
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Programming Nanoparticles with DNA, Peptides and Enzymes /

Permalink
https://escholarship.org/uc/item/8s35r196

Author
Chien, Miao-Ping

Publication Date
2013
 
Peer reviewed|Thesis/dissertation

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

https://escholarship.org/uc/item/8s35r196
https://escholarship.org
http://www.cdlib.org/


 

UNIVERSITY OF CALIFORNIA, SAN DIEGO 
 
 
 

Programming Nanoparticles with DNA, Peptides and Enzymes 
 
 
 

A dissertation submitted in partial satisfaction of the 
requirements for the degree Doctor of Philosophy 

 
 
 

in 
 
 
 

Chemistry 
 
 

by 
 
 

Miao-Ping Chien 
 
 
 
 
Committee in charge: 
 

Professor Nathan C. Gianneschi, Chair 
Professor Pieter C. Dorrestein 
Professor Marianne Manchester  
Professor Tadeusz F. Molinski 
Professor Wei Wang 

 
 
 
 

2013 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Copyright 

Miao-Ping Chien, 2013 

All rights reserved 



	   iii 

 

 

The dissertation of Miao-Ping Chien is approved, and it is acceptable in quality and form 

for publication on microfilm and electronically: 

 
________________________________________________________________________ 
 
 
________________________________________________________________________ 
 
 
________________________________________________________________________ 
 
 
________________________________________________________________________ 
 
 
________________________________________________________________________ 
 

Chair 
 
 
 
 
 
 
 

University of California, San Diego 
2013 

 

 

 

 

 



	   iv 

DEDICATION 

This dissertation is dedicated to my family. 

Without their support, I would not be where I am today. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   v 

TABLE OF CONTENTS 
 

Signature Page ................................................................................................................... iii 

Dedication .......................................................................................................................... iv 

Table of Contents ................................................................................................................. v 

List of Figures .................................................................................................................... ix 

List of Tables ................................................................................................................... xiv 

Acknowledgements ............................................................................................................ xv 

Vita ................................................................................................................................... xix 

Abstract of the dissertation ............................................................................................ xxiii 

Chapter 1  Introduction ...................................................................................... 1 

1.1 Biological stimuli and biomolecules in the assembly and manipulation of 

nanoscale polymeric particles .................................................................................. 2 

1.2 Biological and synthetic biohybrid polymeric nanoparticles and micelles  ............ 6 

1.2.1. DNA-containing polymeric nanoparticles and micelles  ............................. 7 

1.2.2. Peptide-containing polymeric nanoparticles and micelles  ........................ 13 

1.3 Switchable and programmable nanomaterials for tunable biodistribution and 

targeting in vivo  ..................................................................................................... 19 

1.3.1. Morphology and elasticity of nanomaterials as tunable properties for 

controlling biodistribution in vivo  ............................................................................. 19 

1.3.2. Development of switchable systems capable of responding to patterns of 

biochemical stimuli associated with disease states  ................................................... 23 

1.4 Summary and thesis overview  .............................................................................. 26 

1.5 References  ............................................................................................................. 29 

 

Chapter 2  Programming Properties of Particles with DNA: Morphology, 

Pharmacokinetics and Function  ................................................................ 44 



	   vi 

2.1 Development of morphologically programmable system via DNA polymeric 

micelles  ................................................................................................................. 45 

2.1.1. Introduction  ............................................................................................... 45 

2.1.2. Design and preparation of morphologically programmable DNA 

polymeric micelles  .................................................................................................... 47 

2.1.3. Experimental Section for Chapter 2.1 ........................................................ 61 

 

2.2 Development of morphologically programmable DNA-lipid nanomaterials  ....... 74 

2.2.1. Introduction  ............................................................................................... 74 

2.2.2. Design and preparation of morphologically programmable DNA-lipid 

nanomaterials  ............................................................................................................ 74 

2.2.3. Experimental Section for Chapter 2.2 ........................................................ 85 

 

2.3 Programmable pharmacokinetics in vivo via morphologically programmed DNA 

polymeric micelles  ................................................................................................ 90 

2.3.1. Introduction  ............................................................................................... 90 

2.3.2. Design and development of morphologically programmed DNA polymeric 

micelles for programmable pharmacokinetics in vivo ............................................... 91 

2.3.3. Experimental Section for Chapter 2.3 ...................................................... 104 

2.4 References  ........................................................................................................... 111 

 

Chapter 3  Morphologically Programmable Peptide-Polymeric Nanoparticles

.......................................................................................................................................... 118 

3.1 Development of morphologically programmable peptide-polymeric micelles  .. 119 

3.1.1. Introduction  ............................................................................................. 119 

3.1.2. Design and preparation of morphologically programmable peptide 

polymeric micelles  .................................................................................................. 120 

3.1.3. Experimental Section for Chapter 3.1 ...................................................... 136 

 



	   vii 

3.2 Development of morphologically programmable peptide-polymeric nanoparticles 

for targeted accumulation in vivo  ........................................................................ 150 

3.2.1. Introduction  ............................................................................................. 150 

3.2.2. Design and preparation of morphologically programmable peptide-

polymeric nanoparticles for in vivo studies  ............................................................ 151 

3.2.3. Experimental Section for Chapter 3.2 ...................................................... 169 

 

3.3 Development of morphologically programmable peptide-polymeric nanoparticles 

for myocardial infarct (MI) targeting with scaffold formation in situ of MI tissues 

.............................................................................................................................. 175 

3.3.1. Introduction  ............................................................................................. 175 

3.3.2. Development of injectable nanoparticles for MI model rat  .................... 176 

3.3.3. Future studies and perspectives  .............................................................. 180 

3.4 References  ........................................................................................................... 182 

 

Chapter 4  Programmable Micelles As Tools For Templation And Amplified 

Detection .................................................................................................. 190 

4.1 A new approach for biotemplation of gold nanowires  ........................................ 191 

4.1.1. Introduction  ............................................................................................. 191 

4.1.2. Design and preparation of biotemplate for gold nanowire formation  ..... 192 

4.1.3. Experimental Section for Chapter 4.1 ...................................................... 204 

 

4.2 DNA–nanoparticle micelles as supramolecular fluorogenic substrates enabling 

catalytic signal amplification and detection by DNAzyme probes  ..................... 212 

4.2.1. Introduction  ............................................................................................. 212 

4.2.2. Development and preparation of DNA-nanoparticle micelles for catalytic 

signal amplification via DNAzyme  ........................................................................ 213 

4.2.3. Experimental Section for Chapter 4.2 ...................................................... 222 

 



	   viii 

4.3 Fluorogenic enzyme-responsive micellar nanoparticles for micellar 3D 

architecture analysis and critical aggregation concentration measurement  ........ 228 

4.3.1. Introduction  ............................................................................................. 228 

4.3.2. Design and preparation of fluorogenic enzyme-responsive micellar 

nanoparticles  ........................................................................................................... 229 

4.3.3. Conclusion  .............................................................................................. 245 

4.3.4. Experimental Section for Chapter 4.3 ...................................................... 247 

4.4 References  ........................................................................................................... 258 

 

Chapter 5 Imaging The Enzyme-Directed Assembly Of Nanoparticles In Tumors Via 

Whole Animal Imaging And Super Resolution Fluorescence Microscopy ..................... 270 

5.1 Introduction  ......................................................................................................... 271 

5.2 Development and design of near infrared dye labeled enzyme-responsive 

programmable nanoparticles  ............................................................................... 272 

5.3 Conclusion  .......................................................................................................... 284 

5.4 Experimental Section for Chapter 5  .................................................................... 285 

5.5 References  ........................................................................................................... 291 

	  
 

 

 

 

 

 

 

 

 

 

 

 



	   ix 

LIST OF FIGURES 
 

Chapter 1 ........................................................................................................................  

Figure 1. Morphologically programmable nanomaterials responds to biologically 

relevant stimuli including pH, redox, temperature change, DNAs, enzymes and 

proteins  .................................................................................................................... 4 

Figure 2. DNA-brush copolymer amphiphiles assemble into micelles with 

morphologies determined by selective interactions that allow manipulation of the 

magnitude of steric and electrostatic repulsions in the micelle shells ..................... 9 

Figure 3. Schematic representation of hybridization of ssDNA-b-PPO micelles with 

different DNA molecules ....................................................................................... 10 

Figure 4. Response of peptide polymer particles to sequential additions of protein 

kinase A (PKA) and protein phosphatase 1 (PP1) ................................................. 17 

Figure 5. Schematic representation of enzyme-switchable PEO–peptide conjugates 

................................................................................................................................ 18 

Chapter 2 ........................................................................................................................  

Figure 1. DNA-brush copolymers assemble into spherical micelles  ....................... 46 

Figure 2. SEC-MALS characterization of polymers  ................................................ 47 

Figure 3. DNA-brush copolymers assemble into micelles with spherical or 

cylindrical morphologies depending on amphiphile structure manipulated in situ 

by DNA selective interactions  .............................................................................. 50 

Figure 4. Characterization of DNA spherical micelles  ............................................ 51 

Figure 5. DNAzyme catalyzed shell truncation  ....................................................... 52 

Figure 6. Reversible phase cycling via isothermal hybridization and invasion  ....... 53 

Figure 7. A selection of three TEM images for each DNA-directed phase transition 

................................................................................................................................ 54 

Figure 8. Reversible phase transition in conjunction with the uptake and release of 

dye  ......................................................................................................................... 55 

Figure 9. Reversible phase cycling via variable temperature DLS  .......................... 56 

Figure 10. DNA-directed size and phase change with time  ....................................... 57 



	   x 

Figure 11. TEM images at various time points after adding DNAzyme  .................... 58 

Figure 12. Sequence selective phase shifting observed by fluorescence microscopy  59 

Figure 13. DNA-programmed lipid assembles to form spherical lamellar vesicles  .. 75 

Figure 14. Melting curve of DNA-lipid/DNA2 duplex  .............................................. 76 

Figure 15. Characterization of unilamellar vesicle structures  .................................... 78 

Figure 16. DNA-directed vesicle to micelle phase transition  .................................... 79 

Figure 17. Specificity and reversibility of DNA-programmed phase shifting  ........... 81 

Figure 18. TEM data of phase switching cycles with sequential ssDNA input 

additions  ................................................................................................................ 82 

Figure 19. Zeta potential measurement with variable MgCl2 concentration  .............. 84 

Figure 20. Fibril-to-Sphere morphology switch and nucleic acid sequences within 

DNA polymer amphiphiles (DPAs)  ...................................................................... 92 

Figure 21. Phase transition study  ............................................................................... 93 

Figure 22. Programmable pharmacokinetics via morphology switching  ................... 95 

Figure 23. Pharmacokinetics plots of individual mouse.  ........................................... 97 

Figure 24. Tissue slices analysis  ................................................................................ 98 

Figure 25. In vitro assay of DNA-induced morphology switch in the presence of J774 

murine macrophages  ............................................................................................. 99 

Figure 26. In vitro assay of DNA-induced morphology switch in J774 murine 

macrophage cells  ................................................................................................. 100 

Figure 27. XTT assay for cell viability study  ........................................................... 101 

 

Chapter 3 ........................................................................................................................  

Figure 1. Peptide-substrate polymeric amphiphiles assemble into spherical micelles 

.............................................................................................................................. 121 

Figure 2. SEC-MALS characterization of polymers  .............................................. 122 

Figure 3. Micelles M1-M2 by negative stain TEM  ................................................ 124 

Figure 4. TEM characterization of M1 .................................................................... 125 

Figure 5. A collection of images of individual particles and the radial density across 

each one  .............................................................................................................. 125 



	   xi 

Figure 6. Response of M1 to sequential additions of PKA and PP1 ....................... 126 

Figure 7. Response of M2 to sequential additions of PKA and PP1 ....................... 127 

Figure 8. Critical micelle concentration determination of M1 in initial state and 

postphosphorylation with PKA ............................................................................ 129 

Figure 9. Phosphorylation efficiency  ..................................................................... 130 

Figure 10. Response of micelles M1 and M2 to treatment with MMPs  .................. 133 

Figure 11. TEM of micelles M1 and M2 to treatment with MMP-9 ......................... 134 

Figure 12. MMP-9 cleavage of M2 (red trace) and Peptide-2 (green trace) via HPLC 

.............................................................................................................................. 135 

Figure 13. MALDI-MS of MMP-9 cleavage product  .............................................. 135 

Figure 14. General scheme for enzyme-directed accumulation and retention of 

nanoparticle probes based on dye-labeled peptide-polymer amphiphiles (PPAs) 

within tumor tissue  .............................................................................................. 152 

Figure 15. Polymer synthesis and SEC-MALS characterization of polymers  ......... 153 

Figure 16. Preparation of MMP-responsive fluorescent micellar nanoparticles  ...... 155 

Figure 17. Critical aggregation concentration (CAC) of M3  ................................... 156 

Figure 18. Response of fluorogenic micellar nanoparticles to MMP in buffered water 

.............................................................................................................................. 157 

Figure 19. TEM and DLS characterization of M2-M3 and M2D-M3D  .................... 158 

Figure 20. HPLC and MALDI-MS of MMP-9 cleavage efficiency assay  ............... 158 

Figure 21. Intravenously injected mice imaged to show the time course of 

accumulation of enzyme-responsive particles in the region of interest (tumor) .. 159 

Figure 22. Intravenously injected mice imaged to show the time course of 

accumulation of enzyme responsive particles ...................................................... 161 

Figure 23. Tumor tissue slices from mice, 2 days after intravenously injection with 

micellar nanoparticles  ......................................................................................... 164 

Figure 24. Fluorescence analysis of tumor tissue slices from M3-injected mouse  .. 165 

Figure 25. Intratumoral injection to determine relative levels of retention of 

enzymeresponsive nanoparticles vs. control particles with HT-1080 tumors  .... 167 

Figure 26. Representative images from liver and kidney tissue slices  ..................... 168 



	   xii 

Figure 27. Peptide-polymeric nanoparticles form scaffold architectures in response to 

MMP enzymes  .................................................................................................... 178 

Figure 28. Fluorescence microscopy of sectioned heart tissue from injection of 2 

nmol M3 and M3D nanoparticles. ........................................................................ 180 

 

Chapter 4 ........................................................................................................................  

Figure 1. Programming bio-organic soft material assembly for morphology-specific 

templation of crystalline inorganic nanowires  .................................................... 193 

Figure 2. SEC-MALS characterization of polymers.  ............................................. 195 

Figure 3. Addition of 2 nm Au NPs to spherical particles (DNA-1 –copolymer 

micelles), and DNAzyme generated fibers, analyzed by TEM  .......................... 196 

Figure 4. TEM and electron diffraction pattern of templated crystalline Au 

nanowires  ............................................................................................................ 197 

Figure 5. HR-TEM images of Au nanowires templated by cylindrical-phase fibers 

reacted with 2 nm Au NPs  .................................................................................. 198 

Figure 6. UV-Vis of Au nanowires  ........................................................................ 199 

Figure 7. Energy Dispersive X-ray Spectrometer (EDS) of Au nanowires  ........... 199 

Figure 8. Addition of 2 nm Au NPs to various morphologies generated from DNA-2 

-copolymers, analyzed by TEM  .......................................................................... 200 

Figure 9. TEM images of fibril micelles with 20 nm Au NPs  ............................... 202 

Figure 10. The design of supramolecular substrates capable of multiple turnovers 

compared to single-stranded DNA (ssDNA) substrates  ..................................... 214 

Figure 11. SEC-MALS characterization of polymers.  ............................................. 215 

Figure 12. Structure of supramolecular substrate micelles and turnover of 

supramolecular fluorogenic substrate particle vs. single-stranded fluorescent 

substrate (F-ssDNA)  ........................................................................................... 217 

Figure 13. MALDI-TOF of cleaved DNA fragment  ................................................ 218 

Figure 14. Plot of product concentrations versus time points and standard plot of 

concentration versus fluorescent intensity  .......................................................... 218 

Figure 15. Selective and sensitive DNAzyme catalyzed DNA–shell truncation  ..... 220 



	   xiii 

Figure 16. Assembly of peptide–polymer amphiphiles (PPAs) to generate fluorogenic 

micellar nanoparticles  ......................................................................................... 230 

Figure 17. SEC-MALS characterization of polymers  .............................................. 231 

Figure 18. TEM, DLS and fluorescence spectroscopy of fluorogenic micelles  ....... 233 

Figure 19. Time-domain fluorescence intensity decay analysis of M1 and M3 for 

determination of structural parameters  ............................................................... 235 

Figure 20. Micelle counting via 20 nm Au NPs calibration visualized by TEM  ..... 239 

Figure 21. Kinetic plot of MMP-9............................................................................. 239 

Figure 22. Response of mixtures of M1 and M2 to MMPs  ...................................... 241 

Figure 23. HPLC analysis of MMP-9 cleavage of M1 and Peptide-1 ...................... 243 

Figure 24. MALDI-TOF mass spectrum of  MMP-9 cleavage product .................... 243 

Figure 25. DLS of M1/M2 mixture with or without MMP-9 .................................... 244 

	  
Chapter 5 ........................................................................................................................  

Figure 1. Preparation of enzyme-responsive Alex Fluor 647 labeled micellar 

nanoparticles  ....................................................................................................... 274 

Figure 2. SEC-MALS characterization of polymers  .............................................. 275 

Figure 3. TEM micrographs and DLS of M and MD before and after addition of 

MMP-9 after 24 hrs  ............................................................................................. 276 

Figure 4. HPLC of MMP-9 cleavage efficiency and MALDI- MS analysis  ......... 277 

Figure 5. Intratumoral injection to determine relative levels of reten-tion of enzyme-

responsive nanoparticles vs control particles with HT-1080 tumors  .................. 279 

Figure 6. Ex vivo organ analysis from M and MD-injected nanoparticles  .............. 280 

Figure 7. Confocal tile scan images of tumor tissues slices from M- and MD-

intratumorally injected mice  ............................................................................... 281 

Figure 8. Confocal and super resolution fluorescence microscopy images of tissue 

slices from M- and MD -intratumorally injected mice  ........................................ 282 

 

 

 



	   xiv 

LIST OF TABLES 
 

Chapter 1 ........................................................................................................................  

Table1. Summary of biohybrid or abiotic polymeric particles and their response to 

biologically relevant stimuli  ................................................................................... 5 

Chapter 3 ........................................................................................................................  

Table1. Peptide-shell polymeric amphiphiles and resulting parameters for micelle 

M1 and M2 ........................................................................................................... 123 

Chapter 4 ........................................................................................................................  

Table1. Detection of MMP-9 at 10 nM in blood serum doped DMEM, cell growth 

medium  ............................................................................................................... 245 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   xv 

ACKNOWLEDGEMENTS 
 

I would like to take this opportunity to thank the contributions of those 

individuals who gave me great support and assistance throughout my Ph.D career; this 

thesis would not be possible without their support. 

 
Foremost, I would like to express my sincere gratitude to my advisor, Prof. 

Nathan C. Gianneschi, for his continuous support of my Ph.D studies and research, and 

for his enthusiasm, motivation, creativity and immense knowledge. His guidance helped 

me in all my time during my PhD research and I will always remember his great support 

throughout my life. 

 
In addition to my advisor, I would like to thank my thesis committee members : 

Prof. Pieter Dorrestein, Prof. Tadeusz Molinski, Prof. Wei Wang, Prof. Marianne 

Manchester and Prof. M.G. Finn for their insightful comments and provided me good 

valued recommendation. 

 
I also sincerely thank my fellow lab mates, especially the first generation of 

Gianneschi lab members: Dr. Matthew Thompson for his endless help and his great 

patience for my research questions. I also thank Anthony Rush, Carrie James, Lyndsay 

Randolph and Steven Nguyen for being such great fellow 1st-gen partners in the 

Gianneschi lab. I also thank Dr. Michael Hahn for his knowledge and support as well as 



	   xvi 

Dr. Maria Proetto, Dr. Angela Blum and Dr. Nia Bell from Gianneschi lab. I would also 

like to thank other current lab members: Lisa Adamiak, Clare LeGuyader, Sarah Barnhill, 

Swagat Sahu, Kate Veccharelli, Cassandra Callmann, Andrea Carlini, Jacquelin 

Kammeyer, Ben Monson, Alex Caldwell, and Dustin Crystal; and former members: 

Jennifer Young, Lizanne Koch, Alfred Tam.  

I sincerely thank all of them for providing such an exciting lab atmosphere. It has been 

my pleasure to work with each of these members. 

 
I sincerely thank Dr. David Hall, Christopher Barback and Prof. Dmitri Simberg 

for collaboration in the animal studies associated with the tumor project and 

pharmacokinetics studies. Also, thanks Emmi Olson for insightful discussion of animal 

studies. I also greatly thank Prof. Karen Christman for her guidance on the myocardial 

infarct project and lab members/collaborators from the Christman lab: Rebecca Braden, 

Sonya Sonnenberg, and Aboli Rane. 

 
My sincere thanks also goes to Norman Olson for his tremendous support and 

training on transmission electron microscopy. I also thank people from NCMIR including 

Mason Mackey, Hiroyuki Hakozaki, and Eric Bushong for their TEM and fluorescence 

microscopy collaboration as well as for their generous help and advice. I also appreciate 

Maribel Montero and Ryan Anderson for AFM and SEM technical guidance. I also have 

my special thanks to Dr. Matt Kinsella for his initial AFM help and discussion as well as 

Prof. Michael Sailor’s generous support for DLS instrument at beginning. 



	   xvii 

I honestly thank my dear, Ti-Hsuan Ku for his support and encouragement; and 

all my friends especially Eugene Lin, Wei-Ting Liu, Roger Chiu, Sheila Liu, Eileen Chen, 

Richard Hsu, Eason Lin, Christine Tsai and Andy Chen for endless support and fun time. 

 
Chapter 2.1, is a modified version from the material in Angew. Chem. Int. Ed. Engl., 2010.  

Chien M.P., Rush A.M., Thompson M.P., and Gianneschi N.C. 

 
Chapter 2.2, is a modified version from the material in Nano Letters, 2010. Thompson 

M.P.*, Chien M.P.*, Ku T.H., Rush A.M., Gianneschi N.C. The thesis author and 

Thmopson M.P. were the primary investigators and joint first authors of this paper. 

 
Chapter 3.1, is a modified version from the material in JACS, 2011. Ku T.H.*, Chien 

M.P.*, Thompson M.P., Sinkovits R.S., Olson N.H., Baker T.S. and Gianneschi N.C. The 

thesis author and Ku. T.H. were the primary investigators and joint first authors of this 

paper. 

 
Chapter 3.2, is a modified version from the material in Adv. Mater., 2013. Chien M.P., 

Thompson M.P., Ku T.H., Barback C. and Gianneschi N. C. 

 
Chapter 4.1, is a modified version from the material in Small, 2011. Chien M.P., and 

Gianneschi N. C. 



	   xviii 

 
Chapter 4.2, is a modified version from the material in Chem Comm, 2011. Chien M.P., 

Thompson M.P., and Gianneschi N. C. 

 
Chapter 4.3, is a modified version from the material in Chem Sci, 2012. Chien M.P., 

Thompson M.P., Lin E.C., and Gianneschi N. C. 

