institute of Technology, Cambridge, MA 

2010  Master of Science in Materials Science and Engineering, 

  University of California-San Diego, San Diego, CA 

2013  Doctor of Philosophy in Materials Science and Engineering, 

University of California-San Diego, San Diego, CA 

 

LIST OF PUBLICATIONS 

[1] Xu PF, Noh H, Lee JH, Cha JN. DNA Mediated Assembly of Single Walled Carbon 
Nanotubes: Role of DNA Linkers and Annealing. Physical Chemistry Chemical Physics. 
2011;13:10004-10008. 

[2] Xu PF, Hung AM, Noh H, Cha JN. Switchable Nanodumbbell Probes for Analyte 
Detection. Small. 2013;9:228-232. 

[3] Xu PF, Noh H, Lee JH, Domaille DW, Nakatsuka M, Goodwin AP, Cha JN. 
Imparting the Unique Properties of DNA into Complex Material Architectures and 
Functions. Materials Today. 2013; in press. 

[4] Lee JH, Xu PF, Domaille DW, Choi C, Jin S, Cha JN. Quantitative Surface 
Enhanced Raman Scattering Based Protein Detection and Identification via DNA-
Conjugated M13 Bacteriophage and SERS Active DNA Core Shell Nanoparticles. 2012. 
(submitted) 

[5] Xu PF, Lee JH, Ma K, Choi C, Jin S, Wang J, Cha JN. Enhanced Raman Signals 
from Switchable Nanodumbbell Probes. 2013. (submitted) 

[6] Forbes LM, Sattayasamitsathit S, Xu PF, O’Mahony A, Samek IA, Kaufmann K, 
Wang J, Cha JN. Improved Oxygen Reduction Reaction Activities with Amino Acid R 
Group Functionalized PEG at Platinum Surfaces. Journal of Materials Chemistry A. 
2013; in press. 

  



 

xvii 
 

ABSTRACT OF THE DISSERTATION 

 

Engineering of DNA-mediated assemblies for biosensing applications 

 

by 

Phyllis F. Xu 

 

Doctor of Philosophy in Materials Science and Engineering 

University of California, San Diego, 2013 

 

Professor Jennifer N. Cha, co-Chair  

Professor Joseph Wang, co-Chair 

 

Traditionally known as the genetic code, in recent years DNA has been 

engineered in new ways and applied toward novel applications in materials science and 

bio-nanotechnology. The nanometer features and highly specific base-pairing of DNA 

has enabled its use to build complex 2- and 3D nano-architectures and nano-structures. 

Specific DNA scaffolds include branched DNA junctions, 2D and 3D DNA “tiles” and 

“bricks”, and DNA hydrogels that can be used for applications across various fields of 

materials science. Another unique feature of DNA is its ability to bind other materials 

through molecular recognition which has made the use of DNA aptamer or DNA-protein 

conjugates highly useful  for applications in biosensing and identification. .  



 

xviii 
 

The main focus of this thesis is to demonstrate the use of DNA as an invaluable 

tool for engineering specific nanostructures for biosensing. The first chapter introduces 

the basics of DNA and current research in various DNA structures and assemblies and 

their applications. The second and third chapters describe the self-assembly of two 

structurally different nanomaterials using DNA, carbon nanotubes and gold nanoparticles. 

In the second chapter, the successful large-scale alignment of carbon nanotubes on a 

surface is shown. The study goes into the factors that affect the quality of alignment, 

including salt concentration, length of DNA, and annealing. In the third chapter, we show 

how DNA can be used to engineer discrete gold nanocrystal assemblies-

“nanodumbbells”- that can adopt different structural conformations through DNA 

interactions. By incorporating DNA aptamers in the nanoparticle structure, these 

nanodumbbells can be used to sense particular analytes in solution.  

Chapter 4 continues the study of the nanodumbbell structures and their potential 

use as surface-enhanced Raman spectroscopy (SERS) biosensors. A large measurable 

difference in Raman signal was experimentally obtained from the two distinct 

nanodumbbell conformations. This was compared with theoretical studies of SERS 

enhancement to validate the signals produced. We were also able to show the successful 

detection of an analyte, ATP, using the DNA-mediated probe and SERS detection 

method.  
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CHAPTER 1:  Introduction 

 

"He, who will not reason, is a bigot; he, who cannot, is a fool; and he, who dares not, 

is a slave." 

- Sir William Drummond 

 

This chapter, in part, is a reprint of the material as it appears in Materials Today, 

in press, 2013. Xu, Phyllis F.; Noh, Hyunwoo; Lee, Ju Hun; Domaille, Dylan W.; 

Nakatsuka, Matthew A.; Goodwin, Andrew P.; Cha, Jennifer N. The dissertation author 

was the primary author of this paper. 

 

1.1 Motivation and Background  

DNA is a remarkable biopolymer with molecular recognition properties far 

surpassing any synthetic analog. The predictability and ease of DNA-DNA binding, the 

creation of algorithms for the de novo design of new structures, and the ability to 

synthesize DNA oligonucleotides with almost an unlimited range of sequences and 

functional end-groups has allowed the production of frameworks for the rational design 

of materials with programmable shape, size, and function. For example, not only have 

numerous 2D and 3D nano- and mesoscale DNA architectures been designed and 

synthesized to highlight the power and generality of DNA self-assembly, the DNA 

structures have also been employed for the delivery of therapeutics and study of chemical 

reactions. In addition, creation of nanoparticle-oligonucleotide conjugates can serve as 
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building blocks for controlled nanoparticle assemblies ranging from simple dimers to 

complex 3D heterostructures as a framework for fabricating new device architectures.  

Finally, the reversible, single-molecule interactions of DNA aptamers with specific 

analytes can be transduced into a variety of detection signals for new materials for 

sensors and in vivo imaging agents. 

 

1.1.1 A ssembly  of DNA  into Programmed Discrete Structures in Tw o and 

Three Dimensions 

DNA is composed of four nucleotide bases, adenosine (A), guanine (G), thymine 

(T), and cytosine (C), where hybridization between A-T and C-G produces a double helix 

consisting of anti-parallel complementary strands. Once hybridized, the persistence 

length increases from ~1 nucleotide for single stranded DNA (ssDNA) to about 100 bases 

for double stranded DNA (dsDNA), and this rigidity allows self-assembled DNA 

structures to hold their shape upon assembly. Since optimization of solid-phase synthesis 

has facilitated the production of synthetic oligonucleotides with almost any sequence, the 

materials engineer is allowed an unlimited repertoire of designs for self-assembled 

different 2- and 3D DNA architectures. In more recent years, with the additional aid of 

computation, new design rules in DNA assembly have been established that have led to a 

virtual explosion of DNA scaffolds that can be used in a wide variety of applications, 

including nanomaterial assembly, biosensors,1 drug delivery,2 computation,3,4 and 

biomolecular actuation.5,6,7 In their pioneering work, Seeman and coworkers provided the 

initial guidelines for forming tetrameric complexes in solution from immobile DNA 

junctions.8,9 Four different strands of DNA cooperated to form a junction in which each 
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arm contained free ssDNA that could hybridize to an adjacent junction, resulting in a 

square-like, branched-DNA unit (Figure 1.1a). A key aspect of this assembly is the design 

of DNA strands that each bind simultaneously to different complementary partners, 

allowing the joining of multiple strands into complex architectures.   

This basic structure can be elaborated into larger and more complex 2- and 3D 

assemblies tuned towards addressing specific applications in materials science. For 

example, targeted delivery of bioactive cargo is of importance for treating cancer and 

other diseases, but monodisperse vehicles with predictable delivery profiles have been 

difficult to create.  For this, a 3D DNA tetrahedron has been demonstrated as a potential 

carrier for this application since the precisely sized scaffold can encapsulate proteins10 

(Figure 1.1b) or peptides,11 while the superstructure can be easily transported to the target 

because of its innate biocompatibility. These multivalent DNA structures can also be 

easily modified on the exterior with additional functional oligonucleotides12 or be 

specifically shaped13 to provide resistance to nuclease degradation and facility for cell 

uptake. Because of these unique attributes, the DNA tetrahedron structure has been 

successfully used for in vivo delivery of siRNA for cancer targeting and therapy, a truly 

remarkable advance.14 Mimicking the well-defined and homogeneous structure of these 

DNA carriers with synthetic systems is difficult; DNA allows for specific programming 

of the orientation and number of modifications per delivery platform for optimal delivery 

efficacy, whereas polymer particles and assemblies typically created through bulk 

emulsification or precipitation lack the same precise control over size and surface.  

DNA nanostructures have also been incorporated and used to form active 

hydrogels, which can be applied towards novel biomaterials for tissue engineering and 
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scaffolds for “smart” delivery and sensing. For example, simple, branched DNA 

nanostructures ligated together under controlled conditions to form cross-linked 

structures exhibit the familiar viscoelastic mechanical properties of hydrogels, and such 

properties as the degree of crosslinking, strength of crosslinking, and length between 

junctions may be programmed very easily.15 Control over hydrogel properties is 

extremely important for tissue engineering in particular, as the cellular growth scaffold 

must mimic that of the desired tissue. By tuning the initial DNA branched structure, gel-

loading (e.g. with DNA-binding drugs, insulin, and even mammalian cells), and 

environmental conditions, the material’s swelling profile, tensile modulus, and 

degradation rate (load-release rate) may be controlled accordingly. In addition, an 

exciting variation of DNA hydrogels, “meta-hydrogels,” has been engineered to act as a 

mechanical metamaterial that can exhibit liquid-like properties when outside of water but 

solid-like properties when immersed in water, acting as a water-induced switch (Figure 

1.1c). 16   

 Another significant breakthrough in DNA nanotechnology was made by 

Rothemund, in which long ssDNA isolated from the M13 bacteriophage was folded into 

compact 2D DNA architectures via a process called “DNA origami.”17 Rather than 

assembling many short strands into a larger structure, long viral ssDNA is reacted with 

many short oligonucleotides, or “staples”, producing a vast library of different DNA 

configurations ranging from simple geometrical shapes to complex maps of the world 

(Figure 1.1d) in only a few steps. Following Rothemund’s initial work, a diverse range of 

DNA origami structures have been synthesized and applied as active materials or 

templates for various research areas. For example, Sugiyama and coworkers applied 
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“window”-shaped DNA origami as a platform to study the interaction of EcoRI protein 

with DNA strands placed under tension.18 Similarly, Gothelf and coworkers used 

rectangular DNA scaffolds as breadboards for running different chemical reactions for 

nanoscale combinatorial chemistry.19 DNA origami has also been applied toward 

engineering complex 3D systems. For example, Yan and coworkers recently created 

exquisite 3D DNA shapes with large curvature (Figure 1.1e).20 Highly novel examples of 

3D origami systems designed for biological applications include the fabrication of 

stimuli-responsive DNA boxes and cages. These 3D structures can be controlled to 

“lock” and “unlock” the accessibility of oligonucleotide21 or protein22 targets, allowing 

the controlled release of a payload from within the heart of the structure. Similar to the 

aforementioned DNA tetrahedron, the ability to engineer multivalent 3D, stimuli-

responsive origami structures that can be easily modified with nanoscale precision may 

have a significant impact on applications such as controlled release or active transport in 

both in vitro and in vivo settings.  
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Figure 1.1  (a) Schematic of a branched DNA unit [9] (b) DNA tetrahedron structure 
with captured CAP protein [10]. (c) Electrical switch operated by DNA meta-hydrogels 
[16]. (d) Design of DNA origami, folding path, and AFM images[17]. (e) Schematic of 
3D DNA structures with complex curvatures and TEM images [20]. 
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1.1.2 DNA -Mediated A ssembly  of Nanomaterials for Dev ice Fabrication 