 
 

 

 

 

	  

 

 

 

 

 

 

 

 

 

 

 

 

 



	   xix 

VITA 
 
A. EDUCATION                                              
 
 University of California, San Diego (San Diego, CA)  
 Ph.D. in Chemistry, 2013  
  
 National Yang-Ming University (Taiwan)  
 M.S. in Tropical Medicine, June 2006  
  
 Central Taiwan University of Science and Technology (CTUST, Taiwan)  
 B.S. in Medical Technology, with Honors, June 2004  
  
B. PROFESSIONAL MEMBERSHIPS  
  
 2012-present American Physical Society 

2012-present  UC San Diego Chapter of the Bouchet Graduate Honor Society  
 2009-present American Chemical Society 
  
C. AWARDS AND HONORS  
  
 International and Professional Society 
          2013 Inamori Graduate Research Fellow; by Inamori Foundation 
 2013 Outstanding Graduate Research Presentation Award; American Chemical 

Society POLY Symposium 
 2013 ACS Award for Excellence in Graduate Polymer Research; American Chemical 

Society 
 
          At UCSD 
 2012 Teddy Traylor Graduate Research Award 
 2012 UCSD Travel Award 
 2012  Taiwan Study Abroad Graduate Research Fellowship; Taiwan National      

Award 
 2012 UC San Diego Chapter of the Bouchet Graduate Honor Society  
 2010 Poster & Presentation Award; Biochemistry Retreat  
  
 In Taiwan 
 2006  Outstanding Thesis Award; Annual Thesis Competition, National Yang-Ming 

University 
 2003 Travel and Study Award; University of British Columbia, Canada and CTUST  
 2000-2004 Academic Outstanding Scholar Award; CTUST  
 2001 Basic and Clinical Medical Competition Prize; CTUST  
 1999 Anatomic & Physiological Competition Prize; CTUST  
  
 
D. PATENTS  
 



	   xx 

SD2010-007 (PCT application pending): Method for Synthesizing Smart Materials Capable 
of Programmed Shape Change: PIs: Gianneschi, Chien 
 

 
  
E. RESEARCH/EXPERIENCE  
  
 2008-2013  University of California, San Diego   
    Ph.D student, Department of Chemistry & Biochemistry  
    Advisor: Professor Nathan C. Gianneschi  
 
 2006-2008  Academia Sinica, Taiwan                        
    Research Assistant, Institute of Chemistry 
    Advisor: Professor Ding-Kwo Chang  
 
 2004-2006  National Yang-Ming University, Taiwan  
    M.S. student, Institute of Tropical Medicine  
    Advisor: Professor Wen-Long Cho  
 
 2002-2003  National Chung Hsing University, Taiwan  
    Undergraduate project student, Institute of Biotechnology  
    Advisor: Professor Jason T. C. Tzen  
 
 2002-2003  China Medical University, Taiwan  
    Undergraduate project student, Institute of Medical Science  
     Advisor: Dr. Jan-Gowth Chang  
 
 2000-2001  China Medical University Hospital, Taiwan  
  
F. TEACHING EXPERIENCE  
       
 UCSD Graduate student mentor  
          General Chemistry (Chem 6B)  
 Organic Chemistry (Chem 140A)  
 Molecular Biology Laboratory (Chem 112)  
 Organic Chemistry Laboratory (Chem 143A)  
 
G. LICENSURE  
 
 Medical Technologist Licensure, Taiwan  
 
H. SELECTED PRESENTATIONS  
  
 TechConnect World, Washington/Maryland, 2013 

ACS National Meeting, Excellence in Polymer Chemistry Symposium, New Orleans, LA, 
2013 

 MRS National Meeting, San Francisco, CA, 2013 
 ACS National Meeting, Philadelphia, PA, 2012 
 Warwick Polymer Conference, Warwick, United Kingdom, 2012 



	   xxi 

ACS National Meeting, San Diego, CA, 2012 
 Gordon Research Conference (Colloidal, Macromolecular & Polyelectrolyte      
  Solutions), Ventura, CA, 2012  
 Gordon Research Seminar (Polymers), South Hadley, MA, 2011 
 Gordon Research Conference (Polymers), South Hadley, MA, 2011  
 UC San Diego Biochemistry Retreat, 2010  
 ACS National Meeting, San Francisco, CA, 2009  
 Yin-XunNuo, National Yang-Ming University, Taiwan, 2006  
 
I. PUBLICATIONS (* = joint first author) 
 
1.  Chien M.P., Hu D., Barback C.V., Rush A.M., Orr G., Hall D.J., and Gianneschi N. C. 

“Enzyme-Directed Assembly of Nanoparticles in Tumors Monitored by In Vivo Whole 
Animal and Ex Vivo Super Resolution Fluorescence Imaging.” SUBMITTED 

 
2. Chien M.P. Simberg D., Thompson M.P., Hayashi T., Gray C. and Gianneschi N.C. 

“Programming Phamacokinetics in Vivo via In Situ Switching of Nanoscale Particle Size 
and Shape.” SUBMITTED 

 
3. Proetto M.T., Rush A.M., Chien M.P., Baeza P.A., Thompson M.P., Olson N.H., Andolina 

C., Millstone J., Moore C.E., Rheingold A.L., Howell S.B., Browning N.D., Evans J.E., 
Gianneschi N.C. “Transmission Electron Microscopy of a Synthetic Soft Material in 
Liquid Water.” In Preparation 

4. Chien M.P., Thompson M.P., Ku T.H., Barback C. and Gianneschi N. C. “Enzyme-
Directed Assembly of a Nanoparticle Probe in Tumor Tissue.” Advanced Materials, 2013, 
25: 3599-3604. (Nano Today Highlighted News; News reported on Science Daily, Wired 
Magazine and Science Business) 

	  
5. Chien M.P., Thompson M.P., Eugene C. Lin, and Gianneschi N.C. “Fluorogenic Enzyme-

Responsive Micellar Nanoparticles.”  Chemical Science 2012; 3: 2690-2694. (Cover Art) 
 
6. Randolph L.M.*, Chien M.P.*, and Gianneschi N.C. “Biological Stimuli and 

Biomolecules in the Assembly and Manipulation of Nanoscale Polymeric Particles.” 
Chemical Science, 2012, 3: 1363-1380. (* joint first author) 

 
7. Chien M.P. and Gianneschi N.C. “A morphology-dependent bio-organic template for 

inorganic nanowire synthesis.” Small. 2011 Jul 18;7(14):2041-6. 
 
8. Ku T.H.*, Chien M.P.*, Thompson M.P., Sinkovits R.S., Olson N.H., Baker T.S. and 

Gianneschi N.C. “Controlling and Switching the Morphology of Micellar Nanoparticles 
with Enzymes.” J Am Chem Soc. 2011 Jun 8;133(22):8392-5. (Cover Art) (* joint first 
author) 

 
9. Kinsella J.M., Ananda S., Andrew J.S., Grondek J.F., Chien M.P., Scadeng M., 

Gianneschi N.C., Ruoslahti E., Sailor M.J. “Enhanced magnetic resonance contrast of 
fe(3)o(4) nanoparticles trapped in a porous silicon nanoparticle host.” Advanced Materials 
2011 Sep 22;23(36):H248-53. 

 



	   xxii 

10. Chien M.P., Thompson M.P., Gianneschi N.C. “DNA-nanoparticle micelles as 
supramolecular fluorogenic substrates enabling catalytic signal amplification and detection 
by DNAzyme probes.” Chem. Commun. 2011. (Cover Art) 

 
11. Chien M.P., Rush A.M., Thompson M.P., and Gianneschi N.C..  “Programmable phase 

shifting micelles.” Angew. Chem. Int. Ed. Engl. 2010 Jul 12;49(30):5076-80. (Cover Art). 
Selected for Faculty of 1000 Biology.  

 
12. Thompson M.P.*, Chien M.P.*, Ku T.H., Rush A.M., Gianneschi N.C. “Smart lipids for 

programmable nanomaterials.” Nano Lett. 2010 Jul 14;10(7):2690-3.  (* joint first author) 
(One of the top 20 most read Nano Letters articles in June/July, 2010.) 

 
13. Jiang S., Chien M.P. and Chang D.K. “The fusion peptide domain is the primary 

membrane-inserted region and enhances membrane interaction of the ectodomain of HIV-1 
gp41.” Mol. Membr. Biol. 2010 Jan;27(1):32-49. 

 
14. Chien M.P., Lin C.H. and Chang D.K. “Recruitment of HIV-1 envelope occurs subsequent 

to lipid mixing: a fluorescence microscopic evidence.” Retrovirology, 2009 Mar 2;6:20.  
 
15. Chien M.P., Jiang S. and Chang D.K. “The function of coreceptor as a basis for the kinetic 

dissection of human immunodeficiency virus type 1 Env-mediated cell fusion.” FASEB 
Journal, 2008 Apr;22(4):1179-92.  

 	  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   xxiii 

ABSTRACT OF THE DISSERTATION 

 

Programming Nanoparticles with DNA, Peptides and Enzymes 

 

by 

 

Miao-Ping Chien 

Doctor of Philosophy in Chemistry 

 

University of California, San Diego, 2013 

Professor Nathan C. Gianneschi, Chair 

 

 

A variety of materials capable of programmed shape and size changes are found 

in biological systems, from allosteric enzymes to pseudopodium formation during 

chemotaxis, and endosomes during cell-uptake processes. By contrast, programmable 

synthetic supramolecular assemblies of this type are in their infancy, but are expected to 

have broad utility in a range of applications including targeted delivery and detection. 

One of the keys to developing these types of materials is understanding how the 

morphology of the materials affects their properties and interactions with biological 

systems. This thesis focuses on how to unite two different morphology-dependent 

properties into a single system. This has allowed access to materials that can be 
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optimized to perform two parallel or competing functions such as longer circulation time 

in vivo coupled with higher cellular uptake. 

 
The first chapter of this thesis describes the importance of developing biohybrid 

polymeric nanoparticles that use nucleic acids or peptides as biological building blocks 

incorporated into polymeric nanomaterials. These materials were programmed to undergo 

well-defined changes in structural features, properties and/or morphology in response to 

stimuli associated with a given tissue or disease state of interest. Chapter 2 describes the 

development of DNA-polymeric nanoparticles and their morphologically switchable 

properties are further applied in programmable pharmacokinetics control in the in vivo 

system. Chapter 3 describes the development of peptide-hybrid nanoparticles that can 

undergo morphological switching in response to enzymes. This morphologically 

switchable peptide-hybrid nanoparticle was applied in targeted accumulation within 

tumor tissue or myocardial infarcted (MI) tissue. Both of which express inflammatory 

enzymes to which the particles respond. Chapter 4 describes new methods to characterize 

or expand the use of the nanoparticle systems described in Chapters 2 and 3, including a 

new strategy for nanowire fabrication and a new way of determining critical aggregation 

concentration (CAC) in micelles. Finally, Chapter 5 describes the high-resolution 

characterization of nanoparticles via an unprecedented super resolution fluorescence 

imaging technique to characterize the sizes of nanoscale particles in in vivo systems and 

in ex vivo tissue slices. 
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1.1 Biological stimuli and biomolecules in the assembly and manipulation of 

nanoscale polymeric materials 

 
Biomolecules are attractive as synthons in the preparation of complex synthetic 

materials. The advantage of such an approach is that by incorporating biomolecules, one 

can impose evolutionarily derived properties on artificial structures. Therefore, biohybrid 

materials have the potential to respond to natural biochemical signals including those 

associated with certain disease states via dramatic switches in their physical morphology 

and/or chemical structure. In a biological context, morphology transitions are common 

responses to patterns of specific stimuli making possible many of the processes necessary 

for life. Certainly, a variety of materials capable of programmed shape and size change 

are found in biological systems, from allosteric enzymes to pseudopodium formation 

during chemotaxis, and endosomes during cell-uptake processes. By contrast, 

programmable synthetic supramolecular assemblies of this type are in their infancy.1-7 

Mimicking and understanding nanomaterials that can undergo changes in morphology in 

response to stimuli are expected to have broad utility in a range of applications. 

Furthermore, synthetic elements bring chemical diversity and in turn, guide the behavior 

of the biomolecules themselves and could lead to greater stability of the biomolecules in 

extreme, abiotic conditions. Hence, the preparation of nanostructured, semi-synthetic and 

biohybrid materials may have future utility in applications not traditionally accessible to 

biological systems. This is an attractive strategy because, inherent to the biological 

molecules are desirable properties including order at the nanometer length scale and well-

defined patterns of selective recognition elements. Uniting these two types of chemical 
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systems is the core goal of the research described in this thesis, with a focus on stimuli-

responsive materials with potential biological and biomedical relevance. 

 
The most important advances in nanoscale materials have involved their 

characterization and the development of strategies for controlling structure at this 

challenging length scale. It is certainly no secret that the bottom-up synthesis of soft 

nanomaterials in particular, is difficult. This problem lends itself inherently to approaches 

utilizing supramolecular assembly of complex materials from simpler building blocks. 

These include copolymer amphiphiles, which are well suited for the development of 

functional supramolecular systems, as changes in the chemical or physical nature of the 

hydrophilic portion of an amphiphile can lead to formation, destruction, or morphology 

transition of the assemblies.8-13 This type of self-assembly will be a main focus in my 

research because a significant body of research exists describing efforts to trigger and 

manipulate the morphology of discrete assemblies of amphiphiles13 utilizing stimuli such 

as pH,14,15 temperature,16 small molecules or ions,17,18 enzymes,5,19,20 and light21,22 (Figure 

1). In turn, there is an increasing focus on systems capable of responding to stimuli 

inherent to biological systems such as enzymatic reactions protein expression patterns, 

DNA sequences, and cell-surface receptor recognition. Moreover, biochemical stimuli 

constitute programmed, specific interactions that are incredibly efficient, and 

underutilized in general within chemical and/or biochemical applications. Future designs 

taking these properties into account will no doubt make synthetic, stimuli-responsive 

nanomaterials more useful in a range of contexts, including in vivo applications. 
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Figure 1. Morphologically programmable nanomaterials could be designed to respond to 
a whole host of biologically relevant stimuli including pH, redox, temperature change, 
DNAs, enzymes and proteins.23 

 
Table 1 is a summary of biomolecules as programming tools in the assembly and 

manipulation of nanoscale polymeric nanoparticles and micelles. It shows several 

highlighted examples for a variety of different types of materials and stimuli. In Chapter 

1.2, systems of polymeric nanoscale particles made from a combination of synthetic and 

biomolecular moieties capable of responding to stimuli will be introduced including a 

brief discussion of some of the work described in this thesis,. Despite our focus on 

bioorganic materials it should be noted that there are many elegant systems intended for 

biological applications that utilize polymeric structures or inorganic particles that are not 

themselves biological, but are responsive to biologically relevant stimuli.23-25   
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Table 1. Summary of biohybrid or abiotic polymeric particles and their responses to 
biologically relevant stimuli.23  
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1.2 Biological and synthetic biohybrid polymeric nanoparticles and micelles 

 
Biohybrid nanomaterials consist of systems that combine synthetic and biological 

building blocks. Of particular interest in this thesis work are bioconjugates involving 

covalently linked polymers with nucleic acids or peptides. The use of biological 

molecules together with synthetic polymers brings together the programmability of 

biomolecules with the chemical diversity inherent to and enabled by synthetic organic 

chemistry. Biological molecules have been programmed by evolution to respond to and 

interact with very specific stimuli and hence their incorporation into nanostructures 

means they can respond to specific biologically relevant stimuli including pH 

differentials,15,26,27 ionic strength changes,28-30 the presence of given metabolites or other 

small molecules,17,31,32 protein-recognition events,33-35 DNA-sequence recognition,36,37 

and enzymatic activity.5,38-40 The biohybrid materials of interest in our research, generally 

contain a polymeric backbone with covalently linked nucleic acids, peptides, or proteins. 

In these systems both synthetic and biological polymers are utilized to impart structural 

features and functional properties on the materials. That is, the biomolecules are intrinsic, 

covalent components of the polymers that form nanostructures. In the following sub-

sections, DNA- or peptide-hybrid nanomaterials will be described in the context of 

responding to biological stimuli such as DNA hybridization or enzyme recognition 

resulting in the change of structural features and properties of the materials, in particular 

morphological changes and phase transitions.  
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1.2.1 DNA-containing polymers, polymeric nanoparticles and micelles 

 
 Nucleic acids are unique informational molecules capable of highly predictable 

sequence-specific recognition by other synthetic or natural nucleic acids, enzymes and 

proteins. Additionally, nucleic acids are capable of multiple modes of selective binding 

with small molecules as observed for aptameric systems41,42 and via intercalation or DNA 

sequence-specific binding.43,44 In addition, nucleic acids are known to occur naturally as 

catalysts45 and can be evolved in vitro46-48 to behave as such. This functional diversity 

arises because of natural evolution of function in combination with non-natural function 

facilitated by modern synthetic molecular evolution and selection processes.49 At the 

heart of these capabilities is the information content of nucleic acids. This is the 

cornerstone of the genetic code and is increasingly of value in the construction of 

synthetic nanoscale materials. Indeed, the field of DNA nanotechnology has blossomed 

in recent years with DNA increasingly employed in the construction of complex 

nanoscale architectures made entirely from nucleic acids1,6,50-52 or for the decoration of 

both organic53-55 and inorganic nanoparticles.56,57 By contrast, its use as a building block 

in the synthesis of hybrid polymeric materials surprisingly remains rare58,59 with several 

examples highlighted here that take advantage of synthetic amphiphilic block copolymers 

capable of self-assembly into nanoscale biomolecule responsive micellar materials.2,60-62 

Amphiphilic DNA-based biohybrid polymers have the ability to be manipulated via two 

key approaches: 1) isothermal and thermal DNA hybridization, and 2) response to 

enzymatic activity. Given the broad range of interactions and chemistry available to 
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nucleic acids, such materials are expected to provide a rich source of interesting 

phenomena moving forward. 

 
Manipulation of morphology via isothermal and thermally controlled DNA hybridization 

While it remains a challenge to control the morphologies and dimensions of soft 

materials in general, it has been found that by using the unique properties of DNA 

hybridization one can encode structural information within nanoscale polymer-based 

particles.2 This process can be performed reversibly via isothermal or thermal approaches. 

Work described in this thesis has shown that using the property of isothermal DNA 

hybridization, one can manipulate the morphology of DNA-brush copolymers (see 

Chapter 2).63  In this system a spherical micelle can be converted to a cylindrical, or 

fibromicelle structure, and back to a spherical morphology reversibly (Figure 2). The 

design rationale for DNA-programmed micelle morphology is based on rules that govern 

the aggregation of amphiphilic block copolymers.11,17 Briefly, the phase (shape, size, 

overall morphology) of assembled amphiphiles is controlled by their geometric structure 

and electrostatics.64 Therefore, it was hypothesized that DNA-brush copolymer 

amphiphiles would assemble into micelles with morphologies that are governed by 

sequence-selective interactions, which allow manipulation of the magnitude of steric and 

electrostatic repulsions in the micelle shells.11,64-67 

 
The fibromicelle was formed via reaction with a DNAzyme that recognizes a 

target DNA sequence in the shell of the spherical micelle, hybridizes, and then cleaves at 
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a specific RNA base. After the fibromicelle was formed, addition of a longer 

complementary strand allowed reversible conversion back to a spherical structure by 

formation of a more thermodynamically stable DNA duplex. In addition to relying on 

sequence selective reactions to isothermally modulate morphology, these systems are 

capable of morphology changes via thermally controlled DNA hybridization. This 

provides an alternative route by melting duplexes and reannealing them in order to 

reversibly manipulate structural morphology.  

 

 

Figure 2. DNA-brush copolymer amphiphiles assemble into micelles with morphologies 
determined by selective interactions that allow manipulation of the magnitude of steric 
and electrostatic repulsions in the micelle shells. Cylinder-to-sphere phase transitions 
occur when an input DNA sequence is added to the micelles.63 

 
In addition, Herrmann and coworkers36 have demonstrated control over 

morphology simply by varying the length of a sequence of complementary DNA added to 

a micelle formed from a DNA block copolymer with a poly(propylene oxide) (PPO) 

backbone.	  The PPO-DNA block copolymer initially formed a spherical micelle. Upon 

addition of a short complementary strand of DNA, the micelle structure remained intact. 

However, after adding a longer complementary strand of DNA, short rod-like structures 



	   10 

were observed (Figure 3). Furthermore, in a powerful demonstration of this approach to 

controlling nanoscale architecture, control over the length of the rod-like micelle was 

accomplished by varying the number of nucleotides in the template DNA sequence. 

 

 

Figure 3. Schematic representation of hybridization of ssDNA-b-PPO micelles with 
different DNA molecules. (a) Base pairing with a short complementary sequence yields 
micelles with a double stranded hydrophilic shell while maintaining almost identical 
structural properties of the ssDNA aggregates. (b) Hybridization with long DNA 
templates results in rod-like micelles consisting of two parallel-aligned double helices.36 

 
It should be noted that this type of demonstration of programmability of structure 

at this length scale involving polymeric materials is rare and limited. We believe a 

significant number of possibilities exist for this class of nanostructure and the explotation 

of DNA for programming function in general. 
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Enzymatic control over DNA-based nanomaterials.  

Given the number of enzymes capable of sequence-selective DNA recognition, 

approaches that include reactions such as strand cleavage, ligations, error correction, and 

abasic site removal are potentially viable for manipulation of DNA-containing materials. 

Various enzymes have been reported in the literature for controlling the size and shape of 

micellar nanostructures including DNA polymerases,68,69 DNAzymes,63 and restriction 

enzymes.70 A couple of examples using the unique properties of enzymes in controlling 

the morphology of DNA biohybrid materials will be discussed as below.  

 
Terminal deoxynucleotidyl transferase (TdT) is an enzyme that belongs to the 

family of nucleic acid polymerases and is able to catalyze the addition of 

deoxyribonucleotides to the 3’ hydroxyl end of DNA in a template-independent fashion.71 

Recently, Herrmann and coworkers72 showed the in situ growth of a DNA-b-PPO diblock 

copolymer micelle using TdT as a ‘‘particle growth’’ enzyme. The micelle was 

immobilized on a mica surface and growth of the micelle was analyzed by scanning force 

microscopy (SFM). The initial height of the DNA-b-PPO aggregates was approximately 

5 nm and was controllably increased by addition of 2’-deoxythymidine-5’-triphosphate 

(dTTP) mononucleotide with the enzyme (TdT). This example demonstrates the 

controlled growth of a micelle using an enzyme on a mica surface. 
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 In addition to size change, wrok described herein, has recently shown that the 

morphology of micellar structures can be altered via enzymatic activity as described 

above for the addition of a DNAzyme to DNA-brush copolymer micelles (See Chapter 

2).63,73,74 These DNAzymes are not traditional enzymes, but rather evolved catalytic DNA 

sequences making them easily tunable with regards to their sequence selectivity. On the 

other hand, the inherent specificity and efficiency of naturally occurring endonucleases 

makes them very attractive as tools for manipulating nanostructures formed from nucleic 

acids. In addition, this cooperatively assembled DNA–nanoparticle system also provides 

a good catalytical platform for DNAzyme catalysts, which the product inhibition 

limitation can be overcome through this method, which will be descried in Chapter 4.2. 

 
Caruso and coworkers70 utilized the specificity of restriction enzymes to 

selectively degrade a layered (LbL) DNA capsule. The assembly process was driven by 

the hybridization of single stranded oligonucleotides. A portion of each oligonucleotide 

was designed to contain the GAATTC EcoRI cut site. Upon treatment with the restriction 

enzyme, selective degradation of the LbL was observed. The data showed EcoRI 

degraded the particles in a selective fashion with only minor nonselectively cleaved 

products formed. The majority of the DNA capsules that contain the EcoRI cut site were 

degraded and decreased in size from 2.7 mm to 0.8 mm. These DNA capsules were also 

studied for their propensity to encapsulate and release guest molecules in a sequence-

selective fashion. These studies demonstrate an example of the programmed degradation 

of a micro to nanoscale material made by combining synthetic DNA-nanostructures with 

naturally evolved sequence-selective enzymes. 
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1.2.2 Peptide containing polymeric nanoparticles and micelles 

 
Natural and non-natural amino acids offer greater chemical diversity than nucleic 

acids, but undergo far less predictable binding, folding and recognition from the 

perspective of primary amino acid sequence identity. This makes them less reliable for 

programming nanoscale synthetic systems, however, at the same time they are 

susceptible to optimization via molecular evolution strategies,75,76 and are capable of 

selective targeting,77 signaling,78-80 receptor binding81,82 and behaving as substrates for 

specific enzymes.83 Perhaps most importantly, they are far more scaleable with gram 

quantities easily excessible via solid phase synthesis, in contrast to the great expense 

involved in producing moderate quantities of nucleic acids. Therefore, the incorporation 

of amino acids and peptides into polymeric materials, as functional and structural 

building blocks, is of great interest and has tremendous potential utility by virtue of 

making synthetic particles susceptible to the inherent biological characteristics of the 

peptide sequence.84,85 The sub-sections below describe some examples of peptide-

polymeric materials that take advantage of the solution properties of biohybrid 

architectures. Of particular interest is how these peptides can be used for coupling the 

nanostructures to biologically relevant signals such as pH, temperature and enzymes. 

 
pH responsive systems  

Smart peptide-polymeric materials that are susceptible to variations in pH have 

been the focus of much attention.26,86-91 This stimulus is of particular interest within 
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biomedical applications due to the pH variation between diseased and healthy tissues,92-94 

and within particular biological compartments such as endosomes with an interest in 

providing a stimulus for endosomal escape in biomedical and chemical biology 

applications.95 Poly(glutamic acid) (PLG) is one of the polyamino acid examples that has 

attracted particular interest as to the responsive to acidic and basic conditions causing pH 

driven assembly or disassembly. In addition, it is capable of undergoing reversible 

transformation from a rod-like a-helical conformation to a coil with varying 

temperature.86,96 PLG is an interesting candidate for pH sensitive systems due to the 

ability for the surrounding solution to determine the hydrophobicity or hydrophilicity of 

the material. An interesting example using PLG shows the successful generation of a 

reversible process for turning a micelle inside-out.97 The diblock copolymer consisted of 

15 repeating units of poly(L-glutamic acid)-b-poly(L-lysine) (PLG15-b-PLL15). At neutral 

pH the zwitter ionic polymer consisted of unique unimers. Under acidic conditions a 

micellar structure with PLL as the hydrophilic shell and PLG as the hydrophobic core 

was formed. At basic pH the reverse vesicle was formed with PLG as the hydrophilic 

shell and PLL as the hydrophobic core. 

 
Temperature responsive systems  

Similar to the pH responsive systems described above, nanoscale micelles can 

also be designed to respond to temperature variation through changes in hydration state, 

switches in morphology, and aggregation state through polymer assembly or disassembly. 

These processes are mediated by adjusting the solution temperature appropriately above 

and below the lower critical solution temperature (LCST) of the polymer blocks.98,99 
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These materials have potential in many biological applications, including the 

encapsulation of drugs and diagnostic agents. Although, the potential window or natural 

temperature differential involved is exceptionally narrow.  

 
Elastin-like polypeptides (ELPs) are an interesting class of biopolymers since they 

are both biocompatible and thermoresponsive.100,101 In recent work by Chilkoti and 

coworkers,102 an ELP was used as a building block to create a linear AB-block copolymer 

capable of self-assembly at approximately 40 °C. The ELP block copolymer consisted of 

an N-terminal ELP[V1A8G7-n] which is hydrophilic at higher temperatures and a C-

terminal ELP[V5-n] that is hydrophobic at lower temperatures. When the hydrophilic-to-

hydrophobic ratio is between 1 : 2 and 2 : 1, the material goes through two phase 

transitions: the first transition is from unimer to spherical micelle at an intermediate 

temperature of 36–46 °C; the second, at temperatures ranging between 49–51 °C whereby 

the micelles form micrometer aggregates. 

	  
Enzyme-responsive systems 

Enzymes play a critical role in biology through a myriad of natural processes 

involved in the manipulation of nanoscale self-assemblies including the replication of 

nucleic acids,103 decomposition of biomaterials including extracellular matrices,104 and in 

the assembly of viruses.105,106 This has inspired efforts to create materials that respond to 

very specific enzymatic triggers by building them out of or incorporating peptide 

substrates. To date, the majority of research into organic enzyme-responsive systems has 
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focused on phosphorylation, dephosphorylation, and other enzymatic reactions of 

peptide-only nanostructures to control their formation.5,107-109 Below are some highlighted 

studies including a brief introduction to work described in this thesis (Chapter 3) that 

make use of enzymatic reactions to control the structural characteristics of peptide–

polymer conjugates.  

 
 Inspired by the utility of enzymes as catalytic amplification tools and selective 

protagonists in natural systems, work described in this thesis lead to the development of 

peptide–polymer amphiphiles (PPAs) capable of forming well-defined enzyme-

responsive spherical micelles (see Chapter 3).20 These micelles undergo responses to 

several enzymes demonstrating in situ, selective, reversible and user-defined shifts in 

micellar nanoparticle morphology. Utilizing the recognition properties of a substrate for 

selective enzymatic cleavage, and or phosphorylation/dephosphorylation, information 

stored in the micelle shell can be read and manipulated in several modes causing dramatic, 

and sometimes reversible changes in morphology and particle size. Figure 4 illustrates 

the reversible morphological change observed for the peptide material in response to 

sequential phosphorylation/dephosphorylation cycles that occur in remarkably high yield. 

The detailed design of this system will be illustrated in Chapter 3. 
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Figure 4. Response of peptide polymer particles to sequential additions of protein kinase 
A (PKA) and protein phosphatase 1 (PP1).20 

 
Another example is the use of phosphatases. Phosphatases are a class of enzymes 

that remove phosphoryl groups attached to serine, threonine or tyrosine residues.110 These 

enzymes play a vital role in turning off signaling pathways that are activated by kinases. 

Borner and coworkers111 recently utilized an acid phosphatase to manipulate a peptide–

polymer conjugate (Figure 5). The polymer consists of a PEO block linked to a repeating 

peptide segment of threonine and valine diads (TV)5. This repeating segment of TV is 

known to form β-sheet aggregates in water.112 The introduction of three 

phosphothreonine units into the (TV)5 peptide aggregator results in a double hydrophilic 

block copolymer. Only upon dephosphorylation with an acid phosphatase, was it possible 

to form the nanofibrils. 
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Figure 5. (A) Schematic representation of enzyme-switchable PEO–peptide conjugates. 
Microstructures formed by enzyme triggered self-assembly of PEO–peptide conjugates: 
(B) visualized by AFM 7 days after enzyme treatment and (C) TEM micrograph of 
structures stained with uranyl acetate, after 10 days.111 
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1.3 Switchable and programmable nanomaterials for tunable biodistribution and 

targeting in vivo 

 
A special focus of this thesis is the development of morphologically switchable, 

bioresponsive systems as tunable and switchable agents in targeted delivery to diseased 

or damaged tissue in vivo. In the previous section (Chapter 1.2), biohybrid nanomaterials 

were introduced in the context of possessing unique programmable properties governed 

by biological stimuli due to specific interactions. In this section, an introduction to the 

importance of shape and morphology of nanomaterials as a tunable property for 

controlling biodistribution will be introduced (Chapter 1.3.1). The second part of this 

section (Chapter 1.3.2) will be focused on the importance of designing morphologically 

programmable nanoparticles responsive to biological stimuli associated with disease 

states developed in this thesis (Chapter 2 and 3), which constitute unprecedented studies 

on an entirely novel platform in delivery. Indeed, this type of approach is unprecedented 

for more than just nanomaterials, and remains unexplored for polymers and/or small 

molecules as well as for biological therapeutics such as antibodies. 

 
1.3.1 Morphology of nanomaterials as tunable properties for controlling biodistribution 

in vivo 

 
Numerous approaches to targeted delivery have been described113,114 that facilitate 

the specific delivery of therapeutic and diagnostic pharmaceutical agents to a variety of 
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tissues and organs. In general, there are two major categories of targeted delivery systems: 

active systems, such as some antibody medications141,142; and passive systems, such as 

those that exploit the enhanced permeability and retention effect (EPR effect).115-117 

There are certain types of pharmaceutical carriers utilized in both approaches, including 

soluble polymers,118-121 microcapsules,122,123 microparticles,124,125 liposomes,126-129 and 

micelles.130-140  

 
The EPR effect,115-117 the passive accumulation of drugs and drug carriers due to 

their extravasation through leaky vasculature in tumors is a potentially useful 

phenomenon for drug delivery to tumors, infarcts, and areas of inflammation.116,117 As for 

active targeted delivery,141,142 recognition of the target may proceed on various levels; on 

the level of a whole organ, certain cells specific to the organ, or individual components of 

cells (for example, cell surface proteins or sugars). Recognition on the molecular level is 

the most universal form of target recognition, because these may be present in greater or 

lesser amounts depending on the cell type. 

 
Research into targeted delivery has already resulted in many advances in point of 

care diagnostics and therapeutics.115,141 However, there is much to improve on in this 

field due to the shortcomings of specific delivery such as the requirement of maintenance 

of biological activity of targeted agent (protein or peptide) as well as complexities of 

organisms’ cellular networks.115 For example, tumor vasculature is characterized by leaky 

and dilated blood vessel with no regular pattern of interconnection.143 This aberrant 
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vasculature leads to an increased interstitial pressure, hypoxia, and a low pH inside the 

tumor mass, all of which could affect the delivery of protein- or peptide-conjugated drugs. 

115 

 
Researchers have long sought to define key design parameters that govern the 

performance of delivery carriers. Two parameters in particular, size and surface 

chemistry have been extensively studied.144 Several general guidelines have been 

established to guide the selection of size and surface chemistry to achieve the desired 

response. For example, nanoparticles with diameters less than 100 nm are considered 

suitable for tumor targeting via leaky vasculature.145 On the other hand, large 

microspheres (d > 40 µm) have been used as embolizing agents.113 Various guiding 

principles have also been established for selection of surface chemistry. For example, 

immobilization of polyethylene glycol on particles has been shown to reduce protein 

adsorption and phagocytosis.146 On the other hand, the immobilization of peptides has 

been used to target particle delivery to various organs.147 Optimization of surface coating 

for balancing stealth vs. targeting properties has also been reported.132 

 
In the past several years there has been growing recognition that particle 

properties other than size and surface chemistry can be engineered for the purpose of 

targeted delivery.148-152 We argue, that among them, shape and morphology represent 

important particle parameters that are vastly underutilized. Recent studies performed 

using particles of different shapes have shown that phagocytosis by macrophages exhibits 
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a strong dependence on shape.148 At a smaller length scale, Gratton and DeSimone et al. 

demonstrated that internalization of cylindrical particles exhibits a strong dependence on 

their aspect ratio.151 Specifically, particles with an aspect ratio of three were internalized 

about four times faster than their spherical counterparts of the same volume. There are 

also examples of studies where very different relationships between particle 

internalization and shape were measured.150 It is possible that the precise dependence of 

internalization on shape is a result of the interplay between several other parameters. 

Particle shape has also been shown to influence carrier behavior in vivo. Specifically, 

Geng and Discher  et al. 150 has shown that cylindrical micelles exhibit long circulation 

and high tumor targeting efficiencies compared to their spherical counterparts. More 

recently, Muro and Muzykantov et al. 152 compared the biodistribution of spherical and 

disk-shaped particles and reported that large elliptical disks exhibited higher targeting 

efficiency compared to spheres. There is thus a significant body of evidence in the 

literature supporting the hypothesis that shape has an impact on the performance of 

delivery carriers. 

 
Three examples in the literature summarize the main aspects of the role of carrier 

shape in targeted delivery. The first manuscript by Champion and Mitragotri148 reports 

the impact of shape on phagocytosis. Specifically, they report that long, worm-shaped 

particles exhibit negligible phagocytosis compared to spherical particles of equal volume. 

The authors suggest that reduced phagocytosis is a result of decreasing high curvature 

regions of the particle to two single points, the ends of the worm-shaped particles. The 

second contribution by Gratton and DeSimone151 reports on endocytosis of shape and 
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size-specific particles as a function of zeta potential in different cell types. Using a top-

down particle fabrication technique called PRINTTM151, the authors fabricate 

monodisperse 1 µm cylindrical particles and report that these particles are readily 

internalized into various cells without toxicity. The third contribution analyzes the role of 

particle geometry (size and shape) at the tissue and cellular scale. Decuzzi and Ferrari149 

compare predictions of mathematical models and observations from in vitro experiments 

to show the relevance of particle geometry in systemic delivery.   

 
There is little doubt that nanoscale shape engineered drug delivery is still in its 

infancy. However, the existing, limited literature on this topic, as summarized above, 

indicates that shape may indeed play an important role in determining cargo delivery. 

Perhaps, by improving our understanding of shape dependent bio-nanomaterial 

interactions and control over shape at the nanoscale, the potential for exciting 

developments in targeted delivery may be realized. 

 
1.3.2 Development of switchable systems capable of responding to patterns of 

biochemical stimuli associated with disease states 

 
As discussed above, shape and morphology have been shown to have a significant 

impact on the performance of delivery vehicles. Our contribution has been the harnessing 

of advantageous traits of multiple different morphological states, such as the longer 

circulation time of filamentous particles150	   and the higher cellular uptake of small 
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spherical particles,148  within the same system. The question for this thesis work has been: 

How does one can unite two different morphology-dependent properties into a single 

system? To address this challenge, morphologically switchable nanoscale particles were 

developed in the Gianneschi lab starting in 2008.20,63,153 Two distinct, desirable properties 

could be then united within a single system via our approaches described in Chapter 2 

and 3. In Chapter 2, a system combined with the properties of longer blood circulation 

time (via larger objects) with better cell-uptake rate (via smaller objects) will be 

described. A DNA-polymeric nanoparticle system is utilized in this system, where the 

morphology between filaments and spheres can be switched back and forth upon addition 

of biocompatible DNA sequences. We have shown that filamentous shaped materials 

have longer half-life in vivo in comparison to spherical nanoparticles and the switchable 

morphology can be programmed in vivo, where the small nanoparticles have a better 

clearance rate through the host defense mechanism such as liver and spleen clearance 

(RES system).145 In addition to medical applications, the well-defined DNA-polymeric 

nanofibers developed in this platform are also utilized as a template for patterning gold 

nanowire, which will be described in Chapter 4.1. 

 
Additionally, another peptide-polymeric nanoparticle system will be illustrated in 

Chapter 3. In that system we unite the properties of small nanoparticles together with 

larger aggregates for the goal of penetrating nanomaterials into leaky tumor tissues 

initially (via smaller nanoparticle diffusion) followed by switching the morphology to 

micron scale network structures upon stimulated by biological signals to prevent the 

materials leak-out. For this system, the most desirable biological signal would be to 
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utilize an endogenous signal, specific to the diseased tissue itself. Such an approach is in 

contrast to efforts to develop systems capable of targeting and release via the local 

application of external stimuli such as light21,154 or magnetic fields.155,156 We aim to 

develop nanoparticles capable of assembling in vivo in response to selective, endogenous, 

biomolecular signals.33,38,109,157  For this purpose, we aim to utilize enzymes as stimuli, 

rather than other, non-informational recognition events, because they are uniquely 

capable of propagating a signal via catalytic amplification in vivo as in enzyme-prodrug 

therapy strategies.19,158,159 We hypothesized that an enzyme-directed, nanoparticle 

accumulation and retention process would be possible if a specific enzymatic signal could 

be used to chemically alter nanoparticles and induce them to form a new, slowly clearing 

morphology within tumors.83,160-163 We reasoned that the best signal for exploring this 

concept would come from the catalytic activity specific to matrix metalloproteinases, 

MMP-2 and MMP-9, known to be overexpressed in certain tumor types and proven as 

viable biomarkers capable of activating peptide-based fluorogenic probes in vivo.83,104,164-

166 This morphologically tunable system in response to MMP enzymes will be detailed in 

Chapter 3.1. In addition, we also developed an approach to calculate the critical 

agreegation concentration (CAC) for the measurement of low CAC or stable micelles as 

our system is, which CAC cannot be obtained via traditional methods and therefore this 

approach provides a useful and practical tool in the polymeric nanoparticle field (see 

Chapter 4.3).  

 
We also applied this morphological switching peptide-polymeric system for the 

treatment of patients suffering myocardial infarction (MI), to control tissue regeneration 
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immediately following heart attack. Our morphologically tunable nanoaparticles are well 

suited for this scope, by which small nanoparticles can be injected immediately into post 

MI patients through intravenously (IV) injection and followed by targeting to and 

forming network aggregates in situ of MI regions via MI-upregulated MMPs. This IV 

injection will contain an innovative autonomously assembling material scaffold that will 

target the infarct area, stabilize the extracellular matrix framework, and then degrade to 

promote cell infiltration, thereby altering the typical negative left ventricular (LV) 

remodeling. This provides a potential application for the treatment for MI patients that 

will prevent heart failure. This system will be described in detail in Chapter 3.2 with 

reference to our ongoing studies in a rat, heart attack model. 

 
1.4. Summary and thesis overview 

 
As described in this introduction, multiple novel platforms were developed as part 

of the thesis research presented here. The work involved nucleic acids or peptides as 

biological building blocks incorporated into polymeric nanomaterials to form biohybrid 

polymeric nanoparticles. These materials were each programmed to undergo well-defined 

changes in structural features, properties and/or morphology in response to stimuli 

associated with a given tissue of interest. These include cancerous tissues and damaged 

heart tissue which both share upregulated enzymatic biomarkers associated with the 

inflammatory response. 
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 In Chapter 2, we show that using properties of isothermal DNA hybridization, we 

can manipulate the morphology of DNA-brush copolymers or DNA-lipid assemblies. In 

these DNA-hybrid nanomaterial systems, different morphologies, such as spherical vs. 

cylindrical phases or spherical vs. vesicular shapes, can be interconverted reversibly upon 

reaction with a specific DNA stimulus.  These programmed morphology switches were 

also used to modulate pharmacokinetic profiles in vivo as described in Chapter 2.3.  

 
In Chapter 3, peptides are incorporated into synthetic polymers to make 

morphologically programmable peptide-polymeric nanoparticles. The morphological 

changes of these peptide-containing materials are designed to result from activation of the 

peptide substrate by disease-associated enzymatic stimuli (Chapter 3.1). We use this 

morphological switching event to actively trap these nanomaterials in situ at a target 

tumor site (Chapter 3.2). We also show that these systems can form a scaffold network at 

myocardial infarcted (MI) tissue, a feature that has the potential to aid in the prevention 

of heart failure following an initial heart attack, and to assist in the healing process of the 

tissue following MI (Chapter 3.3). 

 
In Chapter 4, we describe novel methods to characterize or expand the use of the 

nanoparticle systems described in Chapters 2 and 3. These developments include a new 

strategy for fabricating nanowires (Chapter 4.1), a novel method for measurement of 

critical aggregation concentration (CAC) for low CAC micelles (Chapter 4.2), and a new 

approach for overcoming the low catalytic turnover exhibited by DNAzymes, rendering 
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them useful as amplifiers in detection assays (Chapter 4.3).  

 
In Chapter 5, an unprecedented study involving the high-resolution 

characterization of nanoparticles via a super-resolution fluorescence imaging 

reconstruction of nanoparticles in tumor tissue will be described. A detailed strategy for 

characterizing the sizes of nanoscale particles in in vivo systems and in ex vivo tissue 

slices via this newly-developed super resolution fluorescence technique will be discussed. 
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Nucleic acids are unique informational molecules capable of highly predictable 

sequence-specific recognition by other synthetic or natural nucleic acids, enzymes and 

proteins. In this chapter, we incorporate DNA biomolecules onto synthetic polymers 

(Chapter 2.1) or lipids (Chapter 2.2) to make amphiphilic DNA-based biohybrid 

polymers or lipids. Morphological switching properties can be manipulated via 

isothermal and thermal control of DNA hybridization, as well as via responses to 

enzymatic activity (e.g. nucleases). We further apply morphology switchable DNA-

polymeric nanoparticle systems in animal model for remotely controlling 

pharmacokinetics in vivo (Chapter 2.3).  

 
2.1 DNA-polymeric micelles as morphologically programmable materials1 

2.1.1 Introduction 

 
 Nanoscale particles that undergo reversible and defined changes in morphology in 

response to stimuli are expected to have broad utility in a range of applications, including 

targeted drug delivery, detection strategies, soft templates, and self-healing materials. To 

date, programmable materials with these properties have not been reported, despite the 

many elegant examples of stimuli-responsive soft nanoparticles and micelles.2-7 Inspired 

by the utility of DNA as an informational molecule in nanotechnology,8-13 we report 

herein DNA-encoded polymeric materials that are capable of in situ controlled, selective, 

reversible, and user-defined shifts in morphology. The design is based on polymeric 
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micelles formed from a novel set of amphiphilic DNA-brush copolymers (Figure 1 and 

see Figure 2 for SEC-MALS characterization).14,15 By utilizing the sequence-selective 

recognition properties of DNA,16 and its performance as a substrate for selective 

enzymatic cleavage,17,18 information stored in the micelle shell may be read and 

manipulated in several modes, causing dramatic changes in morphology and particle size.  

 

 

Figure 1. DNA-brush copolymers assemble into spherical micelles. Polymer structure, 
DNA sequences and DNA-modifier structures are given. The initial DNA brush 
copolymers assemble into spherical micelles (blue spheres). DNAzyme addition to 
spherical micelles causes sequence selective truncation of DNA at the cut-site indicated 
as a RNA base, rA, in the shell DNA sequence.  
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Figure 2. SEC-MALS characterization of polymers. (A) SEC-MALS traces of 
homopolymer 138 (blue) (MW = 9814) and copolymer 138-b-218 (red) (MW = 15380) (0.5 
mL/min CHCl3). (B) SEC-MALS traces of copolymer 138-b-218 (red) (MW = 15380) and 
DNA-copolymer 138-b-DNA18 (black) (1.0 mL/min DMF). 

 
2.1.2 Design and preparation of morphologically programmable DNA polymeric 

micelles 

 
 The design rationale for DNA-programmed micelle morphology is based on rules 
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that govern the aggregation of amphiphilic block copolymers.3,19 Briefly, the phase 

(shape, size, overall morphology) of assembled amphiphiles is controlled by their 

geometric structure and electrostatics.20 Therefore, it was hypothesized that DNA-brush 

copolymer amphiphiles would assemble into micelles with morphologies that are 

governed by sequence-selective interactions, which allow manipulation of the magnitude 

of steric and electrostatic repulsions in the micelle shells. Changes in geometric structure 

of the amphiphile are shown in Figure 1 and 3; larger cone angles give higher surface 

curvature aggregates (i.e., spheres). To demonstrate the concept of DNA-programmed 

micelle phase transition, three types of sequence-selective interactions were chosen: 1) 

enzymatic cleavage, 2) isothermal hybridization of complementary single-stranded DNA 

(ssDNA), and 3) thermal melting and annealing of DNA duplexes. 

 
The DNA-brush copolymer amphiphiles assemble into spherical micelles (Figure 

3, blue spheres) approximately 25 nm in diameter, as characterized by transmission 

electron microscopy (TEM), atomic force microscopy (AFM, Figure 4), and dynamic 

light scattering (DLS, Figure 4).  

 
 The DNA-brush copolymer amphiphiles contain a RNA base (rA) as an 

enzymatic cleavage site, two 18-membered ethylene glycol moieties that increase steric 

bulk of the hydrophilic block, and a fluorescein tag to allow monitoring of reactions that 

occur at the particle shell. To facilitate a sphere-to-cylinder phase transition, the spherical 

micelles were mixed with a DNA based phosphodiesterase  (DNAzyme18), which was 
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conveniently synthesized to recognize a given DNA sequence and cut at a RNA base. 

This process resulted in complete, rapid catalytic turnover of the DNA substrate that 

formed the bulk of the hydrophilic block and generated a truncated ssDNA sequence. A 

subsequent sphere-to-cylinder phase transition occurs as the “new” surfactants reorganize 

and pack accordingly (see Figure 5 for data showing turnover of shell DNA).  

 
To facilitate a cylinder-tosphere phase transition, a 19-base input DNA sequence 

(In1) was added (Figure 3). This sequence was designed to form a 9-base duplex with the 

truncated DNA in the cylinder shell. 
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Figure 3. DNA-brush copolymers assemble into micelles with spherical or cylindrical 
morphologies depending on amphiphile structure manipulated in situ by DNA selective 
interactions. The initial DNA brush copolymers assemble into spherical micelles (blue 
spheres, see Figure 1. DNAzyme addition to spherical micelles causes sequence selective 
truncation of DNA in the shell DNA sequence. Addition of In1 to cylindrical micelles 
increases the volume fraction of DNA by hybridizing to the truncated shell. Subsequent 
addition of In2 results in formation of In1��  In2 duplex and sphere-to-cylinder transition. 
Amphiphile structures are represented as cones for each respective morphology. 
Transmission electron microscopy (TEM): (a) 25 nm spherical micelles assembled from 
initial DNA-brush copolymers. (b) Cylindrical morphology formed following DNAzyme 
addition to spheres. (c) Spherical micelles following In1 addition to cylinders. 
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Figure 4. Characterization of DNA spherical micelles. TOP LEFT: AFM image showing 
spherical micelles as shown in Figure 3. TOP RIGHT: Height profile from AFM image 
with the cross-section drawn as a red line in LEFT image. BOTTOM: Dynamic light 
scattering data for initially formed spherical micelles in Figure 3. 

 
Subsequent cylinder-to-sphere transition occurs as the bulky, extended duplex is better 

accommodated in the spherical micelle phase. Therefore, the new structures (Figure 3, 

green spheres) contain a noncovalent DNA duplex that is amenable to sphere-to-cylinder 

phase transition utilizing DNA strand invasion.21,22 This was achieved by addition of a 

perfectly complementary 19-base ssDNA (In2) designed to invade into the shorter 9-base 

duplex in the micelle shell. The more thermodynamically stable 19-base long duplex 

(In1��  In2) departs, leaving the truncated ssDNA amphiphile to reassemble into the 

cylindrical phase. 
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Figure 5. DNAzyme catalyzed shell truncation. (i) DNAzyme + particles as shown in 
Figure 3. ii) DNAzyme + F-ssDNA – a single stranded fluorogenic substrate (see 
Experimental Section for DNA sequence). This data shows complete, rapid turnover of 
shell DNA. ssDNA substrate was used for comparison, showing little turnover. 

 
 The reversibility of the phase transitions was examined in solution by DLS 

(Figure 6), with a confirmation of morphologies by TEM (Figure 7). DLS data for 

isothermal DNA-directed phase transitions are shown as the percentage (volume 

distribution) of particles at the 396 nm size class, which result from various input 

additions after two-hour incubation periods (Figure 6). Initially, solutions of the spherical 

particles showed no observable scattering intensity for aggregates above 30 nm. Indeed, 

the particle diameter (reported as the hydrodynamic diameter Dh) was constant in the 

absence of DNAzyme over a time scale of many weeks. However, mixing of the 

spherical particles with the DNAzyme for two hours caused the expected increase in the 

Dh value (Figure 6).  
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Figure 6. Reversible phase cycling via isothermal hybridization and invasion. Volume % 
of species at 396 nm vs input; measured by DLS 2 hr after each input addition beginning 
with 25 nm spheres. A Dh of 396 nm is significant as the largest aggregate size class 
observed by DLS at 2 hr. Conditions: Particles (0.14 g/L), DNAzyme (5 nM), In1 (50 
nM), In2 (50 nM), Tris (20 mM, pH 7.4), MgCl2 (50 mM). 

 
Next, this solution was mixed with In1 showing the expected contraction in Dh. 

Subsequent addition of In2 results in duplex In1��  In2, regenerating the truncated shell 

structure and causing another expansion of particle size.  
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Figure 7. A selection of three TEM images for each DNA-directed phase transition. 
These images relate to Figure 3, and Figure 6. Images were taken of particles following 
18 to 24 hr incubations with successive DNAzyme additions, and DNA-Input additions 
starting at the top and going down.  
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To complete the isothermal cycle, the particles were again treated with In1 resulting in 

regeneration of small aggregates. In addition, this isothermal phase-cycling process was 

monitored by the uptake and release of a small-molecule dye (Figure 8). 