The advent of nanotechnology has brought to existence a diverse set of 

nanomaterials possessing unique electronic, optical, or magnetic properties. One of the 

grand challenges associated with engineering functional materials or devices from such 

nanoscale objects has been how to integrate and assemble them into hierarchical arrays 

with minimal defects. However, these particles and surfaces are generally easily modified 

with oligonucleotides, which in turn allow the organization of nanomaterials into 

different packing densities and arrangements for a variety of applications, as 

demonstrated in initial groundbreaking work by Alivisatos and Mirkin.23,24 By varying 

the length and sequence of the DNA on the nanoparticles, core-satellite structures25 or 

discrete geometrical organizations26,27 have been formed in which the DNA controls not 

only the distance between particles28 but also the angle of packing.29 Particle distances 

have also been modified through dynamic hybridization schemes such as hairpin 

structures.30 Beyond discrete nanoparticle clusters, Mirkin and Gang recently reported 

methods to create well-ordered bulk nanoparticle solids (Figure 1.2a).31,32 Specifically, 

tuning hybridization between two particles led to gold nanoparticle (AuNP) superlattices 

with either face-centered-cubic (FCC) or body-centered-cubic (BCC) orientation. Since 

their first demonstration, further studies have clarified the effect of particle size, 

hydrodynamic size, and length of DNA on assembly,33 and similar techniques have been 

applied to create mixed-particle systems of AuNPs and quantum dots.34 It is worth noting 

that this degree of tunability in nanoparticle ordering and packing cannot be easily 

achieved with synthetic polymers or small molecule systems, nor is it trivial to obtain 

thermodynamically-stable nanoparticle superlattices through simple thermal annealing.  
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 Anisotropic nanomaterials may also be organized with similar tools. The size and 

shape of metal nanostructures determine their plasmon behavior, and an understanding of 

the different facets on a given structure can allow face-selective DNA functionalization 

for engineering new optically active materials. For example, Mirkin and coworkers 

recently created a hexagonal close-packed superlattice of Au nanorods by using different 

DNA sequences and lengths (Figure 1.2b),35 and Mann and coworkers described a similar 

example in which nanorods were assembled in 2D along their long axes to maximize 

DNA overlap and hybridization.36 DNA has also guided the assembly of various 

anisotropic nanoparticles such as nanoprisms and rhombic dodecahedra. In these cases, 

the inherent difference in surface energies in anisotropic colloidal particles allowed 

selective functionalization of the sides of the particles for building unique hybrid 

structures.37, 38 Furthermore, since DNA hybridization is thermally reversible, the 

plasmon responses of DNA-nanorod assemblies can be easily and controllably tuned 

through simple temperature changes.39  

 DNA-guided assembly directly on surfaces has also been shown as a promising 

method for the creation of nanoelectronic, nanophotonic, or optoelectronic solid-state 

devices, as such materials often require control over nanomaterial placement, 

organization, and orientation in both two and three dimensions. The overall strategy of 

these methods is to use complementary and/or orthogonal sequences in both surface-

bound and particle-bound DNA to direct the assembly of particles both to a surface and to 

each other.  DNA is deposited onto a surface through either physical interaction with a 

hydrophilic surface (typically patterned from a hydrophobic resist) or covalent 

conjugation through an end group on the DNA. For example, 2D DNA origami has been 
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deposited onto areas etched by either e-beam lithography or photolithography, followed 

by hybridization and deposition of DNA-AuNPs onto the etched surface.40,41,42 Due to the 

mesoscale size regime of DNA origami, methods to merge top-down lithography with 

bottom-up self-assembled DNA have been developed to produce precise ordered arrays 

of 5nm AuNPs (Figure 1.2c).43,44 These DNA origami can also in principle be extended to 

organizing other nanomaterials on surfaces, including carbon nanotubes (CNTs)45 or 

biomolecules (Figure 1.3a, 1.3b).46,47,48 Although CNTs are typically very difficult to 

disperse in water without the addition of surfactants49 or chemical modification,50 ssDNA 

can solubilize CNTs in aqueous media through π-π stacking of the DNA bases to the CNT 

sidewall.51 Specific DNA oligonucleotides have also been shown to bind to specific CNT 

widths and chiralities,52 empowering DNA for both CNT purification and assembly 

(Figure 1.3c, 1.3d)53,54 

In addition, cost-effective printing methods have been developed to produce 

patterned domains of large-area close packed nanoparticle films on substrates. For 

example, nanoparticle superlattices with long range order could be obtained within DNA 

arrays patterned by traditional micro-contact printing or inking-subtraction-printing,55 

followed by thermal annealing into superlattices through hybridization between the 

DNA-AuNPs and the surface DNA.56 Similar techniques have been applied to create 3D 

particle assemblies on substrates with surface strands used to promote interparticle 

hybrdization.57 The ability to organize nanoparticle arrangements on surfaces through 

simple tuning of DNA hybridization exemplifies the power of using a self-recognizing 

polymer such as DNA for controlling particle packing in both two and three dimensions. 

The typical approaches for engineering ordered thin films of nanoparticles on substrates 
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to date have been to use electrostatic interactions,58 spatial confinement,59 or air-liquid 

interfaces.60 Using DNA interactions to drive particle ordering provides a framework to 

assemble a diverse set of nanoparticle sizes and compositions, while avoiding barriers to 

manufacturing such as needing high nanoparticle concentrations or requiring slow 

evaporation. Furthermore, because DNA interactions can be programmed to include 

flexible, compressible sections, polydisperse nanoparticle batches may also be assembled 

into well-ordered arrangements.33-35 
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Figure 1.2  (a) Amorphous and crystalline 3D gold nanoparticle arrays assembled 
through DNA interactions. Tpm and Tm encode for DNA pre-melting and melting 
temperatures, respectively [32]. (b) Schematic illustration and TEM image of 
superlattices with ordered i)nanorod (55nm length, 14nm width), ii) nanoprism (140nm 
edge length), iii) rhombic (64nm diameter) and iv) octahedra (83nm diameter) 
nanoparticles [35]. (c) DNA origami mediated assembly of gold nanoparticles on 
lithographically patterned surfaces [43]. 
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Figure 1.3  DNA origami is used to pattern (a) gold nanoparticles of different sizes [47] 
and (b) silver nanoparticles in specified locations [48]. Carbon nanotubes aligned by 
DNA on (c) Si substrates [53] and (d) across gold electrodes [54].  

 
  



 

 

13 

1.1.3 Tunable DNA  Sw itches as General Platforms for Sensitiv e and 

Specific A naly te Detection 

The unique ability of DNA to bind to itself or other analytes has also been used 

for highly sensitive and specific diagnostics. A typical clinical sample contains only a 

minute amount of a particular biomarker in the presence of many other proteins, peptides, 

small molecules, and cells, so sensors are needed that boast high sensitivities and 

specificities, stability in a range of conditions, and favorable cost-to-benefit ratios. DNA 

has already been utilized heavily in oligonucleotide detection and gene sequencing, and 

DNA’s self-complementarity and library of different sequences have made it an obvious 

choice for labeling and identifying particular biomarkers through a “biobarcode” that can 

be amplified and sequenced for multiplexed detection. By  tuning the energies of DNA 

binding with itself or other analytes has made DNA a powerful tool for engineering 

sensors that actuate a unique response to analyte binding.   

 In the simplest scenario, one or more detection strands are made complementary 

to a nucleic acid analyte, and the act of binding causes the emission of a detectable signal. 

In a common example, changes in fluorescence can be observed via quenching or Förster 

Resonance Energy Transfer (FRET) by utilizing the DNA-analyte exchange to change 

the distance between a donor and acceptor dye or quencher. Other common detection 

schemes include colorimetric via plasmon shifts in aggregated nanoparticles (Figures 

1.4a),61, 62 electrochemical63 via changes in current and voltage, magnetic via changes in 

T2 relaxivity with iron oxide nanoparticles, 64 and, more recently, Surface Enhanced 

Raman Spectroscopic (SERS), in which DNA recognition brings the Raman active 

reporter directly into the “hot spot” between two metallic nanoparticles.65 In order to 
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sense analytes other than nucleic acids, aptamers of DNA or RNA have been found that 

bind with high specificity to other substrates such as small molecules, peptides, or 

proteins. To generate a signal upon aptamer-ligand binding, a sensing strand is displaced 

from its complement to bind to a more strongly binding analyte; this displacement 

mechanism has been employed for fluorescence sensing (Figure 1.4b),66 MRI contrast 

agents (Figure 1.4c),67 and SERS sensors (Figure 1.4d).68 Another interesting use of this 

type of displacement mechanism is to change the properties of DNA-polymer networks.  

For example, Tan and coworkers have designed hydrogels composed of polymers 

crosslinked with hybridized DNA-aptamers, which become soluble after the analytes 

cause the decrosslinking of the network.69-71 For in vivo applications, the aptamers’ 

affinities for both soluble and bound biomarkers can bias the accumulation of contrast 

agents into diseased sites72 or even actuate changes in imaging signal.73 In one example 

of the latter, the presence of elevated levels of thrombin, such those found in a growing 

blood clot, caused a gas-filled microbubble to change its response and contrast under 

ultrasound (Figure 1.4e); an aptamer displacement mechanism similar to that described 

for the aforementioned hydrogels caused the decrosslinking of a stiff exterior shell than 

in turn changed the mechanical properties of the bubble.74  

The use of such DNA aptamers has excellent potential for low-cost diagnostics.  

Antibodies and enzymes are certainly effective at sensing specific substrates, but DNA 

offers improved thermal stability and cost over its protein counterparts.  In addition, 

aptamer-substrate binding can be tuned and switched on or off depending on desired 

sensitivity and detection method, which allows DNA to be utilized in a number of 

different types of assays and instruments.   
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Figure 1.4  (a) Color changes are caused by aggregation of GNP aggregation or 
dispersion due to aptamer binding of cocaine [64]. (b) A triparite, fluorescence-
quenching assembly [69]. (c) An adenosine-responsive gadolinium MRI contrast agent 
[70]. (d) Gold nanoparticles (GNP) with adsorbed thrombin binding aptamer (TBA) and 
SERS active dye will decrease their Raman signal in the presence of thrombin [71]. (e) 
Contrast enhanced sonography of TBA crosslinked microbubbles. Acoustic signal will 
increase in presence of thrombin as shell becomes more fluid [77].  
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The unique properties of DNA have enabled the generation of many different 

types of structures and materials with unprecedented design and function.  Such materials 

include 2- and 3D nano- and mesoscale DNA architectures, precise assemblies of 

nanoparticles in solution and on surfaces, and switchable systems for biomolecule 

detection. The variability of DNA sequences and binding energies, its tunability in 

flexibility or stiffness, and the ease of synthesis and production have made it one of the 

most unique and exquisite macromolecular systems from which to build new materials. 

Moving forward, we imagine that DNA alone or in combination with other molecular 

structures will be engineered into functional materials that demonstrate increasing 

complexity in structure and function. 
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1.3 Thesis objective 

The central focus of this thesis is to gain insight into the use of DNA as a tool for 

patterning and creating nanostructures for biosensing applications and the roles of DNA 

design in the synthesis of these nanostructures. 

 

To achieve these goals, the following issues were addressed: 

• To develop a method of patterning nanostructures on a surface and tuning 

adsorption conditions to optimize volume and specificity of nanostructures 

on the surface. 

• To design a nanostructure that can be structurally controlled using DNA 

and to explore its potential as a probe for highly sensitive solution based 

biosensing by Surface Enhanced Raman Spectroscopy. 
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1.4 Overview of the dissertation 

Chapter 1  provides a brief introduction to DNA and its use as a tool for 

nanoassembly and biosensing applications. 