 

 

Figure 8. Reversible phase transition in conjunction with the uptake and release of dye. 
A decrease in fluorescence indicates uptake of the dye by the particles. An increase in 
fluorescence indicates release of the dye. Micelles were mixed with dye and DNAzyme 
as shown on a MWCO spin tube at t = 0. In1 and In2 were added at 1 hr and 2 hr 
respectively. Tubes were centrifuged and fluorescence measured of coumarin in the flow-
through (λex = 360 nm, λem = 465 nm) at 3 hr following DNAzyme addition except where 
indicated below. Error bars are from standard deviations at each time point calculated 
from data collected in triplicate. Conditions: Micelles (0.14 g/L), dye (1 mM), DNAzyme 
(5 nM), In1 (50 nM), In2 (200 nM), Tris (20 mM, pH 7.4), MgCl2 (50 mM). 1Measured at 
1 hr 2 min. 2Measured at 1 hr 30 min. 3Measured at 2 hr. 

 
The hybridization state of complementary oligonucleotides is disrupted at 

elevated temperatures. The isothermal cycling experiments (Figure 6) show a dependence 

of the morphology on the hybridization state of the DNA. Similarly, cycling of the 

solution temperature resulted in aggregate size changes, which were dependent on 
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whether or not the DNA in the amphiphile was in duplex or single-stranded form (Figure 

9). These data show a correlation between the temperature of the solution and the 

aggregate size in solution, that is, the size increases above the melting temperature of the 

DNA duplex and decreases below the melting temperature. These data complement the 

isothermal cycling experiment with the same correlation with respect to the hybridization 

state of the amphiphile. 

   

 

Figure 9. Reversible phase cycling via variable temperature DLS. Dh of largest 
aggregates in solution at given time points. Initial spheres (I) were treated with 
DNAzyme for 18 hrs (II) prior to addition of In1. DLS measurement at t = 0 min taken 1 
hr after addition of In1. Ramp rate: 25 °C to 60 °C in 5 min. Instrument cooling time was 
60 min; sample was cooled by placing in ice bath for 5 min, then resting at r.t. for 55 min. 
Second heating cycle conducted 18 hrs later with same ramp rate (25 °C to 60 °C in 5 
min) and cooling time (60 min). Conditions: Particles (0.14 g/L), DNAzyme (5 nM), In1 
(50 nM), In2 (50 nM), Tris (20 mM, pH 7.4), MgCl2 (50 mM). 

 
 To further elucidate the mechanism and assess the selectivity of the DNAzyme-

directed phase transition, the process was examined by TEM and DLS (Figure 10), and 



	   57 

studied by fluorescence microscopy (Figure 12). TEM and DLS data show a solution 

populated with a decreasing concentration of intact 25 nm spheres (Figure 10, red curve) 

and growing cylindrical aggregates with time (Figure 10, blue curve; see also Figure 11 

below). The TEM data correlates with the increase in Dh observed by DLS (Figure 10, 

green curve). 

 
After one day, cylinders could be observed in high density, and TEM data showed 

the presence of well-defined cylinders (Figure 10 d and inset). After two days in the 

presence of the DNAzyme, TEM data confirmed low concentrations of intact spherical 

structures (Figure 10 e), and the presence of cylinders greater than 1 µm length. This 

phase-transition process constitutes an approximate 100-fold increase in size and a 

dramatic change in morphology, which results in clear solutions and no precipitation.  

 

 

Figure 10. DNA-directed size and phase change with time. Conditions: Initial particle 
(0.14 g/L), Tris (20 mM, pH 7.4), MgCl2 (50 mM). DNAzyme (5 nM) mixed with 
particles at a) t = 0 min. b) 2 min. c) 2 hr. d) 1 day. e) 2 days. GRAPH: Particle size as a 
function of time following DNAzyme addition. Blue curve: Average cylinder length (CL) 
by TEM. Green curve: Hydrodynamic diameter (Dh) of largest aggregates by DLS. Red 
curve: Sphere diameter (SD) by TEM. DLS data was taken at the time points shown 
following DNAzyme addition. Data points for CL and SD are averages of multiple 
measurements made from TEM images, with error bars indicating standard deviations. 
 



	   58 

 

Figure 11. Companion images to Figure 10. TEM images at various time points after 
adding DNAzyme as shown at the upper left of each panel. The thicker and thinner 
arrows represent the cylinder and sphere respectively, which were measured and 
averaged to give diameters and lengths in nm with associated standard deviations (error 
bars Figure 10). 

 
Insight into the mechanism of this process is provided by the observation that 

complete turnover of the shell DNA of the initial spheres is rapidly achieved (Figure 5) 

prior to complete phase transition. Therefore, after DNAzyme addition, competing 

equilibria for monomeric amphiphile assembly are rapidly established and result in 

cylinder growth (amphiphile <=> cylinder versus amphiphile <=> sphere). 

 
 A series of fluorescence microscopy experiments were conducted to test if a 

mixed population of particles encoded with different DNA sequences could respond 

independently and selectively in the presence of competing DNAzymes.  
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Figure 12. Sequence selective phase shifting observed by fluorescence microscopy. 
Mixtures of rhodamine and fluorescein labeled particles were treated with DNAzymes 
(D-1 and/or D-2) each capable of selectively cleaving either red or green labeled shell 
DNA strands. LEFT: TEM image showing bundled cylinder structures analogous to 
optical images. Optical microscopy images show bright field, green and red fluorescence 
images taken after treatment with DNAzyme. (a) D-1 recognizes only fluorescein labeled 
particles. (b) D-2 recognizes only rhodamine labeled particles. (c) D-1 and D-2 added 
together causes fiber formation containing both labels. Optical image scale bars = 10 µm. 
Conditions: Micelles (0.14 g/L), DNAzyme (5 nM), Tris (20 mM, pH 7.4), MgCl2 (50 
mM). Shell DNA sequences are analogous to that shown in Figure 1, with an extra three 
bases at the 5’-terminus. The third base from the 5’-amide linkage to the polymer 
backbone is a dye-labeled thymidine residue (see Experimental Section for DNA 
sequences used in these experiments). 

 
Two fluorescent particles that contain two different DNA sequences were synthesized; 

one labeled with a fluorescein dye (through a fluorescein–thymidine (FlrT) 

phosphoramidite) and the other labeled with a rhodamine dye (through a rhodamine–

thymidine (RhT) phosphoramidite; Figure 12). Conveniently, micrometer-sized fibers 

(bundles of cylinders) could be imaged by light microscopy; 25 nm spheres, which were 

below the resolution limit, contributed to diffuse background fluorescence that had much 

lower intensity than the fibers. The red and green fluorescent particles were mixed 

together and treated with two different DNAzymes (D-1 and D-2), each of which was 

complementary to one of the dye-labeled particles. Introduction of the DNAzyme 

selective for the sequence within the green fluorescent particle shell (D-1) resulted in the 

formation of green fluorescent cylinders, with no observable red fluorescence (Figure 12 
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a). Conversely, only red fluorescent particles reacted with the DNAzyme selective for the 

sequence within their shell (D-2). This selectivity is confirmed by the absence of green 

fluorescence in the images of these cylinder structures and the appearance of red 

fluorescent cylinders (Figure 12 b). Finally, when mixed with D-1 and D-2, both spheres 

in the mixture reacted, which caused the formation of structures containing both red and 

green fluorophores (Figure 12 c). These studies provide evidence supporting the 

conclusion that truncation of the DNA is a necessary requirement for phase transition and 

is indeed sequence-selective. This experiment is possible because the two amphiphiles 

are chemically similar except for the information encoded in their respective DNA 

sequences. This characteristic makes each particle type in the mixed population 

independently addressable, a feature that is not easily accessible for systems designed to 

respond to noninformational stimuli such as temperature, light, or pH. 

 
In summary, we have demonstrated the utility of DNA as an informational tool 

for morphology control in discrete, stimuli-responsive, nanoscale polymeric materials.8 It 

is expected that this approach will be amenable for extension to a variety of stimuli given 

the versatility of nucleic acids as molecules that are capable of multiple modes of 

selective recognition. In a broader context, the development of generally applicable 

methods for predictably controlling size, shape, and functionality of soft materials at the 

nanometer length scale will be critical for realizing their tremendous potential.23-29 

 

 

 



	   61 

2.1.3 Experimental Section for Chapter 2.1 

 
General methods 

 

All reagents in this project were bought from Sigma-Aldrich and used without 

further purification except DNA synthesis reagents and modifiers bought from Glen 

Research and AZCO. Anhydrous toluene and dichloromethane were purified using a 

Dow-Grubbs two-column purification system (Glasscontour System, Irvine, CA) -30 

(Nglycine)- 5-norborene-exo-2,3-dicarboximide was prepared as described by Biagini et 

al.31. (IMesH2)(C5H5N)2(Cl)2Ru=CHPh was prepared as described by Sanford et al.32. 

Polymerizations were performed under dry dinitrogen atmospheres with anhydrous 

solvents. All DNA was synthesized on an ABI-391 via standard solid phases synthesis on 

controlled pore glass supports. Fluorescence measurements were performed with a 

microplate reader (Perkin Elmer, HTS7000 Plus, λex = 485 nm, λem = 535 nm) using 

black 96 well plates. Reaction volumes of 100 µL were used in all fluorescence 

experiments of this type. HPLC purifications of DNA strands were performed on a 

Clarity 5u Oligo-RP phenomonex column (150 x 4.60 mm) with a binary gradient using a 

Hitachi-Elite LaChrom L-2130 pump equipped with UV-Vis detector (Hitachi- Elite 

LaChrom L-2420). Gradient: (Sovent A: 50 mM triethylammonium acetate, pH 7.5; 

Solvent B: 100% methanol; gradient: 10-45% B from 0-28 minutes, 45-60% B from 28-

34 minutes, and 60-70% B from 34-40 minutes, Flow rate: 1 mL/min). To confirm DNA 

molecular weight, MALDI-TOF mass spectrometry was performed on a ABI MALDI 

Voyager (equipped with ThermoLaser Science, VSL-337ND) using THAP matrix (2,4,6-
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trihydroxyacetophenone monohydrate) (18 mg), ammonium citrate (7 mg), 

acetonitrile:water (1 mL, 1:1). Polymer polydispersity and molecular weight were 

determined by size-exclusion chromatography (Phenomonex Phenogel 5u 10, 1K-75K, 

300 x 7.80 mm in series with a Phenomex Phenogel 5u 10, 10K-1000K, 300 x 7.80 mm 

(DMF)) or (Jordi Gel DVB 1000A, 500 x 10 mm, (CHCl3)) using a Hitachi-Elite 

LaChrom L- 2130 pump equipped with a multi-angle light scattering detector (DAWN-

HELIOS: Wyatt Technology) and a refractive index detector (Hitachi L-2490) 

normalized to a 30,000 MW polystyrene standard. Particle and DNA concentrations were 

determined via UV-Vis on a Hitachi U-2810 spectrophotometer. Dh was determined by 

DLS on a Nano-ZS90 Malvern Instruments. TEM images were acquired on a carbon grid 

(Ted Pella, INC.) with 1% uranyl acetate stain on a FEI Tecnai G2 Sphera at 200 KV. 1H 

(400 MHz) and 13C (100 MHz) NMR spectra were recorded on a Varian Mercury Plus 

spectrometer. Chemical shifts (1H) are reported in δ (ppm) relative to the CDCl3 residual 

proton peak (7.27 ppm). Chemical shifts (13C) are reported in δ (ppm) relative to the 

CDCl3 carbon peak (77.00 ppm). Mass spectra were obtained at the UCSD Chemistry 

and Biochemistry Molecular Mass Spectrometry Facility. 

 
DNA synthesis 

 

Preparation of DNAzyme (D-1) 

5’-GGAGAGAGATCCGAGCCGGTC-GAAGGGTGCGA-3’  

A 1 µmol dA-CPG was utilized as the support. The oligonucleotide was 

synthesized in the standard manner leaving the final base protected with a DMT group. 
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Following cleavage and deprotection by ammonium hydroxide overnight, the 

oligonucleotide was purified by HPLC (retention time = 26 min), treated with acetic acid, 

followed by solvent removal and characterization by MALDI-MS. Mass calcd: 10029.6; 

Mass obs: 10040.7.  

 
Preparation of DNAzyme (D-2) 

5’-AGCGACAGATCCGAGCCGGTCGAAGTCGTGAG-3’  

A 1 µmol dG-CPG was utilized as the support. The oligonucleotide was 

synthesized in the standard manner leaving the final base protected with a DMT group. 

Following cleavage and deprotection by ammonium hydroxide overnight, the 

oligonucleotide was purified by HPLC (retention time = 26 min), treated with acetic acid, 

followed by solvent removal and characterization by MALDI-MS. Mass calcd: 9924.5; 

Mass obs: 9919.3. 

 
Preparation of fluorogenic ssDNA substrate (F-ssDNA)  

Fluorescein -5’-TCGCACCCrAGTCTCTCTCC-3’-Dabcyl (rA is the RNA base)  

A 1 µmol 3’- Dabcyl -CPG from Glen Research was utilized as the support, with 

a 5’- Fluorescein phosphoramidite as the terminus. rA was incorporated as a TOM-

protected base. The oligonucleotide was synthesized in the standard manner. Following 

cleavage and deprotection by ammonium hydroxide/ethanol in 3: 1 ratio for 4 hrs, , the 

oligonucleotide was purified by HPLC (retention time = 33 min), and characterized by 

MALDI-MS. Mass calcd: 6670.7; Mass obs: 6674.5.  
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Preparation of In1 

5’-PEG-PEG-GGAGAGAGACTGGGTGCGA-3’  

A 1 µmol dA-CPG was utilized as the support, with PEG phosphoramidite (C18-

spacer, Glen Research) as the 5’-terminus. The oligonucleotide was synthesized in the 

standard manner Following cleavage and deprotection by ammonium hydroxide 

overnight, the oligonucleotide was purified by HPLC (retention time = 35 min), and 

characterized by MALDI-MS. Mass calcd: 6955.2; Mass obs: 6964.1. 

 
Preparation of In2 

5’-TCGCACCCAGTCTCTCTCC-3’ 

A 1 µmol dC-CPG was utilized as the support. The oligonucleotide was 

synthesized in the standard manner leaving the final base protected with a DMT group. 

Following cleavage and deprotection by ammonium hydroxide overnight, the 

oligonucleotide was purified by HPLC (retention time = 32 min), treated with acetic acid 

followed by solvent removal and characterization by MALDI-MS. Mass calcd: 5635.7; 

Mass obs: 

5693.1. 

 
Preparation of DNA for particles shown in Figure 1 and 3 

NH2-5’-TCGCACCCrAGTCTCTCTCC-3’-PEG-PEG-Fluorescein 

A 1 µmol Fluorescein-CPG was utilized as the support, rA was incorporated as a 
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TOM-protected base. The oligonucleotide was synthesized in the standard manner, with a 

5’amino group ((5’- amino modifier 5, Glen Research) at the terminus. Following 

cleavage and deprotection by ammonium hydroxide/ethanol in a 3:1 ratio for 4 hrs, the 

oligonucleotide was purified by HPLC (retention time = 30 min), and characterized by 

MALDI-MS. Mass calcd: 7083.7, Mass obs: 7102.4. 

 
Preparation of DNA for particles shown in Figure 12 as Rhodamine labeled material 

NH2-5’-CC-RhT-CTCACGACrAGTCTGTCGCT-3’-PEG-PEG-A 

A 1 µmol dA-CPG was utilized as the support, rA was incorporated as a TOM-

protected base. Rhodamine was incorporated as the dT-TAMRA modified 

phosphoramidite available from Glen Research: 5'-Dimethoxytrityloxy-5-[N-

((tetramethylrhodaminyl)-aminohexyl)-3-acrylimido]-2'-deoxyuridine-3'-[(2 cyanoethyl)-

(N,N-diisopropyl)]-phosphoramidite. The oligonucleotide was synthesized in the 

standard manner, with a 5’amino group at the terminus. Following cleavage and 

deprotection by 0.05 M potassium carbonate treatment in methanol for 4 hrs, the 

oligonucleotide was purified by HPLC (retention time = 27 min), and characterized by 

MALDI-MS. Mass calcd: 8385.9, Mass obs: 8425.9. 

 
Preparation of DNA for particles shown in Figure 12 as Fluorescein labeled material 

NH2-5’-CC-FlrT-TCGCACCCrAGTCTCTCTCC-3’-PEG-PEG-A 

A 1 µmol dA-CPG was utilized as the support, rA was incorporated as a TOM-

protected base. Fluorescein was incorporated as the dT-Fluorescein modified 
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phosphoramidite available from Glen Research: 5'-Dimethoxytrityloxy-5-[N-((3',6'-

dipivaloylfluoresceinyl)-aminohexyl)-3-acrylimido]-2'-deoxyuridine-3'-[(2 cyanoethyl)-

(N,N-diisopropyl)]-phosphoramidite. The oligonucleotide was synthesized in the 

standard manner, with a 5’amino group at the terminus. Following cleavage and 

deprotection by 0.05 M potassium carbonate treatment in methanol for 4 hrs, the 

oligonucleotide was purified by HPLC (retention time = 26 min), and characterized by 

MALDI-MS. Mass calcd: 8237.9, Mass obs: 8229.4. 

 
Preparation of DNA for loading experiment and for calibration curves related to 

catalysis analysis 

DNA-F: 5’-GGAGAGAGACTGGGTGCGA-Fluorescein-3’ 

A 1 µmol fluorescein-CPG was utilized as the support. The oligonucleotide was 

synthesized in the standard manner. Following cleavage and deprotection by ammonium 

hydroxide overnight, the oligonucleotide was purified by HPLC (retention time = 26 min), 

and characterized by MALDI-MS. Mass calcd: 6551.9, Mass obs: 6573.5. 

 
Monomer synthesis 

 

Preparation of (N-Benzyl)-5-norborene-exo-2,3-dicarboximide (1) 

To a stirred solution of N-benzylamine (2.85 g, 26.6 mmol) in dry toluene (125 

mL) was added 5-norbornene-exo-2,3-dicarboxylic anhydride (4.10 g, 25.0 mmol) and 

triethylamine (3.83 mL, 27.5 mmol). The reaction was heated to reflux overnight under a 
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nitrogen atmosphere. The reaction was cooled to room temperature and washed with 10 

% HCl (3 x 50 mL) and brine (2 x 50 mL). The aqueous layers were combined and 

extracted with EtOAc (60 mL). The combined organic layers were dried with MgSO4, 

filtered and concentrated to dryness giving a pale yellow solid that was recrystallized 

from ethyl acetate/hexanes to give 1 (4.98 g, 79%) as off white crystals. 1H NMR 

(CDCl3): δ (ppm) 1.07 (d, 1H, CH2, J=9.6 Hz,), 1.42 (d, 1H, CH2, J=9.6 Hz), 2.69 (s, 2H, 

2 x CH), 3.26 (s, 2H, 2 x CH), 4.61 (s, 2H, CH2), 6.28 (s, 2H, CH=CH), 7.25-7.40 (m, 5H, 

Ar). 13C NMR (CDCl3): δ (ppm) 42.18, 42.28, 45.13, 47.62, 127.74, 128.48, 135.76, 

137.76, 177.48. LRMS (CI), 253.99 [M+H]+. HRMS, expected [M+H]+: 254.1176, found: 

254.1175. 

 
Preparation of (N-acetyloxy-2,5-pyrrolidinedione)-5- norborene-exo-2,3-dicarboximide 

(2) 

To a 25 mL round bottom flask containing (N-glycine)-5-norborene-exo-2,3-

dicarboximide, (0.250 g, 1.13 mmol), N-hydroxysuccinimide, (0.220 g, 1.90 mmol), 

DCC, (0.390 g, 1.90 mmol) and DMAP (.230 g, 1.90 mmol) was added dry CH2Cl2 (10 

mL). The reaction was stirred at room temperature under a nitrogen atmosphere overnight. 

The reaction mixture was filtered to remove the urea then concentrated to dryness. The 

residue was dissolved in EtOAc, washed with 10% HCl (3 x 10 mL), and the organic 

layer dried with MgSO4. The resulting solution was filtered and concentrated to dryness 

in vacuo. Recrystallization from ethyl acetate/hexanes gave 2 (0.18 g, 50% yield) as fine 

white crystals. 1H NMR (CDCl3): δ (ppm) 1.51, (d, 1H, CH2, J=9.9 Hz), 1.56, (d, 1H, 

CH2 J=9.9 Hz), 2.78, (s, 2H, 2 x CH), 2.84, (s, 4H, 2 x CH2), 3.32, (s, 2H, 2 x CH), 4.57, 



	   68 

(s, 2H, CH2), 6.30, (s, 2H, CH=CH). 13C NMR (CDCl3): δ (ppm) 25.49, 37.07, 42.81, 

45.51, 47.96, 137.93, 163.12, 168.19, 176.32. LRMS (CI), 318.85 [M+H]+. HRMS, 

expected [M+Na]+: 341.0744, found: 341.0743. 

 
Polymer synthesis 

 

 

General method utilized in polymerization reactions (see below for preparation). For 
analysis purposes a sample of the first block in the copolymer is quenched prior to 
addition of the second monomer. This is used to confirm block size and is compared with 
weight fraction analysis of the copolymer by SEC-MALS. 

 
Backbone Copolymer (138-b-218) – Proceeds as shown in figure above: 

To a stirred solution of 1 (0.400 g, 1.58 mmol) in dry CH2Cl2 (2 mL) cooled to -

78 °C as added a solution of the catalyst ((IMesH2)(C5H5N)2(Cl)2Ru=CHPh) (41.0 mg, 

0.00564 mmol) in dry CH2Cl2 (1 mL) also cooled to -78 °C. After 5 min the cold bath 

was removed and the reaction was left to stir under nitrogen while warming to room 

temperature. After 40 min a 0.25 mL aliquot was removed and quenched with ethyl vinyl 
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ether. After 25 min the polymer was precipitated by addition to cold MeOH to give the 

homopolymer as an off white solid. To the remaining reaction mixture a solution of 2 

(0.164 g, 0.517 mmol), in dry CH2Cl2 (1 mL) was added. The mixture was left to stir 

under N2 for 40 min followed by quenching with ethyl vinyl ether (0.1 ml). After 25 min 

the solution was concentrated to approx. 1/3 the original volume then precipitated by 

addition to cold MeOH to give the copolymer as an off white solid. 1H NMR of the 

polymer confirms the absence of monomer (no olefin peak at 6.30 ppm) and the presence 

of broad trans and cis olefin peaks of the polymer backbone at 5.73 and 5.50 ppm 

respectively. SEC MALS: homopolymer of 1: Mw = 9814, Mw/Mn = 1.019, 1 = 38. 

Copolymer of 1-b-2: Mw = 15380, Mw/Mn = 1.023, 2 = 18. 

 
DNA conjugation 

 

0.05 µmol of copolymer was dissolved in 0.25 mL of chloroform, followed by 

addition of 1 equiv. of N,N-Diisopropylethylamine (DIPEA) and 0.2 µmol of HBTU to 

which 0.1 mL of acetonitrile was added. Freshly synthesized CPG-support-bound-DNA 

was removed from the capsule and placed in a 1.5 mL eppendorf tube to which was 

added the copolymer mixture described above. This reaction was shaken at room 

temperature overnight, deprotected in ammonium hydroxide/ethanol (3:1 ratio) for 4 hrs, 

and volume reduced in vacuo to approx. 50 µL. 

 
Spherical micelle formation 
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To the DNA-brush copolymer in 50 µL of water was added 1 mL of Tris buffered 

water (20 mM, pH 7.4). This solution was then transferred to a 10,000 MWCO dialysis 

tubing. Buffer was changed three times, one time per day.  

 

DNAzyme catalysis monitoring experiments  

 

Fluorescence was directly measured at time points of 2 min, 5 min, 10 min, and 

15 min after adding DNAzyme to F-ssDNA solutions in a 96-well plate. Maximum 

fluorescence for the DNAzyme (5 nM) added to micellar particles (0.14 g/L) at 15 

minutes was set to a value of 1 for normalization of data. Complete consumption of 

particle bound substrate was confirmed by a calibration curve plotted for fluorescence vs 

concentration of a fluorescein modified oligonucleotide (DNA-F – see above for 

synthesis and sequence). i.e. plateau is due to consumption of substrate not product 

inhibition. Each assay was repeated three times with error bars representing standard 

deviation for each time point. Fluorescent product from shell DNA cleavage was 

measured from supernatant that passed through a 10,000 MWCO spin tube filter. i.e. 

particles are left behind, and fluorescent product comes through for analysis at each time 

point. 

 
Phase transition studies 

 

Spherical micelles at 1 µΜ with DNAzyme (5 nM) were used in studies of phase 
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transitions. The experiments were run in Tris/MgCl2 (20 mM, pH 7.4, MgCl2, 50 mM) 

solutions at room temperature. TEM grids were prepared at time points as indicated in 

Figure 10 and 10. 4 µL of sample was spotted on the grid for 1 min, and washed with 

water (8 drops), then stained with 1 % uranyl acetate solution in water (3 drops) then 

wicked away with filter paper. DLS samples were also taken at the same time points, 

from the same solutions. Cylinder lengths (CL) reported in Figure 10 and 11 were 

determined as the average of multiple TEM images at given time points 

 
Particle concentration/amount and DNA loading 

 

Particle concentrations were determined by UV-Vis, and DNA loading confirmed 

by a fluorescence experiment as described here. Spherical micelles (3 nmol of DNA – 

determined by absorbance) were incubated with DNA labeled with fluorescein tag (see 

above for synthesis of DNA-F) (6 nmol) for 30 min (Tris, 20 mM, MgCl2, 50 mM, pH 

7.4) and centrifuged at 14,000 x g for 5 min over a 10,000 MWCO spin tube to remove 

the unbound DNA-F, then washed 5 times with 500 µL buffer and spun after every wash; 

the flow-through was discarded. This was followed by addition of 1 mL water for 5 min, 

which was spun at 14,000 x g for 5 min twice. Flow-through of labeled DNA was 

collected and concentration calculated by UV-Vis. The amount collected was 2.85 nmol, 

approximating the original value calculated (3 nmoles) of DNA in solution on micelle. 
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Uptake and release of coumarin dye allows monitoring of the reversible phase transition 

via phase dependent encapsulation behavior (in Figure 8) 

 

7-hydroxycoumarin was dissolved in 50 µL of DMSO and diluted in 1 mL water to 

make a 1 mM solution. This solution was diluted further to 1 µM when added to each of the 6 

solutions shown in Figure 8. Micelles (0.14 g/L) in buffer (Tris, 20 mM, MgCl2 50 mM, pH 

7.4) were treated with 5 nM DNAzyme for 30 min on a 10,000 MWCO spin tube followed 

by separation of free dye by centrifugation. In1 (50 nM) was then added to hybridize to the 

DNA fragment on the particle, and flow through analyzed at time points of 2 min, 30 min and 

2 hr described in Figure 8. In2 (200 nM) was then added for 30 min to hybridize to In1. All 

reactions were performed on 10,000 MWCO spin tubes and spun at 14,000 x g for 5 min and 

the flow-through analyzed. This procedure involved experiments consisting of mixing the 

particles with 7-hydroxycoumarin in solution over a 10,000 g/mol molecular weight cut-off 

(MWCO) centrifuge tube filter. Following incubation with various inputs, the solutions were 

spun at 14,000 x g and the flow-through collected for spectrophotometric analysis. Uptake of 

coumarin dye is observed as a decrease in fluorescence, while release or exclusion of dye 

results in an increase in fluorescence according to the amount in solution free to pass through 

the filter. A decrease in fluorescence is observed 3 hr following DNAzyme addition (Figure 

8-II), and remarkably, the particles expel dye upon contraction seen as a steady recovery of 

fluorescence between 2 min (Figure 8-III) and 1 hr (Figure 8-V) following In1 addition. 

Addition of In2 causes an expansion of particle size as described in Figure 6 and 9, together 

with uptake of dye as evidenced by a decrease in observed fluorescence intensity (Figure 8-
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VI). 

 
Fluorescence microscopy experiments conducted as shown in Figure 12  

 

General Procedure for conducting fluorescence microscopy experiments. 15-20 

µL of sample was used for the fluorescence microscope. Micelle/DNAzyme solutions 

with structures confirmed by TEM and DLS were deposited on glass slides and sealed 

under a cover slip. The edge of the cover slip was then sealed with nail polish after the 

sample was dried.  

DNAzyme (D-1), used in Figure 12: complementary to fluoroscein labeled micelles.  

5’-GGAGAGAGATCCGAGCCGGTCGAAGGGTGCGA-3’ 

DNAzyme (D-2), used in Figure 12: complementary to rhodamine labeled micelles. 

5’-AGCGACAGATCCGAGCCGGTCGAAGTCGTGAG-3’ 

DNA in particles shown in Figure 12, as Rhodamine labeled. 

NH2-5’-CC-RhT-CTCACGACrAGTCTGTCGCT-3’-PEG PEG-A 

DNA in particles shown in Figure 12, as Fluorescein labeled. 

NH2-5’-CC-FlrT-TCGCACCCrAGTCTCTCTCC-3’-PEG-PEG-A 
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2.2 Development of morphologically programmable DNA-lipid nanomaterials33 

2.2.1 Introduction 

 

Biological compartments rely on their ability to change morphology in response 

to patterns of specific stimuli to facilitate many of the processes necessary for life.34 

Mimicking and understanding this type of behavior are of interest in the development of 

synthetic nanostructures for a diverse range of materials applications.35-38 To this end, a 

significant body of research exists describing efforts to trigger and manipulate the 

morphology of discrete assemblies of amphiphiles6 utilizing stimuli such as pH,39,40 

temperature,41 small molecules3 or ions,7 enzymes,2,4,42 and light.43,44 These triggering 

mechanisms work primarily by changing and tuning the amphiphilic properties of the 

building blocks in situ.19,20,45,46 However, methods enabling truly programmable soft, 

discrete nanoscale morphology are rare, requiring a method for encoding materials with 

information.1,14,47 In this section, an approach to such materials will be described inspired 

by the success of lipid-anchored oligonucleotides as programmable tools for studying and 

mimicking natural lipid assemblies and their interactions including vesicle fusion 

processes.48-51 

 

2.2.2. Design and preparation of morphologically programmable DNA-lipid 

nanomaterials 

 

 Nucleic acids are increasingly finding a role as construction and informational 

elements in chemical systems and in materials because they are unique in their ability to 
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store and transfer encoded information with high fidelity.8,10-13,52,53 Here, DNA is utilized 

to instruct the assembly of three-dimensional aggregates of amphiphiles (Figure 13).  

 

 

Figure 13. DNA-programmed lipid assembles to form spherical lamellar vesicles capable 
of switching phase to form small spherical micelles in a fully reversible fashion via DNA 
hybridization (+ DNA2) and strand invasion (+ DNA3) cycles. 

 
The selective DNA encoded, stimuli-induced shifting of size and morphology of the 

aggregates is demonstrated via fluorescence microscopy, transmission electron 

microscopy (TEM), and dynamic light scattering (DLS). Together these studies show that 

short oligonucleotide conjugated lipids48-51 (DNA-programmed lipids) spontaneously 
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assemble into unilamellar vesicular liposomes and undergo reversible, in situ vesicle-to-

micelle phase transitions in response to specific DNA signals. This represents a simple 

approach to phase switchable soft materials and a tool for building well-defined, 

programmable supramolecular assemblies.  

 

The DNA-programmed lipids consist of two 18-carbon alkyl hydrophobic tails, 

linked covalently to the 5’-termini of 9-mer single-stranded DNA (ssDNA) 

oligonucleotides that perform as hydrophilic head groups. The short DNA sequence is 

necessary to allow vesicle formation, while providing the required binding energy to 

allow duplex formation at room temperature with complementary DNA sequences (see 

Figure 14 for particle and duplex stability measurements).  

 

 

Figure 14. Melting curve of DNA-lipid/DNA2 duplex. 6 µM DNA2 was added with 6 µM 
DNA-lipid and allowed to hybridize for 30 min before performing the melting curve 
experiment. This assay was performed in Tris/MgCl2 buffer (20 mM/200 mM, pH 7.4). 
The sample was heated to 60 °C and cooled gradually, over which the UV-Vis 
absorbance at λ260 was measured at different temperature points as shown in the figure. 
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The design strategy is based on well established rules that govern the assembly of 

amphiphiles in solution,19,20,45,46 and it was reasoned that by manipulating the size, shape, 

and charge of the polar head group of each surfactant molecule via DNA hybridization 

and displacement cycles, one would be able to guide a material through a series of 

reversible, programmed phase transitions. These systems are designed such that phase 

transitions are controlled by selective changes in surfactant structure that shift the 

equilibrium free energy minimum. Therefore, DNA hybridization generates “new” 

surfactants that are in equilibrium between monomer and vesicle (ssDNA polar head 

groups) or monomer and micelle (duplex DNA polar head groups). The isothermal phase 

transitions are enabled by mixing the DNA-lipid assemblies sequentially with several 

short ssDNA strands, as illustrated in Figure 13.  

 

DNA-programmed lipids are conveniently synthesized via conjugation of 3,4-

di(octadecyloxy)benzoic acid to 5’-amino modified oligonucleotides bound to solid 

support immediately following DNA synthesis. After conjugation, the sequences were 

washed, cleaved, and deprotected from the support. The resulting ammonium hydroxide 

solutions were diluted in buffer (Tris, 50 mM, pH 7.4) giving clear solutions and were 

dialyzed against the buffer for several days. This preparation yielded uniformly shaped, 

spherical vesicles approximately 500 nm in diameter as characterized by cryo-TEM, 

scanning electron microscopy (SEM) and atomic force microscopy (AFM) (Figure 15), 

DLS (Figure 16), and fluorescence microscopy (Figure 17).  
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Figure 15. Characterization of unilamellar vesicle structures formed from the self-
assembly of DNA1-lipid in aqueous solution: (top) cryogenic-TEM (cryo-TEM) images 
showing unilamellar bilayer morphology of the vesicles; (middle) SEM of vesicles; 
(bottom) AFM data showing the flattened height profile of the vesicle structures dry, on a 
mica surface. 

 
The unilamellar bilayer architecture of these vesicle assemblies was confirmed by cryo-

TEM (Figure 15) with bilayer thicknesses of 8-9 nm, consistent with an end-on 

arrangement of surfactant tails as illustrated in the cartoon in Figure 13. SEM and AFM 

images show flattened structures for the vesicles on surfaces consistent with their hollow 

morphology (confirmed by cryo-TEM) leading to collapse in the dried state.54 In solution, 
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zeta potential measurements show vesicles have increased stability with increasing ionic 

strength consistent with a charge shielding effect in the polyanionic shell (-13 mV at 5 

mM MgCl2, -19 mV at 10 mM MgCl2, see Figure 19). 

 

To facilitate phase transition to spherical micelles (Figure 16), the vesicles were 

mixed for several hours with partially complementary single-stranded 19-base DNA 

sequences modified at their 5’-termini with two 18-member ethylene glycol 

phosphoramidites (DNA2 in Figure 13).  

 

 

Figure 16. DNA-directed vesicle to micelle phase transition: (A) monitored by DLS, 
hydrodynamic diameter (Dh); (B) monitored by TEM (negative stain). Conditions: Tris 
(pH 7.4, 50 mM), MgCl2 (50 mM), DNA1-lipid (1 µM), DNA2 (2 µM), room temperature. 
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The system was designed such that DNA2 addition to DNA1-lipid assemblies would 

cause an increase in steric and electronic repulsion in the polar head group. DNA 

hybridization was confirmed by melting temperature studies, consistent with the expected 

stability of the duplex in the micelle shell. Therefore, the newly formed double-stranded 

DNA-lipid is better accommodated within the micelle phase and accordingly, there is a 

shift in structure of the observed aggregates from vesicles to 20-25 nm micelles (critical 

micelle concentration; 300 nM). On these grounds we reasoned the process should be 

reversible as directed by predictable DNA duplex formation. Therefore, DNA3, a 19-base 

ssDNA strand perfectly complementary to DNA2, was designed to reverse the phase 

transition by invasion into the 9-base pair duplex DNA1-DNA2, releasing the more 

thermodynamically stable 19-base pair duplex, DNA2-DNA3. In this manner the vesicles 

could be first “destroyed” yielding spherical micelles and could be subsequently 

“repaired” in a cyclical fashion, either isothermally or thermally.  

 

The DNA-sequence selective, reversible assembly process could be visualized 

using a two-color dye experiment by fluorescence microscopy and by DLS (Figure 17). 

DNA-lipids covalently labeled at the 3’-terminus with fluorescein (DNA1-Fluorescein) or 

with rhodamine (DNA4-Rhodamine) were allowed to assemble separately into “green” or 

“red” vesicles, respectively, and were then mixed together. These solutions were then 

treated with two different ssDNA strands designed to specifically hybridize with one or 

the other dye labeled vesicles. Upon addition of DNA5, a poly(ethylene glycol) modified 

ssDNA strand partially complementary to the rhodamine-labeled DNA4-lipid, only green 
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fluorescence was observed, with the new 20 nm “red” spheres sized below the optical 

resolution limit and giving low intensity, diffuse background fluorescence (Figure 17B).  

 

 

Figure 17. Specificity and reversibility of DNA-programmed phase shifting. Scale bar = 
1 μm. Two different DNA-lipids were 3’-labeled with two different dyes: DNA1-
Fluorescein and DNA4-Rhodamine. All fluorescence images are red/green channel 
merges. (A) Representative bright field image of labeled DNA-lipid assemblies. (B) 
DNA4-Rhodamine hybridizes to DNA5 leaving observed green fluorescence only. (C) 
DNA6 (complementary to DNA5) causes mixing of the two surfacants to give a yellow 
colocalized signal from both dyes. (D) DNA1-Fluorescein hybridizes to DNA2 to generate 
micelles leaving observed red fluorescence only. (E) Addition of DNA2 and DNA5 shifts 
all structures to micelles leaving little visible fluorescence. (F) Upon addition of DNA3 
(complementary to DNA2) and DNA6 (complementary to DNA5), surfactants reassemble 
to give yellow colocalization indicative of vesicles containing both dyes. (G) DLS data of 
phase switching cycles with sequential ssDNA input additions. Solution conditions 
utilized in DLS experiment and prior to slide preparation: Tris (pH 7.4, 50 mM), MgCl2 
(50 mM), DNA-surfactant (1 µM), ssDNA input sequences (2 µM), room temperature. 

 
The opposite process was observed when only the fluorescein-labeled vesicles 

were shifted to small spherical micelles via addition of DNA2 (Figure 17D). When both 
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labeled vesicles are shifted to micelles, little fluorescence at either wavelength is 

observed (Figure 17E). The reversibility is illustrated via the addition of strands (DNA3 

and DNA6) capable of invading into the duplex present in the shell of the small spherical 

micelles to regenerate the initial surfactant molecule and shift the equilibrium back to the 

vesicular phase (as shown in Figure 13 for DNA3 addition to spheres containing the 

DNA1-DNA2 duplex). 

 

 

Figure 18. TEM data of phase switching cycles with sequential ssDNA input additions. 

 
Following this reversion to vesicles, the formation of mixed dye assemblies is 

observed as orange/yellow structures in merged fluorescence microscopy images (Figure 
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17, panels C and F). Essentially, this is a DNA directed phase separation process giving 

mixed dye assemblies for matched surfactants and single color systems for unmatched 

surfactants.  

 

DLS data of the switching cycles confirm the reversibility of this process (Figure 

17G) with successive additions of DNA input sequences accessing large and small 

aggregates of spherical or vesicular morphology (see Figure 18 for correlated TEM data). 

Similarly, raising the temperature of the micelle solution above 30 °C (observed by 

variable temperature DLS) gave an increase in aggregate size (hydrodynamic diameter, 

Dh) consistent with melting of the duplex and recovery of ssDNA-lipid. 

 

In conclusion, DNA-programmed lipids are a synthetic tool for building soft, 

nanoscale materials. Moreover, this approach to surfactant assembly and manipulation of 

phase represents an example of a programmable, reversible trigger for nanostructure 

morphology. With this tool in hand, informational, encoded membranes are made 

possible where DNA-programmed lipids are selectively responsive, in a logical manner 

to multiple input signals. It is expected that such materials will be valuable in a range of 

settings including the development of programmable liposomes for smart, triggerable 

biodiagnostic and drug delivery vehicles. 
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Figure 19. Zeta potential measurement with variable MgCl2 concentration. DNA-lipid at 
1 µM concentration was added to 20 mM Tris buffer (pH 7.4) with variable MgCl2 
concentration (0, 5, 7.5, and 10 mM). The zeta potential of these samples with variable 
MgCl2 concentrations was then measured by a Nano-ZS90 Malvern instrument. Zeta 
potential was not performed in the MgCl2 concentration above 10 mM.  
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2.2.3 Experimental Section for Chapter 2.2 

 

DNA Synthesis 

 

Preparation of DNA1 

5’- NH2-TCGCACCCA-3’ 

A 1 µmol 3’-dA-CPG was utilized as the support. The oligonucleotide was 

synthesized in the standard manner. A small portion of the synthesized oligonucleotide 

attached to the CPG was separated and subjected to cleavage and deprotection by 

ammonium hydroxide overnight. This oligonucleotide was characterizated by MALDI-

MS. Mass calcd: 2818.8; Mass obs: 2840.6. 

 

Preparation of DNA2 

5’-PEG-PEG-GGAGAGAGACTGGGTGCGA-3’ 

A 1 µmol 3'-dA-CPG was utilized as the support, with two PEG phosphoramidites 

(C18-spacer, Glen Research) as the terminus. The oligonucleotide was synthesized in the 

standard manner leaving the final base protected with a DMT group. Following cleavage 

and deprotection by ammonium hydroxide overnight, the oligonucleotide was purified by 

HPLC (retention time = 35 min), treated with acetic acid followed by solvent removal 

and characterizatized by MALDI-MS. Mass calcd: 6955.2; Mass obs: 6964.1. 

 

Preparation of Fluorescein modified ssDNA (DNA1-Fluorescein) 

5’- NH2-TCGCACCCA-3’-Fluorescein 
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A 1 µmol 3’-Fluorescein-CPG (Glen Research) was utilized as the support, with a 

5’-amino modifier (5-member modifier, Glen Research) as the terminus. The 

oligonucleotide was synthesized in the standard manner. A small portion of the 

synthesized oligonucleotide attached to the CPG was separated and subjected to cleavage 

and deprotection by ammonium hydroxide overnight. This oligonucleotide was 

characterized by MALDIMS. Mass calcd: 3417.4; Mass obs: 3440.7. 

 

Preparation of Rhodamine modified ssDNA (DNA4-Rhodamine) 

5’- NH2-CTCACGACA-3’-Rhodamine 

A 1 µmol 3’-Rhodamine-CPG (Glen Research) was utilized as the support. The 

oligonucleotide was synthesized in the standard manner. A small portion of the 

synthesized oligonucleotide attached to the CPG was separated and subjected to cleavage 

and deprotection by 0.05 M potassium carbonate in methanol overnight. This 

oligonucleotide was characterized by MALDIMS. Mass calcd: 3466.4; Mass obs: 3477.9. 

 

Preparation of DNA3 

5’-TCGCACCCAGTCTCTCTCC-3’ 

A 1 µmol 3’-dC-CPG was utilized as the support. The oligonucleotide was 

synthesized in the standard manner leaving the final base protected with a DMT group. 

Following cleavage and deprotection by ammonium hydroxide overnight, the 

oligonucleotide was purified by HPLC (retention time = 32 min), treated with acetic acid 

followed by solvent removal and characterization by MALDI-MS. Mass calcd: 5635.7; 

Mass obs: 5693.1. 
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Preparation of DNA5 

5’-PEG-PEG-AGCGACAGACTGTCGTGAG-3’ 

A 1 µmol 3'-dG-CPG was utilized as the support, with two PEG phosphoramidites 

(C18-spacer, Glen Research) as the terminus. The oligonucleotide was synthesized in the 

standard manner leaving the final base protected with a DMT group. Following cleavage 

and deprotection by ammonium hydroxide overnight, the oligonucleotide was purified by 

HPLC (retention time = 36 min), treated with acetic acid followed by solvent removal 

and characterized by MALDI-MS. Mass calcd: 6566.5; Mass obs: 6533.9. 

 

Preparation of DNA6 

5’-CTCACGACAGTCTGTCGCT-3’ 

A 1 µmol 3’-T-CPG was utilized as the support. The oligonucleotide was 

synthesized in the standard manner leaving the final base protected with a DMT group. 

Following cleavage and deprotection by ammonium hydroxide overnight, the 

oligonucleotide was purified by HPLC (retention time = 30 min), treated with acetic acid 

followed by solvent removal and characterization by MALDI-MS. Mass calcd: 5739.8; 

Mass obs: 5712.6. 

 

Preparation of DNA7 

5’-GGAGAGAGACTGGGTGCGA-3’ 

A 1 µmol 3'-dA-CPG was utilized as the support. The oligonucleotide was 

synthesized in the standard manner leaving the final base protected with a DMT group. 
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Following cleavage and deprotection by ammonium hydroxide overnight, the 

oligonucleotide was purified by HPLC (retention time = 30 min), treated with acetic acid 

followed by solvent removal and characterized by MALDI-MS. Mass calcd: 5982.9; 

Mass obs: 5941.6. 

 

DNA conjugation to 3,4-di(octadecyloxy)benzoic acid, particle formation and DNA-

lipid characterization 

 

3,4-di(octadecyloxy)benzoic acid (100 µmol, 66 mg) was partially dissolved in 

0.5 mL of DMSO, followed by addition of 0.2 mL of N,N-diisopropylethylamine and 

HBTU (100 µmol, 40 mg). The resulting solution was a light yellow, partially dissolved, 

soapy suspension. This solution was added via two 1 mL syringes inserted either side of 

the capsule containing the CPG-bound-DNA. The solution was pushed back and forth 

across the beads between the syringes several times, wrapped in parafilm to seal, and then 

left at room temperature for 24 hours. The beads were then washed twice with 2 mL 

DMSO and twice with 2 mL of acetonitrile. The resulting CPG beads were dried with a 

stream of nitrogen, removed from the capsule and then treated with 1 mL of ammonium 

hydroxide for 18 hours. At this time, the CPG was filtered away from the ammonium 

hydroxide solution. The solution was diluted with 1 mL Tris buffer (50 mM, pH 7.4) and 

placed in 3500 g/mol molecular weight cut off dialysis tubing and dialyzed against 2 L of 

buffer for 24 hours. The buffer wa changed, and the solution transferred to 20,000 g/mol 

molecular weight cut off tubing and dialyzed again for 48 hours. The DNA-surfactants 

were then characterized by directly analyzing the vesicle samples by MALDI-MS. No 
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free DNA was observed by MALDI following dialysis. The following MALDI data was 

performed using a 1:1 THAP:DHB (2,5-dihydroxybenzoic acid) matrix. Matrix 

formulations: THAP matrix - (2,4,6-trihydroxyacetophenone monohydrate) (18 mg), 

ammonium citrate (7 mg) acetonitrile:water (1 mL, 1:1). DHB matrix (15.4 mg/mL, 

methanol/water 1:1). DNA1-lipid: Mass calcd: 3461.1; Mass obs: 3477.1. Rhodamine-

DNA4-lipid: Mass calcd: 4109.5; Mass obs: 4175.9. Fluorescein-DNA1-lipid: Mass calcd: 

4060.4; Mass obs: 4050.6. 

 

Addition of DNA input strands – General conditions 

 

Experiments were carried out in final volumes of 50 µL, Tris/MgCl2 (50 

mM/50mM, pH 7.4) at room temperature. DNA surfactant concentrations in the final 

particle solutions were determined by UV-Vis from absorbance of DNA in the DNA-lipid 

at λ260 and each solution was adjusted to 1 µM. Each addition of DNA as described in the 

main text was performed via the addition of 2 µM of each DNA strand. 

 

Fluorescence Experiments 

 

General Procedure for conducting fluorescence microscopy experiments. 15-20 

µL of sample was used. DNA-lipid assemblies with structures confirmed by TEM and 

DLS along with appropriate input ssDNA strands were deposited on glass slides and 

sealed under a cover slip. The edge of the cover slip was then sealed with nail polish after 

the sample was air dried. 
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2.3 Programmable pharmacokinetics in vivo via morphologically programmed 

DNA polymeric micelles 

2.3.1 Introduction 

 

 At the core of design strategies in medicinal chemistry is the attempt to control 

the pharmacokinetics and targeting of small molecule drugs and diagnostics. The intense 

interest in nanoscale carriers and vehicles designed for targeted delivery and detection in 

vivo is predicated on the idea that such materials may infer their pharmacokinetic, 

bioavailability and targeting properties on small molecules and other cargo including 

biomolecules. The chief motivation for developing synthetic vectors and nanoparticles is 

the possibility of avoiding the dose-limiting side-effects of cancer chemotherapeutics. 

Unfortunately, despite the promise of these systems and their preferential uptake by leaky 

tumor tissue, the majority of efforts to date have been thwarted by nanoparticle 

accumulation in the liver via macrophage uptake by the RES system. 

 

 The development of synthetic and semisynthetic nanoscale vectors for targeted 

drug delivery is largely modeled on the physical, biological and composite material 

properties of natural infectious agents, in particular viruses. Research has focused on the 

development of appropriately decorated spherical particles of various sizes, degradability 

profiles, surface chemistry and chemical constitution. In recent years, the extraordinary 

diversity of virus morphologies55 has inspired investigations into how shape can affect 

synthetic nanoscale particle interactions with cells and their behavior in vivo. In 
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particular, filamentous particle morphologies have been shown to have significantly 

longer blood circulation times23 and better cell uptake rates in spherical particles.56 The 

intriguing shape and size dependence of these key properties of delivery vectors inspired 

our efforts to develop morphologically switchable nanoscale particles.1,33,57 Such 

materials capable of switchable, programmed pharmacokinetic profiles in vivo will be 

described in this section. We propose that this proof-of-principle concept has broad and 

critical implications for a range of functions including differential uptake into particular 

tissue types (e.g. tumor targeting vs liver uptake), user-defined stimulated renal clearance 

from systemic circulation, and evasion of macrophage uptake and liver accumulation, 

coupled with selective targeting. 