Chapter 2  describes a process for using DNA to pattern carbon nanotubes (CNT) 

on a silicon surface with varying DNA size and salt concentration to control alignment 

and adsorption of CNT on the surface. 

Chapter 3  describes the design, development, and characterization for using 

DNA to produce a nanodumbbell probe that changes structurally in the presence of ATP. 

Chapter 4  further extends the application of the nanodumbbell probe to show 

the change in surface-enhanced Raman spectroscopy (SERS) signal due to the change in 

its structure. 

Chapter 5  concludes the dissertation and discusses future directions. 
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CHAPTER 2: DNA-mediated assembly of single-walled carbon 

nanotubes: role of DNA linkers and annealing  

 

“There is the lov e of know ing w ithout the lov e of learning; the beclouding 

here leads to dissipation of mind.” 

- Confucius 

 

This chapter, in full, is a reprint of the material as it appears in Physical 

Chemistry Chemical Physics, Volume 13, 2011. Xu, Phyllis F.; Noh, Hyunwoo; Lee, 

J.H.; Cha, Jennifer N. The dissertation author was the primary author of this paper. 

 

2.1 Introduction  

 For single walled carbon nanotube (CNT) electronics, one of the most daunting 

challenges has been their directed placement on surfaces to produce macroscopic arrays 

of parallel devices with precision at the single nanotube level. While one common 

method for engineering CNT arrays is through chemical directed patterning,1–4 various 

other methods such as confined microfluidic flow and transfer printing have been tried.5–

13 In addition to nanotube assembly, the inability to synthesize a single type of CNT of 

single diameter and chirality requires sorting and purifying the tube mixture prior to 

use.14–24 While significant efforts have been made to grow nanotubes directly from 

catalysts on surfaces, these methods lead to a mixture of nanotube diameters and 

chiralities, impeding their usefulness for electronics. A single chemical that could both 
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capture a desired nanotube type and place it onto a specific site on a surface would 

greatly help the throughput, manufacturability, and cost of nanotube electronics. In recent 

years, DNA has been shown to possess such potential. Zheng and coworkers recently 

demonstrated that specific DNA strands could selectively isolate specific types of CNTs 

from a starting mixture.25–26 Furthermore Maune et al. showed that DNA origami could 

be used to assemble CNTs in solution through DNA hybridization.27 However, methods 

to drive nanotube placement directly to substrate-bound DNA has yet to be shown. For 

ease of fabrication, rather than assembling a CNT device in solution first and then placing 

it on a surface, it would be much more ideal to program surface-bound DNA to position 

single tubes into the desired arrangements. To enable this, we demonstrate here the first 

principles of using surface patterned DNA to drive adsorption, binding, and alignment of 

single CNTs from solution. We show that the quantity of DNA linking strands per tube 

and the ionic strength of the surrounding buffer significantly affect the specificity of CNT 

placement. Furthermore, we demonstrate that defective binding can be “healed” to 

produce correctly patterned and aligned CNTs on the DNA sites through thermal 

annealing in a humid environment. 
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2.2 Materials and Methods 

2.2.1 DNA  conjugated CNTs 

 Aqueous solutions of T20-(TC)7, T30-(TC)7, and T40-(TC)7 ssDNA (Integrated 

DNA Technologies) were hybridized with equimolar amounts of (AG)7. The DNA 

solutions were next bath sonicated with single walled carbon nanotubes in 100mM 

aqueous NaCl for 90min in an ice bath (Bransonic Ultrasonic Cleaner 1510R-MTH, 

70W) and then centrifuged for 90min at 16,000rpm at 15°C (Beckman Coulter Allegra 

X-22). The supernatants were retained for use. 

 

2.2.2 Subtraction printing 

The general method for subtraction printing followed previously published 

results.28 The PDMS substrates, patterned silicon (Si) substrates, and bare Si pieces were 

UV/ozone-cleaned for 1h prior to use. PDMS stamps were next inked with 20pmol of 

(AG)6 ssDNA and allowed to sit in a humid environment for ~20min. The PDMS stamps 

were then allowed to dry almost completely and gently blow-dried with N2 before 

contacting the inked PDMS to the Si master pattern for 30s under a 50g weight, 

detaching, and then re-stamping the same PDMS stamp to the bare Si piece for 30 

seconds with a 50g weight. The DNA patterned Si substrate was then backfilled with 

hexyltrimethoxysilane (HTS, Gelest Inc.) in vapor phase by exposing the DNA patterned 

substrate to an open bottle containing ~10mL of HTS in a closed container at 45°C for 

15–17h. 
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2.2.3 DNA –CNT adsorption and patterning 

Before adsorption of the DNA conjugated CNTs (DNA –CNT) to the stamped 

ssDNA patterns, the double stranded portion of the DNA –CNTs were dehybridized by 

heating the solutions to 65°C for 5–10 minutes and then quenching in ice water. The 

solutions were immediately filtered twice through a 30 K microcentrifuge filter to remove 

the dehybridized (AG)6 capping strand. Aqueous NaCl solutions with final concentrations 

ranging from 10mM to 200mM NaCl were added to the filtered DNA–CNT solutions. 

Next, 10µL of each DNA-CNT sample were adsorbed to the DNA arrays for ~50min in a 

humid chamber and then rinsed stepwise in pure water, 50–50 (v/v) ethanol-water, and 

90–10 (v/v) ethanol-water, All samples were then dried to completeness with a nitrogen 

stream. 

 

2.2.4 Thermal annealing 

The samples were placed in a humid chamber in an oven at 60°C for 2 h. 
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2.3 Results and Discussion 

To position CNTs to a surface using DNA, part of the DNA sequence must adhere 

and solubilize the tube while a trailing portion anchors the CNT to the surface. Because 

polythymine (T)n has been shown to be a strong CNT dispersing agent, presumably by 

wrapping in a helical fashion around the tube,29 the DNA sequences used in this study 

contained different lengths of polythymine and a block of thymine–cytosine (TC)7. To 

ensure that the (TC)7 block did not adhere to the tube during solubilization, the DNA 

strands were first prehybridized with equimolar amounts of (AG)7. Next, the Tn–

(TC/AG)7 strands were sonicated with bulk CNT powder, centrifuged to remove 

unsuspended CNT bundles, and filtered through 30 K microcentrifuge filters to remove 

any unbound DNA. Next, immediately prior to adsorption of the CNTs to the DNA 

patterned surfaces the (AG)7 portions of the DNA on the CNTs were dehybridized by 

heating to 65°C, followed by quenching in ice to prevent rehybridization and removal of 

the (AG)7 strands through centrifuge filtration. This process led to the isolation of 

suspended carbon nanotubes with free DNA portions available for binding to 

complementary surface-bound DNA. 

Since the polythymine takes up space on the tube due to its helical wrapping, 

increasing the relative length of polythymine to the (TC)7 block decreases the number of 

(TC)7 binding sites on the tube and vice versa. To study the effect changing the number 

of (TC)7 binding strands per tube has on nanotube binding to surface patterned DNA, 

equal masses of T20–(TC/AG)7, T30–(TC/AG)7, and T40–(TC/AG)7 were used to disperse 

roughly equal amounts of CNTs in solution. Based on the colors of the CNT solutions, 

using different polythymine lengths did not produce any marked differences in the 
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concentrations of dispersed nanotubes in solution (Figure 2.1A). Furthermore, atomic 

force microscopy (AFM) analyses (Figure 2.1B, C) indicated that the different sequences 

of dispersant DNA did not appear to cause any significant differences in the overall 

lengths of the dispersed nanotubes after sonication and centrifugation. Thus the total 

number of pendant (TC)7 strands per nanotube could be assumed to increase with 

decreasing polythymine fraction (T40–(TC/AG)7 to the T20–(TC/AG)7) (Figure 2.1D). As 

a means to validate this more quantitatively, the overall surface charge of the different 

Tn–(TC/AG)7 conjugated nanotubes were determined and compared by zeta potential 

measurements. As is shown in Figure 2.1E, zeta potential measurements of all of the 

CNTs studied showed the T20–(TC/AG)7 CNTs to be the most negatively charged of the 

three different DNA–CNTs with decreasing values going from the T20–(TC/AG)7 CNTs 

to the T40–(TC/AG)7 CNTs, supporting the notion that more pendant (TC/AG)7 strands 

exist per nanotube on the T20–(TC/AG)7CNTs than the T40-(TC/AG)7 CNTs. 
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Figure 2.1 (A) Optical micrograph of CNTs dispersed in solution with T20–(TC)7, T30–
(TC)7, and T40–(TC)7. (B) Representative AFM image of DNA-conjugated CNTs dried 
on mica. (C) Histogram comparing the lengths of CNTs from T20–(TC)7 and T40–(TC)7. 
(D) Schematic changing polythymine length affects binding (TC)7 strand density. (E) 
Zeta potential measurements of the different DNA-conjugated CNTs. 
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With increasing amounts of the (TC)7 binding linkers per tube, it is expected that 

provided CNT concentration, adsorption time and buffer ionic strength are held constant 

between the samples, that greater surface binding efficiencies will be observed with the 

T20–(TC/AG)7 dispersed CNTs than the T30–(TC/AG)7 or T40–(TC/AG)7 nanotubes. To 

study the role of linker density on placement specificity, 250 nm DNA line patterns of 

(AG)7 were first printed on silicon by a subtraction printing technique developed 

previously.28 Planar PDMS stamps were inked with 20pmol of (AG)7 followed by 

subtraction printing on silicon masters containing etched lines and a final printing on 

UV/ozone cleaned silicon wafers. In order to discourage CNTs from crossing multiple 

DNA lines, the exposed silicon areas were next backfilled in vapor phase with 

hexyltrimethoxysilane (HTS) for 17 hours. Then, solutions of the different Tn–(TC)7 

dispersed CNTs were adsorbed in 20 mM NaCl to the printed and backfilled (AG)7 lines 

for 50 minutes followed by immersing the substrates in water and ethanol rinsing. As 

shown in Figure 2, while the T20–(TC)7 CNTs showed numerous nanotubes bound to the 

DNA arrays, the CNTs appeared to be poorly aligned with the printed DNA lines. At 

higher magnification, many of the T20–(TC)7 CNTs seemed to cross multiple lines despite 

the presence of hydrophobic HTS in between. In contrast, T30–(TC)7 CNTs not only 

deposited directly on the (AG)7lines but also naturally aligned better with the printed 

DNA (Figure 2.2B). If the number of (TC)7 strands per tube is reduced even further 

through suspension of CNTs with T40–(TC)7, although very few nanotubes are seen on 

the surface, the nanotubes that are there appear to almost be perfectly aligned with the 

DNA lines (Figure 2.2C). From these results, CNT binding and alignment appears to be 

controlled by the number of available DNA (TC)7 binding sites per nanotube and 
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possibly their relative spacing (Figure 2.1D). With too many (TC)7 binding sites , as with 

the T20–(TC)7 CNTs, although nanotube binding to the DNA arrays is strengthened due to 

cooperative association, the high number of binding units immobilize and trap the CNTs 

to the surface, leading to incorrect or nonspecific binding. However, fewer (TC)7 binding 

sites allow the surface bound nanotubes to remain fairly mobile on the surface due to 

reversible dehybridization, which allows the nanotubes to reposition themselves toward a 

more thermodynamically favored state where CNT binding occurs mainly within the 

DNA lines and not on the hydrophobic HTS groups. 
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Figure 2.2 AFM images of (A) T20–(TC)7 (B) T30–(TC)7 (C) T40–(TC)7 dispersed CNTs 
adsorbed to subtraction printed lines of (AG)7 in 20mM NaCl. Scale bar of top row 
corresponds to 1µm and bottom row to 500nm. 
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Figure 2.3 AFM images of T20–(TC)7 dispersed CNTs adsorbed on printed (AG)7 lines 
from buffers containing 10mM NaCl (A), 20mM NaCl (B), and 100mM NaCl (C). Scale 
bars correspond to 500nm. 
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The buffer conditions during binding also play an important role in obtaining 

optimal nanotube alignment. With increasing NaCl concentration, the Debye length of 

both the surfaces and the CNTs decreases significantly which lowers the energy barrier 

for DNA-CNT binding to the DNA patterned substrates. Furthermore, increasing NaCl 

concentration increases the melting temperatures of the hybridized DNA between the 

CNT and the surface, enhancing nanotube binding and inhibiting mobility. As shown in 

Figure 2.3, as salt concentration was increased from 10mM NaCl to 20mM NaCl to 

100mM NaCl, the number of T20–(TC)7 DNA–CNTs absorbed to the surface increased. 