 

2.3.2 Design and development of morphologically programmed DNA polymeric 

micelles for programmable pharmacokinetics in vivo 

 

 To demonstrate the principle of morphology controlled nanoparticles in vivo, the 

goal was to develop filamentous particles that could be injected, then switched to a 

spherical morphology by a stimulus introduced exogenously. This stimulus must be 

capable of a bio-orthogonal, highly selective and robust recognition event. However, 

stimuli frequently employed to induce morphology changes in polymeric materials 

including temperature54,58,59, pH40,60-64, UV-light65-68 and ionic strength39 are not easily 

adapted for this purpose. While there is a known example of protein-based recognition 

for exogenously controlling properties of materials in vivo, this approach offers limited 
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programmability.69 Therefore, our efforts to demonstrate this principle center on DNA-

programmed micellar nanoparticles capable of highly selective and well-defined 

transitions in morphology directed by the introduction of appropriately designed DNA 

sequences (Figure 20). Importantly, in these systems we take advantage of the DNA 

molecule as it has evolved specifically for highly sequence selective, programmable and 

information rich recognition events in biological fluids. 

 

Figure 20. Fibril-to-Sphere morphology switch and nucleic acid sequences within DNA 
polymer amphiphiles (DPAs). A-1) Transmission electron micrograph of fibril micelle 
(Fibril-1) generated from DPAs containing DNA1. A-2) Inset showing another example 
of a fibril micelle. B) Spherical micelles (Sphere-1) generated from DPAs containing 
DNA3.  

 
The system design is based on polymeric micelles formed from DNA-polymer 

amphiphiles (DPAs)1 (Figure 20, see Experimental Section for synthetic details). The key 

design feature is the brush of polymer-conjugated nucleic acid, forming the sequence 

encoded, hydrophilic head group of the polymeric amphiphiles. The individual 

fibromicelles are approximately 25 nm in diameter and bundle together to generate fibers 

up to 10 µm long as characterized by transmission electron microscopy (TEM) and 

confocal fluorescence microscopy (Figure 21). To perform a fibril-to-sphere morphology 
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transition, a “switch” DNA sequence, was added to solutions of fibromicelles. 

Hybridization of these “switch” strands with the ssDNA in the fibromicelle shell should 

then cause an increase in bulk and hydrophilicity of the polar head group of the 

individual polymeric amphiphiles. To track DPAs in biological milieu, rhodamine and 

fluorescein were covalently incorporated into the DNA sequences. 

  

 

Figure 21. Phase transition study. TEM images of Sphere-1 and Sphere-2 (A-1 and B-1) 
treated with DNAzyme1 and DNAzyme2 to form Fibril-1 and Fibril-2 (A-2 and B-2). 
The morphology can be transformed into spherical shapes (A-3 and B-3) by adding with 
complementary sequences of Switch1 and Switch2. (C) DLS of phase transition. Fibril-1 
was produced from 1 µM of spherical micelles (Sphere-1) treated with 5 nM of 
DNAzyme (DNAzyme1) for overnight at 37°C. Fibril-1 was further reacted with 1 µM 
of Switch1 for 2 hrs and DLS was then measured. (D) Fluorescent image (D-1) and 
bright field image (D-2) of Fibril-1.  
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Fibromicelle, Fibril-1 is a self-assembly of polymeric amphiphiles containing 

fluorescein labeled DNA1 (Figure 20). Similarly, Fibril-2 is an assembly of amphiphiles 

containing rhodaminelabeled DNA2. By contrast, spherical micelle Sphere-1 was 

prepared from the longer nucleic acid sequence, DNA3. Sequence selective morphology 

transitions from large, micron scale fibromicelles to smaller, 25 nm dsDNA containing 

spherical micelles is achieved as in the example of Fibril-1 when mixed with Switch1 in 

buffered solutions (see TEM and DLS data in Figure 21). As shown in Figure 20, 

Switch1 is a 19-base “switch” DNA sequence, 5’-modified with two 18-membered PEG 

moieties. Similarly, Fibril-2 undergoes a morphology switch to form spherical micelles 

upon addition of Switch2. 

 

Next, we sought to determine if DNA-sequence selective phase transitions could 

occur in blood circulation in vivo and facilitate a change in pharmacokinetics consistent 

with a fibromicelle to spherical particle morphology change (Figure 22). These 

experiments were conducted via systemic tail-vein injections (Balb/c mice) of micellar 

materials followed by injections of an appropriate complementary DNA sequence, 

Switch1. Three separate in vivo experiments were carried out in three groups of mice, to 

determine blood circulation half-lives. Group 1: Sphere-1 was injected. Group 2: a 

Fibril-1 and Fibril-2 mixture was injected. Group 3: a Fibril-1 and Fibril-2 mixture was 

injected, followed by a chaser injection of Switch1 3 hr after the initial treatment with 

fibromicelles. Ex vivo blood samples were analyzed from each group at designated points 

as indicated (Figure 22) to observe the decrease in fluorescence and hence decrease in 

micelle concentration in the blood with time.  
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Figure 22. Programmable pharmacokinetics via morphology switching. A) Fluorescein 
signal from ex vivo mouse serum samples taken at indicated time points post-injection of 
10 µM particles. B) Sequence selectivity of switchable pharmacokinetics; 10 µM of 
Fibril-1 and Fibril-2 were injected into the same mice followed by injection of 10 µM 
Switch1 (specifically complementary to DNA in Fibril-1 and not Fibril-2) after 3hr 
(green arrow). Fluorescence (from fluorescein for Fibril-1 and rhodamine for Fibril-2) 
was monitored from ex vivo mouse serum samples at indicated time points. C) 
Fluorescein fluorescence from tissue slices from different organs showing accumulation 
of Sphere-1 (black), Fibril-1 (red) and Fibril-1 + Switch1 (blue) prepared 24 hr post-
injection. D) Microscopy images of an ex vivo blood sample taken 24 hr post-injection: 
D-1) fluorescence, and D-2) bright field image. Scale bar = 10 µm. Note: For fluorescein, 
λex and λem are 485 nm and 538 nm respectively, and for rhodamine are 544 nm and 590 
nm. The abscissa for both A) and B) represents baseline fluorescence in ex vivo serum 
samples without particle injection. All concentrations are with respect to DNA. 
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Importantly, the co-injection of the rhodamine labeled fibrils and spheres along with the 

fluorescein labeled materials allowed us to separately track these similar particles in 

parallel to observe DNA-sequence selective processes with ease. 

 
We note, that Sphere-1 exhibits a half-life of approximately 2 hrs (Figure 22A 

and Figure 23). This time is significantly shorter in comparison to those observed for 

Fibril-1 and Fibril-2 with half-lives on the order of 2.4 and 1.3 days respectively (Group 

2 experiment). The key result comes from the Group 3 experiment showing that 

following injection of Switch1, the micelles proceeded to clear from the blood stream on 

a timescale (2.5 hr half-life) consistent with a sequence specific phase transition of 

Fibril-1 to a smaller micellar particle (Figure 22B). Indeed, at 72 hrs fluorescence from 

fluorescein is undetectable above background. This leaves the noncomplementary, 

rhodamine labeled fibromicelles, Fibril-2 to circulate with a 2.8 day half-life (Figure 22B, 

see Experimental Section for details). The fibromicelles can be observed intact via 

fluorescence microscopy performed on ex vivo blood samples taken from Group 2 mice 

after 24 hrs (Figure 22D). The longevity of these materials in the blood stream may be 

partially due to resistance to degradation by nucleases in vivo, a result that shows 

potential for the use of DNA-programmed materials in living systems in applications 

such as gene delivery. This type of resistance has precedence in the observation of 

unusual nuclease sensitivities and resistance exhibited by high-density spherical nucleic 

acids arranged on the surface of polymeric70 or inorganic nanoparticles.71,72 Indeed, this 

may prove to be a general feature of such densely packed nucleic acid assemblies. 
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 The accumulation of spheres vs fibromicelles was investigated by imaging 

harvested organs as tissue slices by confocal fluorescent microscopy at 24 and 72 hrs 

following particle injection (Figure 22D and Figure 24).  

 

 

Figure 23. Pharmacokinetics plots of individual mouse. S1 to S4, F1 to F4, and FC-1 to 
FC-4 are the plots from mice injected with spherical micelles (Sphere-1 and Sphere- 2), 
fibrils (Fibril-1 and Fibril-2), and fibrils (Fibril-1 and Fibril-2) with Switch1 injection. 
Plots show the fluorescein intensity only. The half-life of Sphere-1, Fibril-1 and Fibril-
1+Switch1 are 1.74 ± 0.28 hrs, 58.31 ± 16.3 hrs, and 2.51 ± 1.19 hrs. 

 



	   98 

 

Figure 24.	  Tissue slices analysis. Various organs shown in the figure were harvested 
after 72 hrs and prepared for tissue slices for fluorescence imaging. The intensity was 
shown as the Fluorescein intensity. Fibrils indicated the mice injected with Fibril-1 and 
Fibirl-2, and Fibrils+Switch1 was Switch1 injection after 3 hr of Fibril-1/Fibril-2 
injection and Spheres was the injection of Sphere-1 and Sphere-2. 

 
Fluorescence intensity shows a differential uptake of the materials based on particle 

shape at 24 hrs. Specifically, fibromicelles showed limited uptake at 24 hrs, most notably 

in the liver and spleen compared to spherical micelles which, in this regard, showed 

behavior typical of nanoparticles of this size. Furthermore, spherical micelles showed 

similar accumulation patterns to those observed for Fibril-1 treated with Switch1, 

consistent with the expected fibril-tosphere switch upon injection of the chaser sequence. 

 

Based on the observations in vivo, we hypothesized that spherical micelles would 

undergo rapid uptake by macrophages in vitro, relative to micron scale fibromicelles. To 

track the particles, DNA and polymer components were labeled with fluorescein and 

rhodamine respectively (structure in Figure 22).  
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Figure 25. In vitro assay of DNA-induced morphology switch in the presence of J774 
murine macrophages. TOP LEFT: DNA-polymer amphiphile (DPA) for formation of 
Sphere-2 and Fibril-3. DNA for Sphere-2 is as for Sphere-1. DNA for Fibril-3 is as for 
Fibril-2. A) Fibril-3 mixed with cells for 5 hrs indicating the poor cell-penetrating ability 
of Fibril-3. B) Sphere-2 mixed with cells revealing rapid and free uptake of the materials. 
C) Cells mixed with Fibril-3 for 1 hr followed by addition of Switch1 and incubated for 
1, 2, and 4 hrs (C-1, C-2, C-3 respectively. These data show that after 5 hrs fibromicelles 
treated with a switch sequence are taken up by macrophages, whereas without the switch 
added, very little uptake is observed. 

 
Fibril-3 is a self-assembly of polymeric amphiphiles containing fluorescein labeled 

DNA1 conjugated to a polymer labeled with rhodamine. The spherical micelle, Sphere-2 

was prepared from DNA3 conjugated to the same rhodamine labeled polymer shown in 

Figure 25.  
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Figure 26. In vitro assay of DNA-induced morphology switch in J774 murine 
macrophage cells. This figure shows the Fluorescein channel of Figure 25. 

 
Initially two experiments were conducted with Fibril-3 (Figure 25A) and Sphere-2 

(Figure 25B). Each particle, at 10 µM with respect to nucleic acid, was added to J774 

murine macrophage cells for 5 h prior to fixation and washing. These experiments 

confirmed the efficient uptake of 25 nm spherical micelles, compared to the high aspect 

ratio fibromicelles observed by light microscopy at far lower levels, and in what appear 

to be extracellular locations. Furthermore, co-localization of green and red fluorescence 

indicates intact polymer-DNA conjugates (see Figure 26 for fluorescein data). 
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Figure 27. XTT assay for cell viability study. XTT assay was carried out by using the 
J774 macrophages treated with F-1 or F-1+Switch1 at 1 µM. Control was the study 
without addition of any materials. T-20 detergents was used as the positive controls. 

 
Given this data, we sought to prove a DNA-driven morphology switch would be 

capable of controlling the rate of uptake into the macrophages in vitro (Figure 25C). 

These experiments serve as a reasonable proxy for the observed behavior of the 

nanoparticles in the blood stream. Cells were treated with Fibril-3 and incubated for 1 hr 

followed by addition of the complementary input DNA strand Switch1. Batches of cells 

were then fixed and imaged at the three time points indicated in Figure 25C (labeled C-1, 

C-2, C-3). These data are consistent with DNA-sequence selective initiation of a fiber-to-

sphere morphology transition concurrent with a dramatic switch in uptake of the particles 

by the macrophages. In addition, we note that the spherical micelles and fibromicelles 

were non-toxic as determined via a XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-

tetrazolium-5-carboxanil-ide) cell viability assay (Figure 27). 
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Together, these results lead us to a number of conclusions regarding these 

programmable morphology transitions: 1) Spherical and fiber-to-sphere switched 

particles show accumulation in the liver and spleen, whereas the fibromicelles evade 

macrophage uptake, and hence undergo minimal liver accumulation over the first 24 hrs 

of circulation. 2) One can program the pharmacokinetics of a nanoparticle in vivo by 

switching the morphology from fibril-shaped to spherical. This has tremendous 

implications for evading liver uptake, while providing a possible means for regulating 

when and where particles become amenable to uptake. In general, these materials are an 

excellent platform for studying how shape and general morphology may be used to 

manipulate and remotely control the behavior of materials in vivo. This type of study is 

necessary for establishing the rules by which we design and prepare nanoparticles for in 

vivo use, akin to the traditional types of guidelines and rules, long established for small 

molecule pharmaceuticals. In addition, the use of controllable switches could provide a 

means for temporally regulating delivery in vivo whereby liver accumulation is avoided 

while tissue targeting is achieved. In this regards, we note that one intriguing possibility 

would be the use of nanomaterials with switchable elastic modulus, in addition to, or 

instead of switchable shape, hence taking advantage of what is known about the 

relationship of particle deformability and biodistribution.73 Of course, such user-defined 

control over properties such as pharmacokinetics and tissue accumulation have not been 

clearly demonstrated for other nanomaterials and certainly not in the case of traditional, 

standard small molecule therapies and diagnostics that are by nature “fire-and-forget”. 

Studies of these user-defined targeting effects in disease models, and adaptation of the 
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concept of morphology controlled pharmacokinetics to endogenous, tissue specific 

stimuli is underway in our laboratories with the aim of minimizing off-target 

accumulation and unwanted toxicity. 
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2.3.3 Experimental Section for Chapter 2.3  

 

DNA synthesis 

 

Preparation of DNA for Sphere-1 

NH2-5’-CC-FlrT-TCGCACCCrAGTCTCTCTCC-3’ -PEG- A 

A 1 µmol dA-CPG was utilized as the support, rA was incorporated as a TOM-

protected base. Fluorescein was incorporated as the dT-Fluorescein (FlrT) modified 

phosphoramidite available from Glen Research: 5'- Dimethoxytrityloxy-5-[N-((3',6'- 

dipivaloylfluoresceinyl)- aminohexyl)-3-acrylimido]-2'-deoxy- uridine-3'-[(2-

cyanoethyl)- (N,N-diisopropyl)]-phosphoramidite. The oligonucleotide was synthesized 

in the standard manner, with a 5’amino group at the terminus. Following cleavage and 

deprotection by 0.05 M potassium carbonate treatment in methanol for 4 hrs, the 

oligonucleotide was purified by HPLC (retention time = 26 min), and characterized by 

MALDI-MS. Mass calcd: 8237.9, Mass obs: 8229.4. 

 

Preparation of DNA for Fibril synthesis 

NH2-5’-CC-RhT-CTCACGACrAGTCTGTCGCT-3’ -PEG -A 

A 1 µmol dA-CPG was utilized as the support, rA was incorporated as a TOM-

protected base. Rhodamine was incorporated as the dT-TAMRA (RhT) modified 

phosphoramidite available from Glen Research: 5'-Dimethoxytrityloxy-5-[N-

((tetramethylrhodaminyl)-aminohexyl)-3-acrylimido]-2'-deoxyuridine-3'-[(2 cyanoethyl)-

(N,N-diisopropyl)]-phosphoramidite. The oligonucleotide was synthesized in the 
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standard manner, with a 5’amino group at the terminus. Following cleavage and 

deprotection by 0.05 M potassium carbonate treatment in methanol for 4 hrs, the 

oligonucleotide was purified by HPLC (retention time = 27 min), and characterized by 

MALDI-MS. Mass calcd: 8385.9, Mass obs: 8425.9. 

 

Preparation of DNAzyme1 

5’-GGAGAGAGA TCCGAGCCGGTCGAAGGGTGCGA-3’ 

A 1 µmol dA-CPG was utilized as the support. The oligonucleotide was 

synthesized in the standard manner leaving the final base protected with a DMT group. 

Following cleavage and deprotection by ammonium hydroxide overnight, the 

oligonucleotide was purified by HPLC (retention time = 26 min), treated with acetic acid, 

followed by solvent removal and characterization by MALDI-MS. Mass calcd: 10029.6; 

Mass obs: 

10040.7. 

 

Preparation of DNAzyme2 

5’-AGCGACAGA TCCGAGCCGGTCGAAGTCGTGAG-3’ 

A 1 µmol dG-CPG was utilized as the support. The oligonucleotide was 

synthesized in the standard manner leaving the final base protected with a DMT group. 

Following cleavage and deprotection by ammonium hydroxide overnight, the 

oligonucleotide was purified by HPLC (retention time = 26 min), treated with acetic acid, 

followed by solvent removal and characterization by MALDI-MS. Mass calcd: 9924.5; 

Mass obs: 9919.3. 
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Preparation of Switch1 

5’-PEG-GGAGAGAGACTGGGTGCGAAGG-3’ 

A 1 µmol dG-CPG was utilized as the support, with PEG phosphoramidite (C18-

spacer, Glen Research) as the 5’-terminus. The oligonucleotide was synthesized in the 

standard manner. Following cleavage and deprotection by ammonium hydroxide 

overnight, the oligonucleotide was purified by HPLC (retention time = 35 min), and 

characterized by MALDI-MS. Mass calcd: 7643.2; Mass obs: 7664.1. 

 

Spherical micelle formation 

 

To the DNA-brush copolymer in 50 µL of water was added 1 mL of Tris buffered 

water (20 mM, pH 7.4). This solution was then transferred to a 10,000 MWCO dialysis 

tubing. Buffer was changed three times, one time per day. 

 

Fibril preparation 

 

Spherical micelles in 1 µΜ were mixed with 5 nM DNAzyme in Tris/MgCl2 (20 

mM, pH 7.4, MgCl2, 50 mM) solutions at 37°C for over 2 hrs. TEM and DLS confirmed 

fibril structures. 

 

Phase transition studies  (Figure 21) 
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Spherical micelles, Sphere-1 and Sphere-2 (Figure 21, A-1 and B-2) in 1 µΜ 

were reacted with DNAzyme1 and DNAzyme2 (5 nM), respectively, to form Fibril-1 

and Fibril-2 as described above. Fibril-1 and Fibril-2 (Figure 21, A-2 and B-2) can be 

further reacted with 1 µM of Switch1 and Switch2 for over 2 hrs to transform the 

morphology back to spherical micelles (Figure 21, A-3 and B-3). TEM images were 

shown in Figure 21A and 20B and corresponding DLS data was shown in Figure 21C 

(Sphere-1 and Fibril-1 morphological switch was used as representative). Representative 

fluorescein-labeled Fibril-1 was also shown by fluorescent microscopy in Figure 21D. 

 

In vitro cell study with fluorescent microscopy 

 

J774 macrophages were used in this in vitro study. Cell at 2 x 105 were seeding 

into 8 wells of Lab-Tek™ Chamber Slides in 10% FBS (fetal bovine serum) added 

DMEM (Dulbecco's Modified Eagle Medium) medium for overnight. The medium was 

replaced with 150 µL of fresh DMEM medium without FBS and phenol red indicator 

before the assay. Three different groups of experiments were carried out in this in vitro 

assay: 1) Fibril group (Fibril-3, see above for preparation), which were added into J774 

cells at 10 µM and reacted with cells for 5 hrs. 2) Sphere group, Sphere-3 spherical 

micelles at 10 µM were added into cells for 5 hrs, too. 3) Fibril-to-sphere group, Fibril-

3 at 10 µM was added into three cell chambers for one hour and following by addition of 

10 µM of complementary DNA (Switch1) for three different incubation time points (1, 2, 

and 4 hrs). All cell-chambers were then washed twice with warm PBS for removal of 

unreacted materials after certain time points as described above and then fixed with 4% 
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paraformaldehyde/PBS for 30 min at 37 °C. Cells were then covered with coverslips 

following by addition of three drops of mounting solution (Fluoromount, Sigma) and 

sealed with nail polish for fluorescence observation (Figure 25 and 26) by fluorescence 

microscope (Olympus FV1000 confocal microcopy). 

 

Tissue slices preparation from organs 

 

Organs were removed, rinsed in PBS and frozen in OCT on dry ice. The tissues 

were sectioned with cryostat at 8 µm thickness, mounted on slides and snap fixed with 

cold acetone. The tissue was covered with VECTASHIELD Mounting Medium with 

DAPI nuclei staining dyes (VECTOR Laboratories, Burlingame, CA) prior to imaging. 

 

Tissue slices analysis 

 

Fluorescence intensity of tissue slices was measured with FV10-ASW v1.7 

software via Olympus FV1000 confocal microscopy. The fluorescence intensity from 

four different slides (same organs from different mice) for each organ was measured 

under 40X magnification. These intensity values were then averaged and plotted in 

Figure 22C, which was the organs excision at 24 hrs. Figure 24 shows tissue slices from 

different excised organs at 72 hrs. 

 
Cell viability assay 
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The cytotoxicity of materials were determined by using water soluble XTT (2,3-

bis-(2-methoxy-4-nitro-5-sulfophenyl)-2Htetrazolium- 5-carboxanilide) cell viability 

assay (Roche). J774 murine macrophages were seeding at concentration of 5 x 104 in 96-

well culture plate overnight. Fibril-1 and Fibril-1+Switch1 groups were exanimated in 

this assay, which Fibril-1 at 1 µM was added into 96-well plate for 1 hr and addition of 

Switch1 (1 µM) into the wells for Fibril-1+Switch1 group for another hour. T-20 

detergent was used as the positive control. XTT reagent was then added into these wells 

for another 4.5 hrs at 37 °C and then measured at 485 nm wavelength of UV absorption 

(Figure 27). 

 

Pharmacokinetic analysis 

 

Pharmacokinetics of Sphere-1, Fibril-1 (Figure 22A) and Fibril-1+Switch1 

(Figure 22B) from in vivo studies was analyzed by two-phase exponential decay via 

Prism 5 program. The individual data fitting was displayed below. The original 

fluorescence plots were shown in Figure 22A and 22B. 

 
Chapter 2.1, is a modified version from the material in Angew. Chem. Int. Ed. 

Engl., 2010.  Chien M.P., Rush A.M., Thompson M.P., and Gianneschi N.C. 

 
Chapter 2.2, is a modified version from the material in Nano Letters, 2010. 

Thompson M.P.*, Chien M.P.*, Ku T.H., Rush A.M., Gianneschi N.C. The thesis author 
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and Thmopson M.P. were the primary investigators and joint first authors of this paper. 
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 In this chapter, peptide biomolecules are incorporated onto synthetic polymers to 

generate morphologically programmable peptide-polymeric nanoparticles. These unique 

materials are designed to be responsive to specific biological stimuli. We describe the 

application of these processes in a mouse model for human metastatic cancer and show 

that enzymes can be used to guide the "implantation" of a synthetic nanomaterial within 

the tissue (Chapter 3.2). In addition, this system is applicable for targeting myocardial 

infarcted (MI) rat models of human heart disease. The materials spontaneously form a 

scaffold network within damaged heart tissue in response to inflammation associated 

protease expression. These materials are being investigated for their ability to influence 

recovery outcomes in heart disease patients through the use of advanced animal models 

in collaboration with the Christman group (UCSD, bioengineering) (Chapter 3.3). 

 
3.1 Development of morphologically programmable peptide-polymeric micelles1 

3.1.1 Introduction 

 

 In biology, stimuli-responsive multi subunit assemblies are ubiquitous, and 

mimicking these systems via synthetic approaches is of increasing interest. Interfacing 

such synthetic materials with biological systems is particularly promising for a range of 

biomedical applications including targeted drug delivery and molecular diagnostics.2-6 

Within this class of materials are particles capable of changing morphology in response 

to stimuli. 
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Enzymes are attractive and unique stimuli with great potential in this regard, as 

they propagate an amplified response via catalytic reactions,7-9 can be highly substrate 

specific, and have expression patterns sometimes associated with disease states.10-13 

Nanoscale assemblies of block copolymer amphiphiles are well-suited for the 

development of functional, stimuli-responsive systems because changes in the chemical 

or physical nature of the amphiphile14-18 can lead to formation, destruction, or 

morphological transformations.19-24 However, while there are examples of enzyme-

responsive formation and destruction of such materials,25,26 there are no examples of 

enzymatic switches of micellar morphology.27 This is despite the tremendous interest in 

enzymes as stimuli for responsive materials in general,28 and the power of tunable 

amphiphilicity for switching the shape and size of nanoscale particles, as demonstrated 

for a range of other stimuli.27 

 
3.1.2 Design and preparation of morphologically programmable peptide polymeric 

micelles 

 

 To develop nanoparticles capable of enzyme-directed morphological 

transformations, we hypothesized that peptides, as enzyme substrates, could be utilized as 

hydrophilic head groups in polymeric amphiphiles (Figure 1 and see Figure 2 for SEC-

MALS characterization).29-34 When properly designed, these polymer peptide 

amphiphiles would aggregate to generate enzymatically responsive micelles. To validate 

this hypothesis, we explored enzymatic modulation of particle morphology via common 

post-translational modification processes utilized to manipulate biomolecular assemblies 
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in natural systems. Furthermore, cryo-electron microscopy (cryo-TEM) and three-

dimensional (3D) image reconstruction were used to confirm the spherical micellar 

morphology and uniformity of the particles and to determine their radial density 

profile.35,36  

 

 

Figure 1. Peptide-substrate polymeric amphiphiles assemble into spherical micelles. The 
peptide substrates within the micelle corona interact with enzymes to generate a variety 
of morphologies of polymeric amphiphile aggregates depending on the design of the 
peptide substrate and enzymes added. 
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Figure 2. SEC-MALS plot of NHS copolymer I (blue) and peptide conjugate with PKA-
MMP peptide (Peptide 1). Plot is scattering intensity vs time, with mass plotted on the 
second y-axis. This clearly shows an increase in mass of the polymer following peptide 
conjugation despite a very similar, to slightly shorter retention time through non-ideal 
column interactions. This polymer forms M1 described in the main text. SEC-MALS: 
PKA-MMP conjugate; Mn = 19470 g/mol, PDI = 1.014. MMP-PKA conjugate; = Mn = 
19430 g/mol, PDI = 1.173. 

 
Amphiphilic polymer-peptides were designed, containing substrates for four 

different cancer-associated enzymes: protein kinase A (PKA),37 protein phosphatase-1 

(PP1),38 and matrix-metalloproteinases MMP-2 and MMP-9.10,13 By incorporating these 

enzyme substrates into the polar head groups of the copolymers, the micelle morphology 

and aggregation behavior of the materials can be modified using the following 

mechanisms: (1) phosphorylation by PKA at serine residues, (2) dephosphorylation by 

PP1 at serine residues, (3) peptide cleavage by MMPs at Gly-Leu peptide bonds. We 

reasoned that enzymatic reactions occurring within the shell of the particles would 

facilitate changes in the steric bulk, and electrostatic properties of the amphiphiles, and 

would result in changes to the overall architecture via the establishment of new equilibria 
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for surfactant aggregation.14,15,17,18,39 Also, we expected enzyme-directed responses to be 

influenced by the design of the peptide substrate. To test this hypothesis, spherical 

micelles (M1, M2) were prepared from amphiphilic peptide-brush copolymers that 

differed only in the relative ordering of the peptide substrates (Table 1).  

 
Table 1. Peptide-Shell Polymeric Amphiphiles and Resulting Parameters for Micelles 
M1 and M2 

 
a PKA/PP1 and MMP substrates are shown in red and blue, respectively, with 
phosphorylation or cleavage sites boldfaced and underlined. Peptides are conjugated to 
the polymer through the amino termini. b Block size of m (“phenyl block”) was 
determined by SEC-MALS (Mn = 8553 g/mol), and n was estimated via SEC-MALS and 
UV-Vis as described in the Supporting Information. c Polymer Mn and Mw/Mn 
determined by SEC-MALS. d Hydrodynamic diameter and micelle PDI (polydispersity) 
were determined by DLS. 

 
Ring-opening metathesis polymerization (ROMP)40 was used to synthesize a block 

copolymer of hydrophobic side chains (phenyl groups) and N-hydroxysuccinimide side 

chains41,42 for subsequent conjugation with peptides.  
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Figure 3. Micelles M1-M2 by negative stain TEM. See Experimental Section for micelle 
preparation. 

 
To prepare M1 and M2, the block copolymer amphiphiles were dissolved in 

DMSO/DMF (1:1) and dialyzed against buffered water for 24 h (Table 1 and Figure 3). 

The diameters of the spherical particles, as confirmed by transmission electron 

microscopy (TEM), scanning electron microscopy (SEM), and dynamic light scattering 

(DLS: hydrodynamic diameter, Dh), were between 24 and 33 nm (Table 1). We further 

examined M1 using cryo-TEM followed by single-particle, 3D image reconstruction to 

characterize and define the particles in a native hydrated state (Figure 4).43 Intriguingly, 

the radial density profile for the spherically averaged reconstruction (Figure 4c and 

Figure 5) has a similar shape to that simulated and measured for other copolymer and 

surfactant based micelles as determined by alternative techniques.44 In particular, the 

materials show low density at the central core and a region of higher density at the edge 

of the core and in the surrounding shell. This profile is consistent with a hydrophobic 

core radius of 5 to 7 nm. From individual particle images we assigned radii to the 

micelles, defined as the distance from the center at which the minimum density occurs 

(Figure 5). The results indicate that the particles are spherical micellar architectures, 24 
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nm in average diameter with a maximum variation of 3 nm. 

 

 

Figure 4. TEM characterization of M1. (a) Micrograph of M1 sample, stained with 1% 
uranyl acetate. (b) Micrograph of unstained vitrified M1 sample. (c) Reconstructed radial 
density plot from cryo-TEM data (Figure 5). 

 

 

Figure 5. A collection of images of individual particles and the radial density across each 
one. Figure 4c shows the result of 1749 such images analyzed together.  
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To establish that micelle morphology can be reversibly altered through enzymatic 

reactions, the micelles were subjected to phosphorylation by PKA and subsequent 

dephosphorylation by PP1 (Figure 6 for M1 data and Figure 7 for M2 data).  

 

 

Figure 6. Response of M1 to sequential additions of PKA and PP1. Here the cycling of 
M1 is shown by TEM and SEM, along with DLS and radiolabelling data. Cycle 1 refers 
to dialyzed material following additions of enzyme. Cycle 2 refers to heat denaturation. a) 
M1 + PKA. b) Following dialysis, PP1 added. c) TEM following treatment as shown next 
to arrow. d) SEM matching TEM data shown in c). e) DLS confirms increase and 
decrease of aggregate size in solution via phosphorylation and dephosphorylation 
respectively.  f) Phosphorylation and dephosphorylation were confirmed by radiolabeling 
the particles using [γ-32P] ATP. 



	   127 

 

 

Figure 7. Response of M2 to sequential additions of PKA and PP1. (a) TEM and (b) 
SEM: M2 (20 µM with respect to polymer-peptide amphiphile) treated with PKA (2500 
U) plus ATP (2 mM) and incubated at 30 °C for 24 h followed by dialysis. (c) TEM and 
(d) SEM: Phosphorylated particles subjected to either dialysis or heat denaturation of 
PKA (20 min, 65 °C) prior to treatment with PP1 (2.5 U) at 30 °C for 24 h. (e) DLS 
confirms increase and decrease of aggregate size in solution via phosphorylation and 
dephosphorylation respectively. (f) Phosphorylation and dephosphorylation were 
confirmed by radiolabeling the particles using [γ-32P] ATP. g) Reversibility assay of 
phosphorylation and dephosphorylation via radiolabeling. The first bar is the result of the 
first addition of PKA/ATP to the micelles. Each bar is subsequently labeled as per the 
addition of enzyme in order. h) The reversibility of phosphorylation and 
dephosphorylation cycles is shown with respect to DLS data.  
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When treated with PKA and ATP (2 mM) for 24 h at 30 °C, the initially spherical M1 

and M2 (at 20 µM, with respect to polymer-peptide amphiphile) changed dramatically in 

morphology (Figure 6a and 7a, b). A 50-fold increase in hydrodynamic diameter was 

observed (Figure 6e and 7e) together with the appearance of amorphous structures in 

TEM images. The phase transition occurs as phosphate group introduction into the shell 

of the micellar aggregates produces a significant change in structure and charge of the 

polymer-peptide amphiphiles.45 However, rather than an increase in hydrophilicity 

causing an increase in surface curvature resulting in smaller micelles, we observe 

aggregation into larger structures. In addition, the micellar stability prior to and after 

PKA addition was conducted via critical micellar concentration (CMC) analysis, in which 

CMC of PKA-treated micelles was similar to non-PKA treated micelles (Figure 8). We 

hypothesize that aggregation is the result of salt bridge formation between 

phosphorylated particle shells, or that particles aggregate as a result of dipole-induced-

dipole interparticle interactions Subsequent treatment of the phosphorylated micelles with 

PP1 for 24 h at 30 °C, following heat denaturation at 65 °C, resulted in a reversion to the 

original size and morphology of particle (Figure 6b-e, 6c-e). 
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Figure 8. Critical micelle concentration determination of M1 in initial state and post-
phosphorylation with PKA. The X-axis concentrations are for peptide in particle shells as 
determined by UV-vis assay (see Experimental Section). Plotted is the ratio of emission 
intensity from pyrene at 339 nm and 333 nm, vs log of the concentration of peptide. The 
onset of fluorescence in both cases occurs at approximately 30 µM of peptide for both 
particles, or approximately 5 µM of polymeric amphiphile. Error bars are standard 
deviations in experimental data from three separate serial dilution experiments with two 
separate measurements made for each data point at each of the two emission wavelengths. 

 
Radiolabeling was conducted to confirm that phosphorylation and dephosphorylation 

occurred through the cycling process (Figure 6f and 7f). In this experiment, M1 or M2 

was treated with PKA and radioactively labeled ATP. Following removal of excess ATP 

by dialysis, phosphorylation was observed with a scintillation counter. Results show that 

PKA successfully phosphorylated the particles, with the extent of phosphorylation by 

PKA estimated to be greater than 95% for M2 (Figure 9).  

 
Subsequent treatment with PP1 (again followed by dialysis) resulted in removal 

of the phosphate group. To establish that this process is indeed reversible, three cycles of 

phosphorylation/dephosphorylation were successfully performed and analyzed by 
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radiolabeling and via DLS (Figure 7 g-h). 

 

 

 

Figure 9. TOP: HPLC trace of phosphorylated (blue trace) and non-phosphorylated 
(green trace) Peptide-2; BOTTEM: Radioactivity study of phosphorylation. TOP: The 
estimated phosphorylation efficiency of Peptide-2 was 100% as evidenced by the 
complete disappearance of the peak at 14.8 min with appearance of an earlier eluting 
peak (blue line). BOTTOM: The phosphorylation efficiency was estimated by taking a 
known 100% phosphorylated Peptide-2 sample (as analyzed above), and measuring 
counts per minute for several dilutions and comparing it to the counts per minute of a 
micelle solution at the same peptide concentration. Therefore, 120 µM of M2 (with 
respect to peptide concentration) was phosphorylated with PKA (2500 U), and [γ-32P]-
ATP (2 mM) in PKA reaction buffer (50 mM Tris-HCl, 10 mM MgCl2, pH 7.5) at 30 °C 
for 6 hrs. PKA was inactivated by heating at 65 °C for 20 mins. The phosphorylated 
micelles were then dialyzed for 12 hrs. Phosphorylated Peptide-2 (as confirmed by HPLC 
described above) was diluted to various concentrations and plotted vs. radioactive counts 
per minute (below) for comparison to the particle sample. The phosphorylation efficiency 
was estimated to be 97.7%. 
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Together, these enzymatically driven processes demonstrate the power of this 

approach to switching the morphology of a micellar particle via a selective biochemical 

reaction, not a change in bulk solution properties such as pH or temperature. To examine 

the role of site-specific, proteolytic cleavage on micelle morphology, M1 and M2 were 

treated with two cancer-associated proteases, MMP-2 and MMP-9, which were expected 

to have similar effects as they share a cleavage site (Figure 10 and Figure 11). Reactions 

were performed on 20 µM solutions of micelles, (concentration is with respect to 

polymer-peptide amphiphile), for 24 h at 37 °C. TEM and SEM data showed no change 

in M1 morphology (Figure 10a,b and Figure 11a), but DLS measurements indicated the 

formation of some larger aggregates in solution (Figure 10e). By contrast, a dramatic 

change in morphology (Figure 10c,d and Figure 11b) and hydrodynamic diameter (Figure 

10f) was observed upon treating M2 with MMP. SEM and TEM images both show 

evidence of the formation of an amorphous network upon peptide cleavage. The cleavage 

efficiency is estimated by HPLC analysis of the product to be approximately 21% (Figure 

12), with product identity confirmed by MALDI-MS (Figure 13). No visible precipitate 

was formed in solution during this process. We infer from these results that the position 

of the cleavage site in the amphiphile plays a critical role in how the micelle responds to 

proteolysis and that complete shell cleavage is not necessary for phase transition. In 

particular, cleavage at sites more proximal to the polymer backbone leads to more 

dramatic morphological changes because of a larger change in peptide shell structure. 

Indeed, it is likely that the difference in the behavior of M1 and M2 was further 

accentuated by the fact that cleavage of the M1 peptide removes three hydrophobic 

residues, while cleavage of the M2 peptide leads to the loss of all hydrophilic residues. 
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Importantly, these results indicate a tunable relationship between peptide-sequence 

design and enzymatically directed morphology changes. These studies demonstrate the 

feasibility of designing enzymatically switchable micellar particle morphology. This was 

achieved by incorporating peptides as the hydrophilic block of a polymeric amphiphile. 

In general biomolecules including proteins,30,33,46 peptides,29,31,32,34,47 and nucleic 

acids35,36,48 are attractive synthons for the development of supramolecular biomaterials49 

because they are selective as substrates for enzymes, have inherently specific recognition 

properties, and consist of well-defined structural elements. It is anticipated that multi 

enzyme responsive systems like those described here will provide a route toward 

materials capable of signaling specific patterns of multiple biochemical stimuli. Also, the 

ability to program the nature of particle responses to disease associated enzymes has 

broad implications for in vivo delivery and detection strategies where surface chemistry 

and morphology have critical roles in determining the targeting and pharmacokinetics of 

materials. 
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Figure 10. TEM of micelles M1 and M2 to treatment with MMPs. (a) TEM M1+MMP-2. 
(b) SEM M1+MMP-2. (c) TEM M2+MMP-2. (d) SEM M2+MMP-2. (e-f) DLS for 
particles indicating changes in particle size upon MMP treatment. Micelles at 20 µM 
(with respect to polymer-peptide amphiphile) were incubated with MMPs (100 µU) at 37 
°C for 24 h (Tris-HCl, 50 mM, pH 7.4). 
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Figure 11. Response of micelles M1 and M2 to treatment with MMP-9. (a) TEM (LEFT) 
and SEM (RIGHT) of M1+MMP-9. (b) TEM (LEFT) and SEM (RIGHT) of M2+MMP-
9. Micelles at 20 µM (with respect to polymer-peptide amphiphile) were incubated with 
MMP-9 (100 µU) at 37 °C for 24 h (Tris-HCl, 50 mM, pH 7.4). 
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Figure 12. MMP-9 cleavage of M2 (red trace) and Peptide-2 (green trace) via HPLC. 
Blue trace is Peptide-2 without treatment of MMP-9. 

 
 

 

Figure 13. MALDI-TOF of collected Peak B (top) and Peak C (bottom) from HPLC plot 
shown in Figure 12. 
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3.1.3 Experimental Section for Chapter 3.1  

 

General Information 

 

MMP-2 and MMP-9 were acquired from Calbiochem, as solutions in 200 mM 

NaCl, 50 mM Tris-HCl, 5 mM CaCl2, 1µM ZnCl2, 0.05% BRIJ®35 Detergent, 0.05% 

NaN3, pH 7.0. PKA and PP1 were acquired from NEW ENGLAND BioLabs Inc. as 

solution in 50 mM NaCl, 20 mM Tris-HCl (pH 7.0), 1 mM Na2EDTA, 2 mM DTT and 

50% glycerol and 200 mM NaCl, 50 mM HEPES (pH 7.0), 1 mM MnCl2, 0.1 mM EGTA, 

2.5 mM dithiothreitol, 0.025% Tween-20, 50% glycerol, respectively. HPLC 

analyses/purification of peptides were performed on a Jupiter 4u Proteo 90A phenomenex 

column (150 x 4.60 mm) with a binary gradient using a Hitachi-Elite LaChrom L-2130 

pump equipped with UV-Vis detector (Hitachi- Elite LaChrom L-2420). Gradient: 

(Solvent A: 0.1% TFA in water; Solvent B: 99.0% acetonitrile, 0.9% water, 0.1% TFA; 

gradient: 10-80% B from 5-30 minutes, 80-90% B from 30-32 minutes, and 90% B from 

32-40 minutes, Flow rate: 1 mL/min). 

 
Peptide Synthesis 

 

General Solid State Synthesis Procedure for Peptides 

Peptides were synthesized by Fmoc-based solid phase peptide synthesis using 

preloaded Wang resins. Fmoc deprotection was performed with 20 % piperidine in DMF 

(2×5 min) and coupling of the consecutive amino acid was carried out with HBTU and 
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DIPEA (resin/amino acid/HBTU/DIPEA 1:3:3:4). The final peptide was cleaved from the 

resin by treatment with trifluoracetic acid (TFA)/Dichloromethane (DCM) (1:1) for 2 h. 

The resin was washed with DCM and ether and the combined organics were evaporated 

in vacuo to give an off white solid. Each peptide was then purified by HPLC with 

conditions shown above under general methods. 

Peptide 1 sequence (PKA-MMP): Leu-Arg-Arg-Ala-Ser-Leu-Gly-Lys-Gly-Pro-Leu-Gly-

Leu-Ala-Gly HPLC (retention time = 15.00 min). MALDI-MS: Mass calcd: 1466; Mass 

obs: 1468. 

Peptide 2 sequence (MMP-PKA): Lys-Lys-Pro-Leu-Gly-Leu-Ala-Gly-Leu-Arg-Arg-Ala-

Ser-Leu-Gly HPLC (retention time = 14.66 min). MALDI-MS: Mass calcd: 1537; Mass 

obs: 1539. 

 
Monomer synthesis 

 

(N-Benzyl)-5-norborene-exo-2,3-dicarboximide (1)  

To a stirred solution of N-benzylamine (2.85 g, 26.6 mmol) in dry toluene (125 

mL) was added 5-norbornene-exo-2,3- dicarboxylic anhydride (4.10 g, 25.0 mmol) and 

triethylamine (3.83 mL, 27.5 mmol). The reaction was heated to reflux overnight under a 

nitrogen atmosphere. The reaction was cooled to room temperature and washed with 10 

% HCl (3 x 50 mL) and brine (2 x 50 mL). The aqueous layers were combined and 

extracted with EtOAc (60 mL). The combined organic layers were dried with MgSO4, 

filtered and concentrated to dryness giving a pale yellow solid that was recrystallized 

from ethyl acetate/hexanes to give 1 (4.98 g, 79%) as off white crystals. 1H NMR 
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(CDCl3): δ (ppm) 1.07 (d, 1H, CH2, J=9.6 Hz,), 1.42 (d, 1H, CH2, J=9.6 Hz), 2.69 (s, 2H, 

2 x CH), 3.26 (s, 2H, 2 x CH), 4.61 (s, 2H, CH2), 6.28 (s, 2H, CH=CH), 7.25-7.40 (m, 5H, 

Ar). 13C NMR (CDCl3): δ (ppm) 42.18, 42.28, 45.13, 47.62, 127.74, 128.48, 135.76, 

137.76, 177.48. LRMS (CI), 253.99 [M+H]+. HRMS, expected [M+H]+: 254.1176, found: 

254.1175. 

 
Polymer synthesis 

 

Backbone Copolymer (134-b-214) – Proceeds as shown in Figure below: 

To a stirred solution of 1 (80 mg, 0.315 mmol) in dry CH2Cl2 (2 mL) cooled to –

78 °C was added a solution of the catalyst ((IMesH2)(C5H5N)2(Cl)2Ru=CHPh) (6.03 mg, 

0.00829 mmol) in dry CH2Cl2 (0.5 mL) also cooled to –78 °C. After 5 min the cold bath 

was removed and the reaction was left to stir under nitrogen while warming to room 

temperature. After 40 min a 0.30 mL aliquot was removed and quenched with ethyl vinyl 

ether as shown in the scheme below. After 25 min this small aliquot that was removed for 

quenching, was precipitated by addition to cold MeOH to give the homopolymer (Block 

A) as an off white solid. To the remaining reaction mixture, a solution of 2 (31 mg, 0.131 

mmol), in dry CH2Cl2 (0.5 mL) was added. The mixture was left to stir under N2 for 40 

min followed by quenching with ethyl vinyl ether (.100 ml). After 25 min the solution 

was concentrated to ~ 1/3 the original volume then precipitated by addition to cold 

MeOH to give the copolymer as an off white solid. 1H NMR of the polymer confirmed 

the absence of monomer (no olefin peak at 6.30 ppm) and the presence of broad trans and 

cis olefin peaks of the polymer backbone at 5.73 and 5.50 ppm, respectively. SEC-MALS 



	   139 

of polymers prior to peptide conjugation: Homopolymer of 1: Mn = 8553, Mw/Mn = 

1.019, 1 = 34. Copolymer of 1-b-2 (I): Mn = 11940, Mw/Mn = 1.010, 2 = 14. 

 

 

General method utilized in polymerization reactions. For analysis purposes a sample of 
the first block in the copolymer is quenched prior to addition of the second monomer. 
This is used to confirm block size and is compared with weight fraction analysis of the 
copolymer by SEC-MALS. 

 
Polymer-Peptide Conjugation Reactions 

 

1 µmol of copolymer I was dissolved in 1 mL of Dimethylformamide (DMF), 

followed by addition of 3 equiv. of N,N-Diisopropylethylamine (DIPEA) and 1.5 equiv. 

of peptide with respect to NHS groups (14 of them). The reaction was stirred at room 

temperature for 20 hrs, and precipitated by addition to 10 mL cold methanol followed by 

centrifugation at 4000 xg. dn/dc for peptide-polymer conjugates is 0.179 as determined 

from peak analysis. 
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Ratio of Peptide to Polymer in the Polymer-Peptide Conjugate 

 

LS data was utilized to determine Mn of the polymer before and after conjugation, 

from which we can determine the amount of peptide incorporated by the difference in the 

molecular weight following conjugation, knowing the molecular weight of the peptide. 

As further confirmation of this analysis of peptide incorporation, we undertook an 

analysis by comparing concentrations determined by UV-Vis with concentrations 

determined by RI. UV-Vis gives an absorbance at 280 nm due to the “phenyl” block of 

the polymer, with an extinction coefficient of 645.3 mLg-1cm-1. This was determined by 

an extinction coefficient from peak analysis in SEC with a UV-Vis detector. A sample of 

polymer-peptide was prepared for SEC and injected. The concentration of the entire 

conjugate in the SEC peak could be determined utilizing an RI detector, as 1.12 x 10-5 

g/mL. Knowing the flow rate we can determine that 3.6 x 10-5 g eluted which is the total 

number of grams of solute in that peak. By applying the extinction coefficient to the UV-

Vis trace of the same sample, a concentration for the phenyl block (as the only absorber 

at 280 nm in the sample) was determined to be 7.08 x 10-6 g/mol, or 2.26 x 10-5 g of 

solute according to the UV-Vis detector. The difference in mass (1.32 x 10-5 g) must be 

accounted for by the peptide and therefore, the peptide in the sample accounts for 37% of 

the mass. Therefore, the molecular weight of the peptide within the block is 7203.90 

g/mol, with each peptide at 1468 g/mol. Therefore, the ratio of peptide to polymer is 

confirmed to be 4.8:1, close to that determined by looking at the Mw change between two 

samples (i.e. separate samples, before and after conjugation) by LS (5:1). 
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Spherical Micelle Formation 

 

The peptide-brush copolymer (for M1 = 5.8 mg, 297 nmol, and for M2 = 5.2 mg, 

267 nmol, of polymer) was dissolved in 250 µL of DMSO/DMF in 1:1 ratio followed by 

addition of 750 µL of Tris buffered water (50 mM, pH 7.4). This solution was then 

transferred to a 3,500 MWCO dialysis tubing and left for 3 days. The buffer was changed 

three times, once time per day. Expected concentrations in 5 mL of buffer following 

dialysis were: M1 = 59.4 µM, and M2 = 53.4 µM, with respect to polymer-peptide 

amphiphile weighed out initially. The values determined via the UV-Vis assay method 

for initially synthesized stock solution concentrations in 5 mL of buffer post-dialysis was: 

M1 = 24 µM and M2 = 26 µM – concentrations are with respect to polymer-peptide 

amphiphile. Solutions were diluted (buffer addition) or concentrated (by centrifugation 

with a MWCO spin column) accordingly for experiments.  