While the binding from 10mM to 20mM NaCl showed low to good adherence of the 

CNTs to the DNA on the surface, at 100mM NaCl the binding efficiency of the T20–

(TC)7 CNTs with the surface grew to the point that nanotube mats were generated with 

little discernment between DNA and HTS. When the density of (TC)7 groups per tube 

was decreased, CNT deposition efficiency also increased with higher salt concentrations, 

but nonspecific binding was minimized as compared to the T20–(TC/AG)7CNTs (Figure 

3.5). From these studies, it has been determined that the optimal salt conditions to 

achieve correct binding of CNTs to a DNA pattern on a surface is 20 mM NaCl for T20–

(TC)7 CNTs, 20–30 mM NaCl for T30–(TC)7 CNTs and 80–100 mM NaCl for T40–(TC)7 

CNTs. These results demonstrate that both the CNT dispersing DNA sequence and salt 

concentration used are critical factors for obtaining high binding yields while minimizing 

nonspecific binding of CNTs to the substrate, which is absolutely imperative for CNT 

based electronics. 

However, because it is often difficult to prevent misaligned binding completely, it 

is helpful to include a mechanism to correct or “heal” any potential defects in the CNT 
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arrays. Biomolecules allow such corrective processes because the non-covalent bonds can 

be easily reversed through changes in the ambient conditions. In the case of the DNA–

CNTs, the initial incorrectly bound and kinetically trapped CNTs can be fixed through 

thermal annealing above the melting temperatures (Tm) of the DNA strands.30 To study 

this, the T20–(TC)7 CNTs adsorbed from different salt conditions (20mM and 200mM 

NaCl) were annealed at 60 °C in a humid environment for 2 hours. While right after 

adsorption many of the nanotubes were observed to cross both the DNA and the HTS 

domains, after thermal annealing the CNTs became better aligned within the DNA lines 

(Figure 2.4A). However, when the same process was applied to the T20–(TC)7 CNT mats 

generated from 200mM NaCl, no difference was observed. This is most likely because 

either too much salt remained behind after nanotube adsorption and rinsing, thereby 

preventing mobility even at 60°C or because there were simply too many CNTs on the 

substrate to allow alignment. These results show that given mild deposition conditions, a 

misaligned CNT may be repositioned onto a DNA line through thermal annealing. This 

ability to solve or remove defective binding provides the opportunity to improve quality 

control for manufacturing devices and improve device utilization efficiency with a simple 

anneal step. 
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Figure 2.4 (A) AFM image of T20–(TC)7 dispersed CNTs adsorbed in 20mM NaCl 
onto 250nm (AG)7 lines before (top) and after (bottom) thermal annealing at 60°C. (B) 
AFM image of T20–(TC)7 dispersed CNTs adsorbed in 200mM NaCl onto 250nm (AG)7 
lines before (top) and after (bottom) thermal annealing at 60 °C. (C) AFM image of T20–
(TC)7 dispersed CNTs adsorbed in 20mM NaCl onto 150nm (AG)7 lines with no thermal 
annealing (D)AFM image of the T15 printed substrate after adsorbing T30–(TC)7 dispersed 
CNTs in 20 mM NaCl. No nanotubes could be observed anywhere on the substrate. 
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Figure 2.5  (A) AFM images of T30-(TC)7 dispersed CNTs adsorbed on printed (AG)7 
lines from buffers containing 100mM NaCl (top: 5mm x 5mm. bottom: 3mm x 3mm) (B) 
AFM images of T40-(TC)7 dispersed CNTs adsorbed on printed (AG)7 lines from buffers 
containing 100mM NaCl. top: 5mm x 5mm. bottom: 3mm x 3mm). 
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The dimensions of the stamped DNA lines were also found to play a role in CNT 

alignment. When the width of the DNA lines was decreased from 250nm to 150nm, the 

majority of T20–(TC)7 CNTs deposited from 20mM NaCl were observed to bind oriented 

and parallel to the long axis of the DNA lines to produce aligned arrays of CNTs, even 

without any thermal annealing (Figure 2.4C). It is evident that the 150nm DNA/HTS 

features create an increased energy cost for misaligned CNTs to cross the hydrophobic 

domains when compared to the 250nm DNA patterns. Thus, the shape and size of the 

patterned DNA features can also play a distinct role in preventing binding errors or 

misalignment. Finally, the patterning of the DNA dispersed CNTs was also clearly 

mitigated through specific base pairing since the T30–(TC)7 CNTs showed no binding in 

20 mM NaCl to non-complementary T15 printed lines (Figure 2.4D). 
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2.4 Conclusion 

In summary, this work has demonstrated the key parameters necessary for 

obtaining well-ordered arrays of CNTs on surfaces from DNA mediated interactions. For 

1D systems such as CNTs and nanowires, methods are required to direct their precise 

assembly, orientation and alignment into the desired device configurations with 

nanoscale resolution. These results demonstrate the necessity of balancing multiple 

intermolecular forces for obtaining site-specific adsorption of CNTs to a particular 

location on a surface through specific biomolecular interactions. This same methodology 

further enables the use of a simple thermal annealing step to fix misguided CNT binding 

or adsorption. These conclusions will be important for building and manufacturing CNT-

based electronics in the future. 

 



 

 

41 

2.5 Acknowledgments 

The authors thank Dr Andrew Goodwin for manuscript editing, Mr Matt 

Nakatsuka for help with the zeta potential measurements and Prof. Shyni Varghese for 

use of a UV–vis spectrophotometer. This chapter, in full, is a reprint of the material as it 

appears in Physical Chemistry Chemical Physics, Volume 13, 2011. Xu, Phyllis F.; Noh, 

Hyunwoo; Lee, J.H.; Cha, Jennifer N. The dissertation author was the primary author of 

this paper. 



 

 

42 

2.6 References 

1. E. Valentin, S. Auvray, J. Goethals, J. Lewenstein, L. Capes, A. Fioramo, A. 
Ribayrol, R. Tsui, J. Bourgoin and J. Patillon, Microelectron. Eng., 2002, 61–62, 
491–496 
 

2. Y. Wang, D. Maspoch, S. Zou, G. C. Schatz, R. E. Smalley and C. A. Mirkin, Proc. 
Natl. Acad. Sci. U. S. A., 2006, 103, 2026–2031 

 
3. S. G. Rao, L. Huang, W. Setyawan and S. Hong, Nature, 2003, 425, 36–37 

 
4. X. Li, L. Zhang, X. Wang, I. Shimoyama, X. Sun, W. Seo and H. Dai, J. Am. Chem. 

Soc., 2007, 129, 4890–4891 
 
5. K. Keren, R. S. Berman, E. Buchstab, U. Sivan and E. Braun, Science, 2003, 302, 

1380–1382 
 

6. M. D. Lay, J. P. Novak and E. S. Snow, Nano Lett., 2004, 4, 603–606 
 
7. H. W. Postma, T. Teepen, Z. Yao, M. Grifoni and C. Dekker, Science, 2001, 293, 76–

79 
 

8. H. Ko, S. Peleshanko and V. V. Tsukruk, J. Phys. Chem. B, 2004, 108, 4385–4393 
 

9. Y. Yan, M. B. Chan-Park and Q. Zhang, Small, 2007, 3, 24–42  
 
10. H. Xin and A. T. Woolley, J. Am. Chem. Soc., 2003, 125, 8710–8711 
 
11. M. A. Meitl, Y. Zhou, A. Gaur, S. Jeon, M. L. Usrey, M. S. Strano and J. A. Rogers, 

Nano Lett., 2004, 4, 1643–1647 
 
12. M. Hazani, F. Hennrich, M. Kappes, R. Naaman, D. Peled, V. Sidorov and D. 

Shvarts, Chem. Phys. Lett., 2004, 391, 389–392 
 
13. J. Gao, A. Yu, M. E. Itkis, E. Bekyarova, B. Zhao, S. Niyogi and R. C. Hadden, J. 

Am. Chem. Soc., 2004, 126, 16698–16699 
 
14. M. S. Arnold, A. A. Green, J. F. Hulvat, S. I. Stupp and M. C. Hersam, Nat. 

Nanotechnol., 2006, 1, 60–65 
 
15. R. Voggu, K. V. Rao, S. J. George and C. N. Rao, J. Am. Chem. Soc., 2010, 132, 

5560–5561 
 
16. R. Krupke, F. Hennrich, H. V. Lohneysen and M. M. Kappes, Science, 2003, 301, 

344–347 



 

 

43 

 
17. X. Tu and M. Zheng, Nano Res., 2008, 1, 185–194 
 
18. L. Zhang, S. Zaric, X. Tu, X. Want, W. Zhao and H. Dai, J. Am. Chem. Soc., 2008, 

130, 2686–2691 
 
19. S. Ramesh, H. Shan, E. Haroz, W. E. Billups, R. Hauge, W. W. Adams and R. E. 

Smalley, J. Phys. Chem. C, 2007, 111, 17827–17834 
 
20. Y. Maeda, S. Kimura, M. Kanda, Y. Hirashima, T. Hasegawa, T. Wakahara, Y. Lian, 

T. Nakahodo, T. Tsuchiya, T. Akasaka, J. Lu, X. Zhang, Z. Gao, Y. Yu, S. Nagase, S. 
Kazaoui, N. Minami, T. Shimizu, H. Tokumoto and R. Saito, J. Am. Chem. Soc., 
2005, 127, 10287–10290 

 
21. Y. Maeda, M. Kanda, M. Hashimoto, T. Hasegawa, S. Kimura, Y. Lian, T. 

Wakahara, T. Akasak, S. Kazaoui, N. Minami, T. Okazaki, Y. Hayamizu, K. Hata, J. 
Lua and S. Nagase, J. Am. Chem. Soc., 2006, 128, 12239–12242 

 
22. R. Martel, ACS Nano, 2008, 2, 2195–2199  
 
23. H. Qiu, Y. Maeda and T. Akasaka, J. Am. Chem. Soc., 2009, 131, 16529–16533 
 
24. D. Chattopadhyay, I. Galeska and F. Papadimitrakopoulos, J. Am. Chem. Soc., 2003, 

125, 3370–3375  
 
25. X. Tu, S. Manohar, A. Jagota and M. Zheng, Nature, 2009, 460, 250–253  
 
26. M. Zheng, A. Jagota, M. S. Strano, A. P. Santos, P. Barone, S. G. Chou, B. A. Diner, 

M. S. Dresselhaus, R. S. Mclean, G. B. Onoa, G. G. Samsonidze, E. D. Semke, M. 
Usrey and D. J. Walls, Science, 2003, 302, 1545–1548 

 
27. H. T. Maune, S. Han, R. D. Barish, M. Bockrath, W. A. Goddard III, P. W. 

Rothemund and E. Winfree, Nat. Nanotechnol., 2009, 5, 61–66 
 
28. H. Noh, A. M. Hung, C. Choi, J. H. Lee, J. Kim, S. Jin and J. N. Cha, ACS Nano, 

2009, 3, 2376–2382  
 
29. M. Zheng, A. Jagota, E. D. Semke, B. A. Diner, R. S. Mclean, S. R. Lustig, R. E. 

Richardson and N. G. Tassi, Nat. Mater., 2003, 2, 338–342 
 
30. H. Noh, C. Choi, A. M. Hung and S. Jin, ACS Nano, 2010, 4, 5076–5080 
 

  



 

 44 

CHAPTER 3:  Switchable nanodumbbell probes for analyte 

detection 

 

“Thought must be div ided against itself before it  can come to any  

know ledge of itself .” 

-A ldous Huxley  

 

This chapter, in full, is a reprint of the material as it appears in Small, Volume 9, 

2013. Xu, Phyllis F.; Hung, Albert M.; Noh, Hyunwoo; Cha, Jennifer N. The dissertation 

author was the primary author of this paper. 

 

3.1 Introduction 

Many biosensing AuNP probes employ colorimetry, fluorescence, or surface-

enhanced Raman spectroscopy (SERS) detection methods for sensing analytes. In the 

case of the latter two methods, because the spacing of the AuNP probes plays a very 

important role in method and range of detection, there has been much research devoted to 

engineering AuNP probes with controlled structure. One of the most common ways of 

creating these nanoprobe assemblies is through AuNP-DNA conjugation, where discrete 

dimers and trimers of AuNP1 and ordered AuNP lattices2 are generated by conjugating 

AuNPs with finite numbers of single stranded DNA (ssDNA) followed by hybridization 
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with complementary strands. The high specificity of DNA binding has promoted its wide 

use as a means for efficient detection of other DNA strands.3–7 

More recent advances have produced AuNP-DNA structures that are more 

complex in their arrangement, including tetramers and 3D arrays.8–12 In one example, 

DNA AuNP trimers were formed by controlling the angles of the triangle by adding 

complementary DNA sequences.13 In another case, structural changes were induced in 

discrete AuNP probe arrays by adding a complementary DNA strand that competitively 

displaced one of the strands to result in the “erasure” of one AuNP, thus switching from a 

AuNP trimer to a dimer.14 Although there have been examples of structure-switching 

AuNP assemblies, these changes have only been induced upon introduction of ssDNA or 

due to bulk aggregation of AuNPs.15 The ability to create switchable discrete AuNP 

arrays upon addition of a wide range of biomolecular analytes other than DNA would 

have great potential for the next generation of biosensors. 

We present here a self-contained probe design that is extremely simple to 

fabricate but demonstrates a dramatic structural change in the presence of the analyte 

ATP. The probe is a nanodumbbell consisting of two 5nm AuNPs connected by ssDNA 

that has a built-in hairpin sequence. In its initial state, the nanodumbbell forms a hairpin 

bridging the two AuNPs to form a “closed” state. A complementary aptamer strand is 

then added to the nanodumbbells to bind to a portion of the ssDNA connecting the 

dimers, thus inducing it to form an extended, “open” state that breaks the hairpin and 

pushes the AuNPs further apart. This increase in AuNP separation is caused by the 

stiffness of double-stranded DNA (dsDNA) after hybridization. Upon addition of the 

analyte ATP, the binding of the analyte to its aptamer causes the aptamer to dehybridize 



 

 

46 

from the nanodumbbell, leaving the nanodumbbell to revert back to its original hairpin 

structure (Figure 3.1). 

 

 

 

Figure 3.1 a) General scheme of nanodumbbell formation and structure change with 
addition of aptamer and ATP analyte. b) TEM image of nanodumbbell in hairpin 
structure and c) extended structure. 
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3.2 Materials and Methods 

3.2.1 A uNP Purification 

Gold nanoparticles (AuNP) were phosphine coated and purified before use. Bis(p-

sulfonatophenyl)phenylphosphine dehydrate dipotassium salt (3 mg, Strem Chemicals, 

Inc.) was added to 5nm gold colloid solution (10 mL, Ted Pella, Inc.) with gentle stirring 

overnight. NaCl was then added to the solution up to 3–4 M concentration and vortexed 

so that the solution turned purple. The purple solution of AuNP was then centrifuged for 

15 min at 15500 rpm to precipitate the AuNP, and the supernatant was discarded. 

Deionized (DI) water was added to the AuNP precipitant and the resulting solution was 

filtered through a 30K MWCO Nanosep centrifuge filter (Pall Corp.) 3 times with water 

at 7000 rpm for 10 min each time. DI water was then added to the AuNP to a final AuNP 

concentration of 2–3 µM. Purified AuNP solution was stored at 4 °C. 

 

3.2.2 A uNP-ssDNA  Conjugation 

Starting with purified AuNP (10–50 µL), a 1:2 ratio of AuNP:di-thiolated hairpin 

ssDNA was allowed to react in 0.1 MNaCl solution at room temperature for ∼1 h. A 

1:100 AuNP:ssDNA excess of 5′thiolated-polyT5 ssDNA was then added to the solution 

and allowed to react overnight at room temperature (additional NaCl was added to keep 

the solution at 0.1 M NaCl). After overnight reaction, the solution was filtered 3 times 

through a 30 K MWCO Nanosep centrifuge filter with water to filter away excess 

unbound polyT5 and di-thiolated hairpin ssDNA. The remaining, concentrated AuNP-

ssDNA solution in the filter was diluted with 0.1 M NaCl solution and stored at 4 °C or 

promptly used for gel extraction. 
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3.2.3 Nanodumbbell  Dimer Purification by  Gel Extraction 

DNA-conjugated AuNPs were loaded into a 3% agarose gel made in 1x TAE 

buffer and run for 20 min at 100V. The dimer band (Figure 3.2a) was cut out from the gel 

and run through a Mini GeBAflex-tube (12 K MWCO, Gene Bio-Application, Ltd.), also 

in 1x TAE buffer. The extracted nanodumbbell dimers were then stored in 1x TAE buffer 

with 0.1 M NaCl at 4 °C until further use. Final concentrations of extracted nanodumbbell 

dimers ranged from ∼10–30 nM. 

 

3.2.4 A ddition of A TP A ptamer and A TP to Purified Nanodumbbells 

The ATP aptamers were added to the purified nanodumbbell dimers in 0.1 MNaCl 

and annealed from 90 °C down to 20 °C at ∼7 °C min−1. This created the extended 

structure of nanodumbbells. The solution was then immediately stored in 4 °C until 

further use to prevent dehybridization. 

ATP (Cell Signaling Technology, Inc.) was added at a 200-fold excess to the 

extended nanodumbbell solution in 25 mM tris-buffer, 0.3 M NaCl at pH 8.2. The solution 

was allowed to incubate at 37 °C for ∼1 h and then put immediately into ice water until 

imaged. Control samples, with CTP, GTP, and without any NTP, was also made where 

the extended nanodumbbell solution was put into 25 mM tris-buffer, 0.3 M NaCl at pH 8.2 

and incubated at 37 °C for ∼1 h and immediately put into ice water until imaged. 
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3.2.5 TEM/STEM Imaging and A naly sis  

Carbon-coated copper mesh TEM grids (Electron Microscopy Sciences, Inc.) 

were glow discharged for 90 s at 20 mA and then promptly dip-coated into nanodumbbell 

containing samples for about 20 s. The water was wicked away from the grids and 

allowed to air-dry before STEM (Hitachi HD 2000) or TEM (FEI Tecnai G2 Sphera) 

imaging. Interparticle distances of nanodumbbells were measured manually using 

ImageJ. Interparticle distances of 100–300 nanodumbbell dimers were measured per 

sample from microscope images. 

 

3.2.6 Fluorescence Measurements 

Nanodumbbell synthesis with ATP and other controls were scaled up and 

measured with Perkin Elmer LS55 Fluorescence Spectrometer at an excitation of 530 nm 

and emission range from 520–600 nm with excitation and emission slit size of 5 nm. 
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3.3 Results and Discussion 

In these studies, the ssDNA connecting the AuNP consisted of a six base-pair 

hairpin with a 27 base stem loop and three thymine bases on each end of the strand to act 

as a spacer between the hairpin and the AuNP (Supporting Information). The hairpin 

strand, thiolated on both ends for facile conjugation to the AuNPs, was added at a 2:1 

molar ratio of ssDNA:AuNP at room temperature in a 0.1 M aqueous NaCl solution. 

Higher ratios up to 5:1 ssDNA:AuNP did not generate significantly greater dimer yields. 

When the hairpin ssDNA was first pre-hybridized with its complement aptamer strand 

and then conjugated with the AuNP using the same 2:1 ss/dsDNA:Au ratio, rather than 

organizing into discrete assemblies the AuNPs aggregated, as determined by gel 

electrophoresis (Figure 3.2a) and scanning transmission electron microscopy (STEM) 

(Figure 3.6). This most likely occurs because the terminal thiol groups in dsDNA are 

more exposed and thus can bind more easily to AuNPs, while ssDNA strands tend to coil 

and therefore shield thiol binding. A 100-fold excess of T5 ssDNA was next added to the 

dithiol conjugated AuNPs overnight at room temperature to coat the rest of the surface of 

the AuNPs for increased stability, followed by removal by centrifuge filtration. After 

DNA conjugation, the AuNP dimers were purified using gel extraction in a 3% agarose 

gel and 12K MWCO GeBAflex dialysis tubes resulting in 80-90% of the nanoparticles in 

dimer formation (Figure 3.2). The overall dimer extraction yields from the original 

solutions were usually ∼10%. 
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Figure 3.2 a) 3% gel electrophoresis of 5nm AuNP conjugated with DNA. Lane 1 
shows bare, purified AuNP. Lane 2 is AuNP conjugated with 100x excess of polyT5 only. 
Lane 3 shows AuNP conjugated first with di-thiolated hairpin ssDNA at 2:1 
ssDNA:AuNP and then 1:100 excess of polyT5. Lane 4 is prehybridized di-thiolated 
hairpin ssDNA with complementary aptamer strand and then conjugated with AuNP at 
2:1 ds/ssDNA:AuNP followed by coating with T5. The extracted dimer band is as 
indicated in lane 3. b) STEM image of AuNP nanodumbbells after gel extraction. 
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The purified nanodumbbell dimers were imaged by both scanning transmission 

electron microscopy (STEM) and transmission electron microscopy (TEM), and 

quantitative statistical analyses were run to determine the average interparticle distances. 

As shown in the histogram and representative image in Figure 3a, the AuNP dimers 

showed an average interparticle distance of 2.6 ± 1.5 nm, which correlated closely to 

expected values. To drive the nanodumbbells to form the extended structure, 50 pmol of 

ATP aptamer strands were added to the gel purified AuNP dimers and the mixture was 

annealed to allow hybridization with the hairpin strand (∼1 pmol). The ATP aptamer was 

designed to be complementary to 27 of the 39 total bases of the hairpin DNA connecting 

the nanodumbbell so it could effectively compete with the six bases comprising hairpin 

formation. The interparticle distances of each nanodumbbell were determined from 

STEM and TEM images to verify the change from its “closed” hairpin state (Figure 3a) 

to an extended “open” structure (Figure 3b). As shown in Figure 3b, with addition of the 

ATP aptamer, the interparticle spacing of the nanodumbbells increased from 2.6 ± 1.5 nm 

to 7.9 ± 2.1 nm after aptamer addition. The increase in interparticle spacing is due to the 

rigidification and linearization of the hybridized dsDNA portion, which pushes the 

particles farther apart. The slight variation in interparticle distance is thought to be due to 

the flexibility of the unhybridized ssDNA portion of the nanodumbbell or the relative 

polydispersities of the AuNPs. The optimal aptamer loading was found to be 100-fold 

molar excess, while addition of smaller amounts of aptamer led to larger fractions of the 

nanodumbbells eschewing the extended form, resulting in a broad distribution of 

interparticle distances (Figure 3.7). 
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Figure 3.3 Histogram and corresponding TEM images of nanodumbbell interparticle 
spacing, a) centering at 2.6 ± 1.5 nm, after gel purification in its natural hairpin structure, 
b) centering at 7.9 ± 2.1 nm after addition of ATP aptamer at 100x excess, and c) 
centering at 2.9 ± 2.0 nm, after 200x excess addition of ATP and a control sample 
centering at 6.8 ± 1.8 nm without the addition of ATP. TEM image in c) corresponds to 
sample with addition of ATP. 
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After forming the extended nanodumbbells, the sample was combined with 10 

nmol of ATP and incubated at 37 °C for 1 h in 25 mM tris-buffer (pH 8.2) and 0.3 M 

NaCl, then stored in ice water. With the addition of ATP, the nanodumbbells were found 

to revert back to the original hairpin structure due to the dehybridization of the ATP 

aptamer from the nanodumbbell (Figure 3c), restoring the natural hairpin formation and 

bringing the AuNPs close together again. The interparticle spacing of 2.9 ± 2.0 nm after 

addition of ATP matched the original hairpin nanodumbbell interparticle spacing of 2.6 ± 

1.5 nm before addition of ATP aptamer. For a control sample without ATP with the same 

processing conditions, the interparticle spacing remained at 6.8 ± 1.8 nm. Adding 

different concentrations of ATP revealed that while hairpins did form using 50 pmol of 

ATP (1:1 ATP:ATP aptamer), 5 nmol were required for a majority of the AuNP dimers to 

revert to the closed hairpin state (Figure 3.4). Current studies are underway to optimize 

the AuNP probe design and induce structural changes with less amounts of target. 

Control assays using CTP and GTP instead of ATP showed no demonstrative change in 

interparticle distance, indicating that these nanodumbbell structures show high specificity 

for the correct ligand (Figure 3.8). 
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Figure 3.4 Histograms of interparticle distance with varying concentrations of ATP 
added to the extended form probes. The majority of nanodumbbells change back to 
hairpin formation at 5 nmol ATP. 
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The structural conformational changes were also confirmed through 

photoluminescence (PL) and quenching studies. Since DNA is being used to control the 

interparticle spacings between the two 5 nm AuNPs, dye molecules could be spatially 

placed with relative accuracy from a metal surface by using dye conjugated nucleic acids. 

Because the PL of a dye molecule is known to change as a function of distance from a 

metal substrate,16,17 conformational changes of nanodumbbells from an “open” extended 

to a “closed” hairpin state should be detectable through PL measurements. Dye molecules 

were inserted in two different locations in the dithiol hairpin strand. In one case, cyanine 

dye (Cy3) was inserted 9 bases away from the 5′ end (Cy3-P1) while in the second case 

Cy3 was inserted in the center of the dithiol hairpin strand, 19 bases away from the 5′ end 

(Cy3-P2) (Supporting Information). In both cases, the dye must be at least ∼1 nm from 

the AuNP due to the T5 coating around the AuNP. In the extended “open” form, the first 

design would have a dye molecule at most 3.9 nm from one metal particle, but in the 

hairpin state, the dye would be at most 3.6 nm away (Figure 3.9a). In the second design, 

the extended “open” form would have the dye molecule up to 7.3 nm away from a metal 

surface but in the “closed” hairpin state would be at most 6.1 nm away (Figure 3.9b). Due 

to the flexibility of the single stranded T3 spacer sequences as well as the single stranded 

bases of the hairpin there will inevitably be some variability in the exact distances of the 

dyes from the metal particles. Despite these discrepancies however, the PL measurements 

of the nanodumbbell structures showed demonstrable PL changes between the “open” 

and “closed” states (Figure 3.5). 
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Figure 3.5 Control samples of no NTP, CTP, and GTP in “open” states where the dye 
is further from the Au surface show higher normalized intensity than with ATP in 
“closed” states where the dyes are closer to the Au surface. (See Figure 3.10 for original 
PL spectra.) 
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With the first design Cy3-P1, before any ATP addition the PL intensity of a 126 

nM nanodumbbell solution was 1.26 a.u., which corresponds roughly to what one would 

calculate for a Cy3 dye molecule 3.8 nm from a metal surface using the NSET 

(nanometal surface energy transfer) model where d0 was determined to be 5.8 nm (ωdye = 

3.34 × 1015 s−1 and Φdye = 0.21).18,19 At this concentration, the PL intensity of free Cy3-

labeled dithiol DNA alone was 7.66 a.u. (Figure 3.9a). After addition of ATP, the PL 

intensity dropped to 0.34 a.u., which from the NSET model corresponds to the dye being 

2.7 nm from the metal surface, within the calculated range for the “closed” hairpin state. 

Using the Cy3-P2 design, the PL intensity of a 97 nM nanodumbbell solution before ATP 

addition was 0.76 a.u. (PL intensity of 97 nM free Cy3-labeled dithiol DNA, with no 

nanodumbbells, was 6.79 a.u.), while after ATP the intensity decreased to 0.19 a.u., 

corresponding to dye distances of 3.5 nm and 2.4 nm from the AuNP, respectively. 

Although one might expect a larger change in distance in the Cy3-P2 design since the 

Cy3 is in the center of the hairpin loop, the high degree of flexibility and presence of 

extra bases might hinder the dye from being closer to the metal surface. The controls CTP 

and GTP showed no changes in PL intensities, indicating that the nanodumbbells 

remained in the “open” extended state as expected. It must be noted however that since 

the NSET model only takes into account the effect of one AuNP on quantum yields, 

plasmon coupling between two neighboring AuNPs can potentially also have an effect on 

optical properties. Despite this, however, the decrease in PL seen in both the Cy3-P1 and 

Cy3-P2 designs after ATP addition does support the TEM analysis that the addition of 

ATP causes a distinct structural change of the nanodumbbells from an “open” extended 

to a “closed” hairpin state. 
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3.4 Conclusion 

The ability of the AuNP dumbbell structures to undergo distinct conformational 

changes in the presence of non-DNA analytes may be of particular interest for real-time 

biochemical detection. Given the substantial decrease in interparticle spacing caused by 

analyte binding, the nanodumbbells in this report may be applied toward surface-

enhanced Raman sensing for example. Furthermore, use of rigid hairpins instead of 

flexible ssDNA allows for potential localization of a reporter directly in between two 

particles with a high degree of accuracy. Further research will be performed to determine 

the potential use of the nanodumbbell probes for highly sensitive spectroscopic detection 

of analytes in real time. 
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3.4 Supplementary Information 

3.3.1 DNA  sequences (Integrated DNA  Technologies, Inc.)  

 
di-thiolated hairpin: 

5’-thiol-TTT ACC TGG ACC TTC CTC CGC AAT ACT CCC CCA GGT TTT-thiol-3’ 

 

ATP aptamer: 

5’-ACC TGG GGG AGT ATT GCG GAG GAA GGT-3’ 

 

thiolated polyT5: 

5’-thiol-TTT TT-3’ 

 

Cy3-P1: 

5’-thiol-TTT ACC TGG –Cy3– ACC TTC CTC CGC AAT ACT CCC CCA GGT TTT-

thiol-3’ 

 

Cy3-P2: 

5’-thiol-TTT ACC TGG ACC TTC CTC C –Cy3– GC AAT ACT CCC CCA GGT TTT-

thiol-3’ 

 

ssDNA samples were stored at ~80-100uM concentrations in DI water at 4˚C. 
 
 
 
  



 

 

61 

 
 

 
Figure 3.6  STEM image of AuNP aggregation after pre-hybridizing thiolated ssDNA 
with complementary strand and then conjugation with AuNP. 
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Figure 3.7  Nanodumbbell interparticle distance after addition of various ratios of ATP 
aptamer as well as filtering of excess aptamer through 30K MWCO centrifuge filter after 
100x excess aptamer addition. (1x aptamer corresponds to ~0.5pmol of ATP aptamer.) 
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Figure 3.8  Nanodumbbell interparticle distance with various controls and ATP.  
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Figure 3.9  Estimated distances of Cy3 dye position relative to AuNP for a) Cy3-P1 and 
b) Cy3-P2. 
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Figure 3.10  a) and b) show the PL spectra for 126nM nanodumbbell probe solutions 
with the Cy3-P1 DNA sequence before and after ATP, CTP and GTP. c) and d) show the 
PL spectra for 97nM nanodumbbell probe solutions with the Cy3-P2 DNA sequence 
before and after ATP, CTP and GTP.  
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CHAPTER 4: Enhanced Raman signals from switchable 

nanodumbbell probes 

 
 

“Character is higher than intellect.  A  great soul w ill be strong to liv e as 

w ell as strong to think.” 

-Ralph W aldo Emerson

 
 

This chapter, in full, is currently being submitted for publication. Xu, Phyllis F.; 

Lee, Ju Hun; Ma, Ke; Choi, Chulmin; Jin, Sungho; Wang, Joseph; Cha, Jennifer N. The 

dissertation author was the primary author of this paper. 

 

4.1 Introduction 

Raman spectroscopy has become an increasingly important tool in sensing 

applications because of its ability to identify specific molecules through their unique 

Raman spectra.1 To increase sensitivity, major developments have been made in Surface-

Enhanced Raman Spectroscopy (SERS), where Raman signals are enhanced dramatically 

near the surfaces of noble metal films and nanoparticles.2-5  

 Of all the different SERS modalities, the greatest enhancements are observed 

when the molecule is within a 1-2nm gap, or “hotspot,” between two metal 

nanoparticles.6,7 Recently, systematic methods have been developed to specifically 

position a Raman-active label within this “hotspot” by employing complementary 
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oligonucleotides8,9 or covalent attachment of the Raman label to two metal 

nanoparticles.10,11 In a previous study,12 we demonstrated a switchable nanodumbbell 

(NDB) structure composed of two 5nm AuNPs where the interparticle spacings could be 

altered from 2nm to 7-8nm through conformations of ssDNA hairpin or linear dsDNA. In 

this work, we have modified these initial structures to possess ~20nm Au@Ag core-shell 

NPs for increased scattering as well as incorporated a Raman-active dye site specifically 

within the hairpin DNA. We demonstrate first that the larger Au@Ag NPs did not 

hamper the NDB from switching between a linear dsDNA “open” state to a hairpin 

“closed” state. Second, we show through both experimental and theoretical studies that 

this decrease in interparticle distance within the NDB leads to increases in SERS 

enhancement that correlates closely to the location of the dye with respect to the 

“hotspot”.  Finally, we show the potential applicability of the NDBs for biosensing, with 

ATP as a model analyte. 
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4.2 Results and Discussions 

 The NDBs consisted of two 20nm silver coated Au nanoparticles (Au@Ag NP) 

connected by a Cy3-modified dithiolated single stranded DNA (ssDNA) (Section 4.4). 

This ssDNA was designed to form a stable hairpin to bring the two Au@Ag NPs within 

2nm of each other (Figure 4.1) . A portion of the dithiolated ssDNA was also designed 

to be complementary to an ATP aptamer (Section 4.4), which upon hybridization would 

cause the NDB interparticle distances to increase to ~7nm. Reaction of ATP with its 

aptamer would lead to dehybrization12 and the dithiolated ssDNA would revert back to its 

hairpin state, with the interparticle distance returning to 2nm. (Figure 4.1).  

 The NDB structures were first synthesized and gel extracted similar to previous 

work (Figure 4.5) .12 Next, the AuNPs of each dimer were coated with silver to improve 

the SERS enhancement at the intended Raman laser line of 532nm.13 Absorbance 

measurements and TEM analysis of the resulting solution (Figure 4.6)  showed the Ag 

coating to be about 5 nm thick8 with no noticeable nucleation of Ag on the dithiolated 

DNA. From TEM analysis, the NDBs after Ag shell coating displayed an average 

interparticle spacing of 2.2 ± 1.0 nm (Figure 4.2a) . This distance corresponds to what 

is expected when the NDBs are in a “closed” hairpin formation. After the ATP aptamer 

was added to the Ag-coated NDBs, the interparticle distances increased to an average of 

6.9 ± 2.9 nm (Figure 4.2b) .  While the average diameter matched theoretical 

calculations, the variance can be attributed to the initial variability in AuNP sizes, the 

uneven coatings of the Ag shell around each particle, and possibly the flexible 

unhybridized ssDNA portion of the dithiolated strand. Addition of ATP aptamer to these 
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led to a large increase in interparticle distance, clearly showing that successful DNA 

hybridization, even after Ag shell formation (Figure 4.2a,b) .  

 

 

Figure 4.1  Scheme of NDB structural change. a) NDBs are formed by conjugating a 
Cy3-modified dithiolated hairpin ssDNA to 20nm AuNPs and then coated with an Ag 
shell. After addition of ATP aptamer, NDB changes to extended formation. When ATP is 
added, NDB reverts back to hairpin formation. TEM images of b) NDB before Ag shell 
coating, c) after Ag shell coating in hairpin formation, and d) in extended formation are 
shown, with indicated scale bars of 20nm. 
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Figure 4.2  TEM histogram analysis of interparticle distances. a) NDBs in natural 
hairpin form, b) and after addition of aptamer in extended form. c) TEM image showing 
majority dimers after gel extraction. 
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 Next, SERS measurements were run to compare Raman enhancement between the 

NDBs in the “closed” hairpin state versus in the “open” linear dsDNA state. When the 

NDBs are in their extended form, the Cy3 signals are expected to be low because the 

Raman dye is located between two nanoparticles that are spaced more than 7nm of each 

other, which is greater than the 1-2nm ideal for obtaining maximum SERS enhancement 

found in the closed state.14 To compare the Raman intensities across various samples, 

NDB adsorbed arrays with equal numbers of well-dispersed NDBs in either the hairpin or 

linear dsDNA state were used (Section 4.4). In order to determine Raman enhancement 

factor (EF) values, Raman measurements were averaged by calculating the sum of all the 

Raman intensities obtained at the most prominent fingerprint peak of Cy3 at 1580cm-1 

(Figure 4.7) , divided by the total number of NDBs. By doing so, we could obtain a 

value of Raman intensity per NDB, assuming the majority of the particles were NDB 

dimers, which was verified by low magnification TEM imaging (Figure 4.2c) . In the 

original hairpin formation, without the addition of aptamer, the EF was determined to be 

7.6x104 (Section 4.4). When the ATP aptamer was added to the sample, there was a 

significant reduction in EF to 9.6x103, which corresponded to almost no noticeable Cy3 

peak in the actual Raman spectra (Figure 4.7).  This decrease in Raman signal showed 

that the change in structural configuration from a closed hairpin to an extended state after 

the addition of aptamer had a significant effect on SERS response. The overall EF was 

not as large as previously reported values,2-4 most likely due to the larger actual gap size 

of the NDB, smaller size of NDB, and thinner Ag shell. However, this change in Raman 

intensity does match previous studies in which large Raman enhancements were observed 

when interparticle spacings were <2 nm but diminished rapidly as gap size increased.14  
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Figure 4.3  a) COMSOL simulations of NDB structures with “open” and “closed” 
structure for various positions of Cy3 dye. Experimental and theoretical approximations 
of Cy3 position within the NDB gap are shown. The positioning of the Cy3 on the 
dithiolated ssDNA is shown as the red star in the corresponding simulations. b) 
Comparison of average intensity/NDB of NDB designs in “open” and “closed” states. 
Intensity is taken at Cy3 fingerprint peak at 1580cm-1. 
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 To study the effect of position of the Cy3 molecule within the dithiolated ssDNA 

on SERS response, the Cy3 dye was placed at different locations within the hairpin 

ssDNA. In the first design mentioned above (called design “E”), the Cy3 molecule was 

placed towards the 5’ end of the ssDNA, right at the junction between the double 

stranded portion of the hairpin and the flexible loop domain (Figure 4.3a) . In the 

second design (“HP”), the Cy3 molecule was placed directly in the middle of the double 

stranded region of the hairpin. In the third design (“L”), the Cy3 molecule was placed in 

the middle of the ssDNA directly in the center of the flexible hairpin loop. Similar to 

design E, the closed HP NDB showed comparable enhancement differences in the closed 

and open states (Figure 4.3b) , with an EF of 7.7x104 in the closed state, which 

decreased in the open state to 6.6x103. Design L led to weaker enhancement in general 

than either design E or HP in the closed state (EF = 4.1x104). This could be attributed to 

the fact that the Cy3 molecule in design L is in the middle of the flexible hairpin loop and 

therefore not well-positioned directly within the gap between the two Au@AgNPs. 

Furthermore, the larger Raman enhancement seen in HP as compared to either E or L is 

most likely due to the dye being directly within the double stranded portion of the ssDNA 

hairpin. This positioning led to the dye being closer in proximity to both Au@AgNP 

surfaces as well as having less mobility in solution due to the stiffness of dsDNA. 

 To match the observed enhancement with expected enhancement, simulations 

were run to model the effect of NDB design on Raman enhancement. While COMSOL 

simulation can only provide rough estimates of actual Raman signal enhancement, as 

slight variations in core particle size and Ag shell thicknesses and roughness have been 

shown to cause large deviations in Raman intensity,15 we found that the |E|4 
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approximation gave values for Raman enhancement2 that were comparable to 

experimental results (Figure 4.3a). As determined from simulation, the largest Raman 

enhancement occurred with the HP NDB design (EF = 3.05x105) where the Cy3 molecule 

was placed directly in the middle of the hybridized domain of the hairpin, followed by the 

E NDB system (EF =1.87x105). The smallest Raman signal was seen with design L (EF = 

1.7x104), where the Cy3 is in the flexible hairpin region and thus farther away from the 

interparticle gap. The theoretical EF estimates were determined by using Cy3 positions 

within the gap that were calculated based on the lengths of the ssDNA and dsDNA. As a 

comparison, the actual positions of the Cy3 dye within the open and closed NDBs were 

also determined using the experimentally derived EF values from Raman measurements. 

As shown in Figure 3a, the slightly smaller EF values of the experimentally measured 

NDBs demonstrated that the actual location of the dye molecule within the interparticle 

gap of each NDB was slightly different than expected from DNA length calculations. 

One possibility for this discrepancy may be that the flexible T15 sequences located at the 

5’ and 3’ ends of the dithiol ssDNA were not completely covered by the Ag shell and 

therefore led to slight variations in dye location. In future work this may be fixed by 

growing the Ag shell slightly thicker to limit the number of unhybridized thymines at the 

5’ and 3’ ends of the closed hairpin. Despite these small discrepancies, however, all of 

the EF values obtained through simulation for the open and closed NDB states were 

within one order of magnitude to the experimentally obtained values. Therefore, applying 

the |E|4 approximation in the COMSOL simulations appears viable in this instance. 

 Since the dithiolated ssDNA hairpin DNA within the NDBs were partially 

complementary with an ATP aptamer, competitive binding by ATP with the 
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complementary aptamer strand could cause the NDBs to switch from linear to hairpin, 

leading to a large increase in Raman signal. To test for this, ATP was introduced to a 

solution of NDBs with the E design. As shown in Figure 4a, the addition of 5 nmol ATP 

to a 330 pM solution of open NDBs (design E) caused the competitive removal of the 

aptamer strand, allowing the NDB structure to revert back to the closed state with the 

reformation of the hairpin. By doing so, the interparticle distance decreased to 3.1 ± 1.3 

nm (Figure 4.4a) which led to a 7-fold gain in Raman signal and was similar to the 

original intensity of the NDB structure in the hairpin state prior to addition of the aptamer 

strand (Figure 4.4b,c). While a significant increase in Raman intensity after the 

addition of ATP is necessary for sensing, it is just as important to have very low 

background signals from the inactivated NDBs. Because the NDBs in the open state 

showed consistently low Raman intensities, it was possible to detect small increases in 

Raman signal, enabling the possibility of using these NDB structures for sensing 

applications. In contrast to fluorescence-based molecular beacons where small 

fluctuations in distance can lead to large variations in background signal15 the low noise 

levels observed with these NDBs may allow higher sensitivities and signal-to-noise 

ratios. 
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Figure 4.4 a) Histogram of interparticle distance of NDB after ATP addition with 
corresponding TEM image. b) Comparison of average Raman intensity per NDB of 
original NDB structures, before and after ATP addition. c) Sample SERS spectra of NDB 
in its original form, after ATP aptamer addition, and then after ATP addition. Increase in 
intensity at Raman shift of 1580cm-1 show “on” signal after ATP addition. 
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4.3 Materials and Methods 

4.3.1 A uNP purification  

Gold nanoparticles (AuNP) were phosphine coated and purified before use by 

adding bis(p-sulfonatophenyl)phenylphosphine dehydrate dipotassium salt (3mg, Strem 

Chemicals, Inc.) to 20nm gold colloid solution (10mL, Ted Pella, Inc.) with gentle 

stirring overnight. NaCl was then added to the solution up to 1-2M concentration and 

vortexed so that the solution turned purple. The purple solution of AuNP was then 

centrifuged for 15min at 15000rpm to precipitate the AuNP, and the supernatant was 

discarded. Deionized (DI) water was added to the AuNP precipitant and the resulting 

solution was filtered through a 30K MWCO Nanosep centrifuge filter (Pall Corp.) 3 

times with water at 7000rpm for 10min each time. DI water was then added to the AuNP 

to a final AuNP concentration of 30-40nM. Purified AuNP solution was stored at 4˚C. 

 

4.3.2 A uNP-ssDNA  conjugation  

Starting with purified AuNP (50-100uL), a 1:50:1000 ratio of AuNP:dithiolated 

hairpin ssDNA:polyT15 ssDNA was allowed to react in 0.3M NaCl solution at room 

temperature overnight. The solution turned from blue to red after conjugation. The 

solution was then used for gel extraction. 

 

4.3.3 Nanodumbbell dimer purification by  gel extraction  

DNA-conjugated AuNPs were loaded into a 2.5% agarose gel made in 1x TAE 

buffer and run for ~40min at 140V (Figure 4.5) . The dimer band was cut out from the 

gel and run through a Mini GeBAflex-tube (12K MWCO, Gene Bio-Application, Ltd.), 
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also in 1x TAE buffer. The extracted nanodumbbell dimers were then stored in 4˚C until 

further use. Final concentrations of extracted nanodumbbell dimers ranged from ~0.3-

0.4nM. 

 

4.3.4 Silv er shell coating of NDB dimers 

As-extracted NDB dimers (100uL) were coated with silver by addition of 1%PVP 

(10uL, 40K, Sigma-Aldrich), 0.1M L-sodium ascorbate (5uL Sigma-Aldrich), and 10mM 

silver nitrate (4uL, Fluka Analytical) in 0.3M PBS. The solution was allowed to react 

with gentle shaking for 3 h and then filtered through a 30K MWCO Nanosep centrifuge 

filter (Pall Corp.) 2x with water at 6000rpm for 8-10min each time and then extracted 

using water back up to the original volume. Presence of Ag shell coating was checked by 

UV-Vis and TEM (Figure 4.6) . 

 

4.3.5 A ddition of A TP aptamer and A TP to purified nanodumbbells  

The ATP aptamers were added to the purified nanodumbbell dimers in 0.1M 

NaCl and annealed from 95˚C down to room temperature in a water bath. This created the 

extended structure of nanodumbbells. The solution was then immediately stored in 4˚C 

until further use to prevent dehybridization.  

 ATP (Cell Signaling Technology, Inc.) was added in 6000x excess to the 

extended nanodumbbell solution in 25mM tris-buffer, 0.3M NaCl at pH 8.2. Final 

concentration of ATP is 1mM. The solution was allowed to incubate at ~35-40˚C for ~1 h 

and then put immediately into ice water until further use.  
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4.3.6 TEM imaging and analy sis  

Carbon-coated copper mesh TEM grids (Electron Microscopy Sciences, Inc.) 

were glow discharged for 90s at 20mA and then 1uL of sample were dropped promptly 

on the grid. The water was wicked away from the grids and allowed to air-dry before 

TEM (FEI Tecnai G2 Sphera) imaging. Interparticle distances of nanodumbbells were 

measured manually using ImageJ. Interparticle distances of ~50 nanodumbbell dimers 

were measured per sample from microscope images. 

 

4.3.7 A dsorption of sample to ssDNA  modified pillars and SEM analy sis  

Si pillars of 3um diameter and 1um height were created by photolithography and 

polyA15 ssDNA were covalently conjugated to the Si pillars17 (Figure 4.9) . 5uL of 0.5 

nM NDB solution was adsorbed to each Si pillar array in 0.3M NaCl in a humid chamber 

for 2 h. The sample was then rinsed briefly in 0.3M NaCl solution, then briefly in 50% 

v/v ethanol/water solution, and then finally for 30min in 90/10% v/v ethanol/water 

solution. The sample was then allowed to air dry at room temperature. Specific pillars 

corresponding to those that were measured by Raman were SEM imaged, and the 

particles on each pillar were counted using ImageJ (Figure 4.8) . 

 

4.3.8 Raman measurement and analy sis  

Samples were measured using a Renishaw InVia Raman microscope with a 40x 

objective lens at 100uW laser power using a 532nm wavelength laser with 20s 

accumulation time. The microscope was aligned to each pillar and then each pillar was 
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individually measured. The resulting spectra were background subtracted before 

comparison across samples. 

 

4.3.9 COMSOL Multiphy sics simulations 

Simulations of electric field around the NDB system were made using COMSOL 

Multiphysics 4.2 software, using the EM-field model. Refractive indices of Ag and Au 

were from Johnson and Christy.18 Model consists of two Au@Ag nanoparticles with a 

20nm Au core and 5nm Ag shell, with either a 2nm or 7nm gap distance. The simulations 

were calculated at a wavelength of 532nm. The resulting E-field was converted to SERS 

enhancement using the |E|4 approximation.2 Theoretical positions of Cy3 were 

determined by the lengths of DNA between the Cy3 and the silver shell surface. 

Experimental positions of Cy3 were determined by corresponding experimental EF 

values to the COMSOL simulated values (|E4| approximation). 
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4.4 Supplementary Information 

4.4.1 SERS Enhancement Factor (EF) Calculations 

To calculate the SERS EF, a value for the intensity of the free Cy3 dye must be 

determined. For this measurement, a wavelength longer than the Cy3 excitation 

wavelength of 550nm must be used. Thus, a 785nm was used to measure the free Cy3 

dye dissolved in DMSO. The measurement conditions (100uW power, 20s accumulation) 

were consistent with those used for the NDB samples. 

 

Calculations of SERS EF was determined by the following equation:8 

 

EF =
INDB !Nbulk

Ibulk !NNDB

!
fbulk
4

fNDB
4

 

 

INDB = Raman intensity of Cy3 in NDB sample 

Ibulk = Raman intensity of free Cy3 in solution 

NNDB = Number of Cy3 measured in NDB sample 

Nbulk = Number of Cy3 measured in solution 

fNDB = Frequency of laser used to measure NDB sample (532nm wavelength) 

fbulk = Frequency of laser used to measure free Cy3 in solution (785nm wavelength) 

 

To calculate Nbulk, the height h of the excitation volume must first be calculated 

using the following equation8: 
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ℎ
2� =

3.28η
��  

 

where η is the refractive index of the solution medium, DMSO (value taken from 

reference 16), r is the radius of the laser beam, and NA  is the numerical aperture of the 

objective lens. The excitation volume was assumed as a cylinder. 

 

4.4.2 DNA  Sequences  

DNA sequences from Integrated DNA Technologies, Inc. 

Design E-dithiolated hairpin: 

5’-thiol-TTT TTT TTT TTT TTT ACC TGG—Cy3—ACC TTC CTC CGC AAT ACT 

CCC CCA GGT TTT TTT TTT TTT TTT-thiol-3’ 

 

Design L-dithiolated hairpin: 

5’-thiol-TTT TTT TTT TTT TTT ACC TGG ACC TTC CTC C—Cy3—GC AAT ACT 

CCC CCA GGT TTT TTT TTT TTT TTT-thiol-3’ 

 

Design HP-dithiolated hairpin: 

5’-thiol-TTT TTT TTT TTT TTT ACC—Cy3—TGG ACC TTC CTC CGC AAT ACT 

CCC CCA GGT TTT TTT TTT TTT TTT-thiol-3’ 

 

thiolated polyT15: 

5’-thiol- TTT TTT TTT TTT TTT-3’ 
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ATP aptamer: 

5’-ACC TGG GGG AGT ATT GCG GAG GAA GGT-3’ 

 

ssDNA samples were stored at ~100-200uM concentrations in DI water at 4˚C. 
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Figure 4.5 Image of 2.5% agarose gel electrophoresis of 20nm AuNP conjugated with 
dithiolated hairpin ssDNA and TEM of extracted dimer band. Lane 1 is 20nm AuNP 
only. Lane 2, 3, 4, 5 is 10nm AuNP conjugated to dithiolated hairpin ssDNA at 1:10, 
1:20, 1:50, 1:100 AuNP:ssDNA, respectively. Monomer band fades and dimer and 
aggregate bands darkens as ratio of ssDNA is increased. Dimer band is gel extracted at 
conjugation ratio to maximize dimer band, at 1:50 AuNP:ssDNA. Relative yields at 
optimal ratio is 71% AuNP dimers, 13% monomers, and 16% trimers or higher 
aggregates.  
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Figure 4.6  UV-Vis spectra for Au NDB dimers only and Au@Ag core-shell NDB 
dimers. Clear shift in main Au peak is seen after Ag shell coating from 527nm to 494nm, 
with additional peak at 415nm corresponding to the Ag shell. TEM analysis shows shell 
coating to be ~5nm in thickness. 
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Figure 4.7   Representative Raman spectra of “closed” (upper spectrum) and “open” 
(lower spectrum) NDBs. Intensity counts were taken at Cy3 fingerprint peak at 1580cm-1. 
Average intensity/NDB values were taken as the intensity at 1580cm-1 divided by the 
number of NDB on each particular sampled Si pillar. 
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Figure 4.8  a) Representative SEM images of 3um Si pillar with adsorbed NDB. b) 
ImageJ analysis of a) used for particle counting. Number of particles across all sampled 
pillars ranged from 300-700 particles. NDB counts were taken as half of the total number 
of particles, assuming all particles are NDBs. 
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Figure 4.9 Fluorescently labeled DNA patterned preferentially to top of 3 micron Si 
pillars. 
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CHAPTER 5:  Conclusions and Future directions 

 
 In this work, we have shown the ability of DNA to assemble nanostructures on 

both a surface and also to create discrete nanostructure assemblies through variation of 

the DNA design. First, we showed the use of DNA to specifically align carbon nanotubes 

(CNT) on a silicon surface. This was done by solubilizing the CNT with single-stranded 

DNA (ssDNA), which wraps around the CNT due to the affinity of the DNA bases to the 

CNT surface. The ssDNA also functioned as a label to adsorb the CNT to a 

complementary single-stranded DNA patterned on a silicon surface. We found that by 

using a longer ssDNA strand, the amount of CNT adsorbed to the surface would 

decrease. However, we can also adjust the salt concentration during adsorption to 

increase the amount of CNT adsorbed to the surface. By optimizing the ssDNA length 

and salt concentration during adsorption, we could align CNT along the DNA patterned 

silicon surface. We also found that after annealing of the adsorbed CNTs, the CNTs 

aligned better to the patterned line surface. 

 Second, we showed the use of DNA to create discrete assemblies of gold 

nanoparticles that are able to change structurally between two unique formations due to 

single binding events. The structure consisted of two 5nm AuNP connected by a ssDNA 

strand. We not only show the successful production and purification of these discrete 

nanodumbbell structures, but also the ability of the structure to change from an extended 

double-stranded structure to a closed hairpin structure upon presence of ATP. The 

difference in these two structures in solution was directly confirmed by STEM images 

also indirectly confirmed through the differing plasmonic properties of the extended and 
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the hairpin structure. By embedding a fluorescent dye in the ssDNA at varied locations, 

we were also able to study the effects of quenching due to the structural difference of the 

nanodumbbell in the extended and hairpin formations. 

 We then continued to show the application of the change in structure of the 

nanodumbbell for surface-enhanced Raman spectroscopy (SERS). The structures were 

successfully modified with a larger 20nm AuNP coated with a silver shell along for 

SERS enhancement. We showed that the change from hairpin to extended formation 

showed a large change in Raman enhancement and supported this finding through 

theoretical studies. By controlling the position of the Raman-active dye and the structure 

of the nanodumbbells, the level of SERS enhancement can also be controlled. This 

change in SERS signal allows the structure to be used as a potential probe for biosensing 

using Raman spectroscopy. 

 By using DNA to control the assembly and structure of nanoparticles, more 

sensitive and specific sensing can be achieved. With DNA, alignment of CNT can be 

controlled down to the single nanotube level, allowing parallel arrays of CNT to be 

created for electrochemical sensing. For example, 2D DNA scaffolding, e.g. DNA 

origami, can also be used for precise alignment of DNA to a surface. The scaffold creates 

a blueprint for where each CNT should be positioned, and can also allow for other 

supporting components to be positioned neighboring the CNT. We can further delve into 

ways to create more specific and high-throughput methods of aligning CNTs such as 

modifying the sequence of the DNA used as the dispersing agent, or by varying the 

annealing parameters to achieve even better alignment. One other consideration for the 

fabrication of biosensors is the differentiation between different types of CNT, i.e. 
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metallic and semiconducting CNT, for various transistor systems. Furthermore, since 

DNA can also be used for the separation between different types of CNT, engineering of 

the biosensor using DNA can produce a more efficient overall design.  

In the case of the SERS nanoprobe, the DNA sequence can be further modified to 

sense for a multitude of other biomolecules for which there is a known binding aptamer. 

Depending on the binding strength of the aptamer to its analyte, the dithiolated DNA 

sequence within the nanoprobe structure would need to be modified to compensate for 

the different binding strengths. Nanoprobes for multiple biomolecules can also be used in 

tandem for multiplexed sensing, provided a distinct Raman-active dye is associated with 

each different molecule. Other parameters such as size of the AuNP and thickness of the 

Ag shell coating can be increased to increase the SERS signal of detection. Potentially, 

the Raman signal strength can also be increased by adding more AuNP in the nanoprobe 

to create trimers or by adjusting Raman laser parameters, e.g. laser power, accumulation 

time, and laser wavelength. Currently, a minimal volume of sample at moderately high 

concentration is needed for analyte detection, but this can be improved by increasing the 

sensitivity of the system to be effective at minimal volume with low concentrations of 

sample.  

 

 