 
Cryo-TEM 

 

Small (3 µl) aliquots of micelles (Tris buffered water, 50 mM, pH 7.4) were 

vitrified for cryo-TEM via standard, rapid freeze plunging procedures.50 Samples were 

applied to Quantifoil holey grids (Ted Pella Inc.) that had been glow discharged using an 

Emitech K350 glow discharge unit and plasma-cleaned for 90 s in an E.A. Fischione 

1020 unit. Sample was loaded onto the grids at 4 °C for 30 s then plunged into liquid 

ethane and transferred into a precooled Gatan 626 cryo-transfer holder, which maintained 

the specimen at liquid-nitrogen temperature in a FEI Sphera microscope operated at 200 
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keV. Micrographs were recorded on a 2K X 2K Gatan CCD camera under lowdose 

conditions (~ 10 e/Å2) and at a nominal magnification of 50,000 X. 

 
3D Image Reconstruction. 

 

A total of 27 micrographs, exhibiting minimal specimen drift and image 

astigmatism, were recorded at objective lens under focus settings of between 1.69 and 

3.13 µm. The pixel size at the specimen was 2.033 Å. The EMAN boxer program 

(http://blake.bcm.tmc.edu/eman/) was used to extract 1750 individual particle images, 

each 137 x 137 pixels in size and to preprocess them as described elsewhere.50 We next 

used the RMC procedure51 to generate an initial reconstructed model at ~30 Å resolution 

from 150 particle images. This map then served as a starting model to initiate full 

orientation and origin determinations of the entire set of images by using AUTO3DEM.43 

Corrections to compensate in part for the effects of the microscope contrast-transfer 

function were performed as described elsewhere.52 The final 3D map, reconstructed from 

1749 particles was computed out to a resolution of 26 Å with a Gaussian function applied 

to attenuate the Fourier data smoothly to zero from 19.2 to 16.1 Å. The effective 

resolution, defined as the point where the Fourier-shell correlation fell below 0.5, was 

found to be 26 Å. 

 
Protease Activation Protocol 
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To 5 µL of enzyme was added 0.4 µL of a 24 mM paminophenyl mercuric acetate 

solution in freshly prepared 0.1 M NaOH. The enzyme solution was heated at 37 °C for 2 

hrs.  

 
Conditions for Phase Transition Studies via MMP-2, or MMP-9 Addition  

 

MMP-2 (100 µU, 2.08 µL) and MMP-9 (100 µU, 1.25 µL) with 20 µM 

nanoparticles (concentration is with respect to polymer-peptide amphiphile) were 

incubated in Tris-HCl solution (50 mM, pH 7.4), respectively. Reactions were performed 

at 37 °C for 24 hrs. 

 
Conditions for Phase Transition Studies via Protein Kinase A (PKA) Addition  

 

20 µM nanoparticles (concentration is with respect to polymer-peptide amphiphile) 

with PKA (2500 U, 1 µL), ATP (2 mM) were incubated in PKA reaction buffer (100 µL, 

50 mM Tris-HCl, 10 mM MgCl2, pH 7.5) at 30 °C for 24 hrs.  

 
Phase Transition Studies via Protein Kinase A (PKA) and Protein Phosphatase (PP1) 

Addition  

 

  20 µM nanoparticles (concentration is with respect to polymer-peptide amphiphile) 

were incubated with PKA (2500 U, 1µL, 5 µg/mL) and ATP (2 mM) in PKA reaction 
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buffer (100 µL, 50 mM Tris-HCl, 10 mM MgCl2, pH 7.5) at 30 °C for 24 hrs. PKA was 

inactivated at 65 °C for 20 mins. The phosphorylated nanoparticle solution was incubated 

with PP1 (2.5 U, 1µL, 0.8 µg/mL) and MnCl2 (1 mM) in PP1 reaction buffer (50 mM 

HEPES, 10 mM NaCl, 2 mM DTT, 0.01% Brij 35, pH 7.5) at 30 °C for 24 hrs. DLS, 

TEM, AFM, and SEM samples were taken at the same time points, from the same 

solution. 

 
Protein Kinase A (PKA) Activity Assay by Radiolabeling. 

 

Radioactive [ γ -32P] ATP (4500 Ci/mmole) was obtained from MP Biomedicals 

LLC. Micelles (at 20µM with respect to polymer-peptide amphiphile, i.e. 4 x CMC) with 

PKA (2500 U), and γ-32P-ATP (2 mM) were incubated in PKA reaction buffer (100µL, 

50 mM Tris-HCl, 10 mM MgCl2, pH 7.5) at 30 °C for 24 hrs. PKA was inactivated by 

heating at 65 °C for 20 mins. The phosphorylated nanoparticle with PP1 (2.5 U) and 

MnCl2 (1 mM) were incubated in PP1 reaction buffer (50 mM HEPES, 10 mM NaCl, 2 

mM DTT, 0.01% Brij 35, pH 7.5) at 30 °C for 24 hrs. This solution was then dialyzed for 

three days in 3,500 MWCO dialysis tubing (Thermo scientific). The buffer was changed 

six times, twice per day. The radiolabeled polymer-peptide products were transferred into 

scintillation vials, mixed with 4 ml of scintillation cocktail (Fisher SX23-5) and counted 

using a Beckman Coulter LS6500 Multi-Purpose Scintillation-Counter. 

 
Critical Micelle Concentration Determination 
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A stock solution of pyrene was prepared by adding 1 mg pyrene to 10 mL water 

followed by sonication for 4 hrs. The solution was then subject to centrifugation at 

12,000 x g. The pyrene contained in the supernatant was used as the fluorescent probe for 

this assay and measured by fluorometer SPECTRAMAX GEMINI EM (Molecular 

Devices). Peptide concentration was determined from a Bradford assay of the particles, 

which were then diluted serially in 96-well FIA microplates (Greiner Bio-One). 

Excitation was carried out from 300- 360 nm wavelength range and the emission was 

recorded at 390 nm and 330 nm. The slit widths for excitation were fixed at 1 nm. The 

concentration was plotted on a logarithmic scale and the critical micelle concentration 

was determined at the intercept of the two crossing lines where the decreasing surface 

tension becomes constant.  

 
Multi-Cycle Phosphorylation Reversibility via a Radioactive Labeling Assay 

 

To analyse the reversibility of this process over several cycles a radioactive 

labeling experiment was carried out to monitor the phosphorylation/dephosphorylation of 

M2 nanoparticles. Radioactive [γ-32P] ATP (4500 Ci/mmole) was obtained from MP 

Biomedicals LLC. Nanoparticles (at 20 µM with respect to polymer-peptide amphiphile) 

with PKA (2500 U), andγ-32PATP (2 mM) were incubated in PKA reaction buffer (50 

mM Tris-HCl, 10 mM MgCl2, pH 7.5) at 30 °C for 6 hrs. PKA was inactivated by heating 

at 65 °C for 20 mins. The phosphorylated nanoparticles were then dialyzed for 12 hrs in 

3,500 MWCO dialysis tubing (Thermo scientific). One tenth of the volume after dialysis 
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was transferred into scintillation vial, mixed with 4 ml of scintillation cocktail (Fisher 

SX23-5) and counted using a Beckman Coulter LS6500 Multi-Purpose Scintillation-

Counter. The remaining nine tenths of phosphorylated nanoparticle solution was then 

dephosphorylated with PP1 (2.5 U) in the reaction buffer (1 mM MnCl2,50 mM HEPES, 

10 mM NaCl, 2 mM DTT, 0.01% Brij 35, pH 7.5) at 30 °C for 8 hrs. PP1 was inactivated 

by heating at 65 °C for 20 mins. Dephosphorylated nanoparticles were then dialyzed for 

12 hrs and one ninth of this volume after dialysis was transferred into scintillation vial 

with 4 ml of scintillation cocktail for radioactive measurement. Subsequent enzyme 

additions and analyses were performed in the same manner, taking small fractions from 

the same solution for analysis to obtain data for three cycles. 

 
Morphological Reversibility via Dynamic Light Scattering (DLS) 

 

In this assay, DLS was carried out to monitor the morphology change of M2 

nanoparticles. The morphology change of M2 nanoparticles occurred when they are 

phosphorylated and dephosphorylated and therefore the size of the nanoparticles change 

accordingly. To correlate the reversibility observed by radiolabeling with morphology 

change, we conducted a three cycle experiment by DLS (Figure 7 h). 20 µM of M2 were 

phosphorylated with PKA (2500 U) and ATP (2 mM) in reaction buffer (50 mM Tris-

HCl, 10 mM MgCl2, pH 7.5) at 30 °C for 6 hrs. PKA was inactivated by heating at 65 °C 

for 20 mins and DLS was carried out subsequently, denoted as “PHOSPHORYLATED” 

in Figure 7h. Phosphorylated M2 micelles were dephosphorylated by PP1 (2.5 U) in the 

reaction buffer (1 mM MnCl2, 50 mM HEPES, 10 mM NaCl, 2 mM DTT, 0.01% Brij 35, 
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pH 7.5) at 30 °C for 8 hrs. DLS measurement was performed following the inactivation 

of PP1 (65 °C for 20mins) and this DLS measurement is denoted as 

“DEPHOSPHORYLATED” in Figure 7h. Subsequent cycles were performed in the same 

manner. 

 
Phosphorylation Efficiency Assay 

 

First, the extent of phosphorylation of a peptide sample was determined by HPLC 

analysis: 200 µM of Peptide-2 (i.e. peptide only. NOTE: the concentration is determined 

by weighing the dry sample of peptide post purification. This was then used to make a 

stock solution utilized subsequently to generate appropriate dilutions) was mixed with 

PKA (2500 U, 1 µL), ATP (2 mM) and incubated in PKA reaction buffer (50 mM Tris-

HCl, 10 mM MgCl2, pH 7.5) at 30 °C for 6 hrs and inactivated by heating at 65 °C for 20 

mins. A control (nonphosphorylated sample of Peptide 2) was carried out as above except 

no PKA was added. The phosphorylated and nonphosphorylated Peptide-2 were then 

analyzed by HPLC (Figure 9, gradient: 4 – 34 min in Buffer B_100% Acetonitrile with 

0.1%TFA) shown on the trace in Figure 9. The estimated phosphorylation efficiency of 

Peptide-2 was 100% as evidenced by the complete disappearance of the peak at 14.8 

minutes with appearance of an earlier eluting peak (blue line). 

 
Next, the phosphorylation efficiency was estimated by taking a known 100% 

phosphorylated Peptide-2 sample (as analyzed above), and measuring counts per minute 
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for several dilutions and comparing it to the counts per minute of a micelle solution at the 

same peptide concentration. Therefore, 120 µM of M2 (with respect to peptide 

concentration) was phosphorylated with PKA (2500 U), and [γ-32P]-ATP (2 mM) in PKA 

reaction buffer (50 mM Tris-HCl, 10 mM MgCl2, pH 7.5) at 30 °C for 6 hrs. PKA was 

inactivated by heating at 65 °C for 20 mins. The phosphorylated micelles were then 

dialyzed for 12 hrs. Phosphorylated Peptide-2 (as confirmed by HPLC described above) 

was diluted to various concentrations and plotted vs. radioactive counts per minute 

(Figure 9) for comparison to the particle sample. The phosphorylation efficiency was 

estimated to be 97.7%. 

 
MMP Cleavage and Efficiency Assay (Figure 12) 

 

120 µM of M2 (with respect to peptide) and 120 µM of Peptide-2 were treated 

with MMP-9 (100 µU, 1.25 µL) for 24 hrs. The control was performed using 120 µM of 

Peptide-2 without treatment with MMP-9. These samples were then analyzed by RP-

HPLC following inactivation of MMP-9 at 65 °C for 20 mins (Figure 12). Peak A is full 

length Peptide-2 without treatment with MMP-9 and Peak B is the fragment of Peptide-2 

cleaved by MMP-9 which was confirmed by MALDI-MS shown in spectra below, on the 

next page of this SI. In this trace there is a peak at 2 min (not shown here), which we 

assign to the small fragment produced by cleavage of Peptide 2. Peak C (Figure 12) is 

from the cleavage of M2 and determined to be the same fragment as Peak B in Figure 12 

by MALDI-MS (Figure 13). MMP cleavage efficiency of Peptide-2 is 100% according to 

the disappearance of the peak at 14 minutes. Therefore, MMP cleavage efficiency of M2 
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is estimated to be 20.54% (Figure 12) as a fraction of the area of Peak B. We note that it 

is possible this is a low estimate because particle aggregation may prevent all free peptide 

fragment from entering the RP column on the HPLC during this experiment. 
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3.2 Development of morphologically programmable peptide-polymeric 

nanoparticles for targeted accumulation in vivo53 

3.2.1 Introduction 

 

 The goal of targeted therapeutics and molecular diagnostics is to accumulate 

drugs or probes at the site of disease in higher quantities relative to other locations in the 

body. To achieve this, there is tremendous interest in the development of nanomaterials 

capable of acting as carriers or reservoirs of therapeutics and diagnostics in vivo.54 

Generally, nanoscale particles are favored for this task55 as they can be large enough to 

function as carriers of multiple copies of a given small molecule, can display multiple 

targeting functionalities, and can be small enough to be safely injected into the blood 

stream.6,56-58 The general goal is that particles will either target passively via the 

enhanced permeability and retention (EPR) effect, actively by incorporation of targeting 

groups, or by a combination of both.58-60 Nanoparticle targeting strategies have largely 

relied on the use of surface conjugated ligands designed to bind overexpressed cell 

membrane receptors associated with a given cell-type.61-63 We envisioned an alternative 

targeting strategy that would lead to an active accumulation of nanoparticles by virtue of 

a supramolecular assembly event specific to tumor tissue, occurring in response to a 

specific signal. The most desirable approach to stimuli-induced targeting would be to 

utilize an endogenous signal, specifi c to the diseased tissue itself, capable of actively 

targeting materials introduced via intravenous (IV) injection. Such an approach is in 

contrast to efforts to develop systems capable of targeting and release via the local 

application of external stimuli such as light22,64 or magnetic fields.65,66 With respect to 
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viable endogenous signals, one could reasonably consider materials that accumulate in 

response to stimuli including pH changes,67,68 temperature variation,69-71  or redox 

reactions.72 However, we aim to develop nanoparticles capable of assembling in vivo in 

response to selective, endogenous, biomolecular signals.26,73,74 For this purpose, we aim 

to utilize enzymes as stimuli, rather than other recognition events, because they are 

uniquely capable of propagating a signal via catalytic amplification in vivo as in enzyme-

prodrug therapy strategies.25,75,76  

 
3.2.2 Design and preparation of morphologically programmable peptide-polymeric 

nanoparticles for in vivo studies 

 

 We hypothesized that an enzyme-directed, nanoparticle accumulation and 

retention process would be possible if a specific enzymatic signal could be used to 

chemically alter nanoparticles and induce them to form a new, slowly clearing 

morphology within tumors.77-80 We reasoned that the best signal for exploring this 

concept would come from the catalytic activity specific to matrix metalloproteinases, 

MMP-2 and MMP-9, known to be overexpressed in certain tumor types and proven as 

viable biomarkers capable of activating peptide-based fluorogenic probes in vivo.10,78,81,82 

To achieve this, we designed a set of MMP-responsive spherical nanoparticles for IV 

injection into HT-1080 xenograft mice, known to have elevated levels of MMP-2 and 

MMP-9 within the tumor tissue.83 We hypothesized that nanoparticles would circulate 

throughout the organism then collect by virtue of a MMP driven accumulation event 

occurring within the tumor tissue (Figure 14 and see Figure 15 for SEC-MALS 
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characterization). Furthermore, the particles were labeled to generate specific fluorescent 

signals associated with the enzyme induced structures that arise in conjunction with the 

tissue specific accumulation events. Therefore, enzyme-driven accumulation and 

retention would give rise to a probe for tumor tissue. 

 

 

Figure 14. General scheme for enzyme-directed accumulation and retention of 
nanoparticle probes based on dye-labeled peptide-polymer amphiphiles (PPAs) within 
tumor tissue. TOP: PPAs depicted as a hydrophilic brush of peptide conjugated to a 
polymer backbone. After enzyme cleavage, the peptide is truncated causing 
reequilibration to a new assembly. BOTTOM: [a] Intravenous injection with a mixture of 
acceptor- and donor-labeled micellar nanoparticles. [b] Particles circulate and passively 
diffuse into tumor tissue. [c] Accumulation occurs upon reaction of the particles within 
tumor tissue in response to the action of overexpressed proteases (MMP-2, MMP-9). [d] 
The accumulation event is detectable via a FRET signal unique to the newly formed 
assemblies (orange), which are larger in size and slower to clear than the original 
nanoparticles. [e] Particles continue to circulate and accumulate over time. 
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Figure 15. (A) Polymer synthesis. (B) SEC-MALS intensity plot of initially prepared 121-
b-28-Dye1 (black) and 121-b-28-Dye2 (grey). These data are shown overlaid with 
polymers post-conjugation with L-amino acid peptide shown in green or red as indicated 
depending on the termination agent. SEC-MALS: 121-b-28-Dye1; Mn = 7461 g/mol, PDI 
= 1.023. 121-b-28-Dye2; Mn = 7419 g/mol, PDI = 1.024. L-Peptide-conjugate of 121-b-28-
Dye1; Mn = 11040 g/mol, PDI = 1.065. L-Peptide-conjugate of 121-b-28-Dye2; Mn = 
12220 g/mol, PDI = 1.069. 

 
To generate enzyme-responsive particles capable of generating a FRET (Förster 

resonance energy transfer) probe in tumor tissue, we designed a set of novel peptide-

polymer amphiphiles (PPA) that consist of a peptide substrate for cancer-associated 

enzymes MMP-2 and -9 conjugated to form a brush copolymer, labeled only at the 

termini with donor or acceptor dyes (Figure 16).1,84 The PPAs were designed to assemble 

into fluorescent micellar nanoparticles when dialyzed from DMSO into buffered water, 

with the peptide substrate present as a hydrophilic shell at the outer surface of stable, 

spherical micellar nanoparticles. This spherical morphology could then be altered via 

MMP-directed cleavage of the peptide substrate because cleavage reactions facilitate 

changes in the steric bulk, and electrostatic properties of the polymeric amphiphiles 

resulting in a dramatic change in packing behavior through the establishment of new 
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equilibria for surfactant aggregation. 16,27 This type of enzyme-response can lead to the 

assembly of nanoparticles into micrometer scale network aggregates observed in vitro.1 

Therefore, we hypothesized that tissue selective transformations of this type, within 

tumors that overexpress MMPs, could possibly lead to accumulation and retention of the 

materials within those tissues as they transition from small spherical particles in the 

blood stream, to micrometer scale aggregates in the tissue (Figure 14). 

 
PPAs were prepared from block copolymers containing a hydrophobic phenyl-

moiety and a conjugatable N-hydroxysuccinimide- ester prepared via ring-opening 

metathesis polymerization (Figure 16: Synthetic steps (i) and (ii). See also, Experimental 

Section).40,85 The living polymer was modified either with novel rhodamine ( 3 ), or 

fluorescein ( 4 ) termination agents by splitting the reaction into two pots (Figure 16 , 

(iii)), to generate two similar polymers consisting of either the donor or acceptor of a 

FRET pair. These polymers were further modified with peptide sequences (Figure 16, 

(iv)) consisting of either L-amino acids as cleavable substrates, or D-amino acids as non-

cleavable controls. Therefore, four PPAs were generated, two consisting of the 

fluorescein-terminated polymer (PPA-F), and two as rhodamine-terminated polymers 

(PPA-R). From this set of four PPAs, two types of fluorescein-labeled micelles (M1, 

containing the L-amino acid substrate, and M1D, the D-amino acid peptide control) and 

two rhodamine-labeled micelles (M2 and M2D) were prepared by dissolving fluorescein-

terminated polymers (PPA-F), or rhodamine-terminated polymers (PPA-R) respectively 

in DMSO and dialyzing against buffered water over 24 h (Figure 16, (v)). In addition, 

PPA-F and PPA-R were mixed prior to dialysis to generate FRET-labeled micelles 
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containing both donor and acceptor within the same particle (M3).  

 

 

Figure 16. Preparation of MMP-responsive fluorescent micellar nanoparticles. Peptide-
polymer amphiphiles (PPAs) with fluorescent tags were generated utilizing ring-opening 
metathesis polymerization. Block sizes were determined by SEC-MALS and 
spectroscopy. Synthesis: i) 1 was mixed with Grubbs’ modified initiator for 45 min and 
an aliquot analyzed by SEC-MALS to confirm degree of polymerization. ii) 2 was added, 
for 45 min and an aliquot analyzed for confirmation of the 21:8 block copolymer ratio by 
SEC-MALS. iii) The resulting polymer was split into two pots and mixed with novel 
fluorescent termination agents 3 and 4, for 2 h followed by addition of ethyl vinyl ether to 
quench the catalyst. This procedure generates the fluorescently labeled polymers as 
shown (green circle – fluorescein; red circle – rhodamine). iv) Peptides were added to the 
block copolymers to form PPAs via amide-bond formation through the amino terminus of 
the peptide and the polymeric NHS-ester, with degree of incorporation determined by 
SEC-MALS. v) Dialysis of PPAs from DMSO to PBS (pH 7.4) buffered water over 24 h 
to generate micellar nanoparticles. M1 contains PPA-F, M2 contains PPA-R, and M3 
contains PPA-F and PPA-R mixed in a 1:1 ratio. Peptide sequences: L-amino acid 
sequence: GPLGLAGGWGERDGS. D-amino acid sequence: gplglagGWGERDGS 
(lower case indicates portion prepared from D-amino acids).  

 
Furthermore, a FRET-labeled micelle containing the D-amino acid sequence was 

generated (M3D). Characterization of the resulting six micelles was performed by 

fluorescence spectroscopy, dynamic light scattering (DLS) and transmission electron 
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microscopy (TEM). The diameters of these spherical particles was confirmed by TEM 

and by DLS as between 15-20 nm. In addition, stabilities in the low nM range were 

measured from dilution studies of M3, whereby the critical aggregation concentration 

was determined as a loss in intensity of the FRET signal associated with dilution of the 

intact micelle (Figure 17). 

  

 

Figure 17. Critical aggregation concentration (CAC) of M3. Ratio of normalized 
emission intensity for maxima at 568 nm (rhodamine) and 512 nm (fluorescein) over a 
range of concentrations of PPA-F and PPA-R upon excitation at 470 nm. Arrow indicates 
the onset of a detectable FRET signal at approx. 20 nM. 

 
Prior to in vivo studies, initial tests of enzymatic responses were conducted in 

buffered solutions in vitro and resulting micellar morphology changes from sphere to 

micrometer-scale assemblies were examined via TEM, DLS and fluorescence 

spectroscopy (Figure 18 and 19). The key experiment involved mixing M1 and M2 

together and treating with activated MMP-9. The resulting reaction is observed over time 

indicating the formation of a new FRET active, micrometer-scale assembly as PPA-R and 
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PPA-F are cleaved and rearrange into new structures containing both dyes (Figure 18). 

 
By contrast, control experiments utilizing the M1D/M2D pair of particles showed 

they maintained their original structures as observed by TEM, DLS and via their 

unchanged spectroscopic properties in the presence of activated enzyme, as they are not 

cleaved by MMP-9. The cleaved peptide fragment was quantified by HPLC (44% 

cleavage efficiency after 24 h, Figure 20 A) and characterized by MALDI-TOF (Figure 

20 B-C).  

 

 

Figure 18. Response of fluorogenic micellar nanoparticles to MMP in buffered water. A) 
DLS of M1, M2, M1D and M2D before and after addition of MMP-9 as indicated after 24 
hrs. B) Fluorescence spectra for micellar nanoparticles treated with enzymes and 
inactivated enzymes as indicated. C) Representative TEM micrographs of M1 and M1D 
treated as shown with MMP-9.  
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Figure 19. (A-B) TEM micrographs of M2-M3 and M2D-M3D before and after addition 
of MMP-9 after 24 hrs. A) TEM images of M2-M3 and M2D-M3D before addition of 
MMP-9. 1) M2, 2) M3, 3) M2D, 4) M3D. B) TEM images of M2-M3 and M2D-M3D after 
addition of MMP-9. 1) M2, 2) M3, 3) M2D, 4) M3D. (C-D) DLS of M3 and M3D before 
(C) and after (D) addition of MMP-9 after 24 hrs. 

 

Figure 20. 140 µM of M1 (concentration with respect to peptide) and 140 µM of L-
peptide were treated with MMP-9 (100 µU) for 24 hrs. 140 µM of untreated L-peptide 
was used as the control sample. These samples were analyzed by RP-HPLC following 
inactivation of MMP-9 at 65 °C for 20 mins (A). Peak a corresponds to the intact, full 
length untreated L-peptide (control), and Peak b corresponds to the large fragment 
sequence of L-peptide cleaved by MMP-9 as confirmed by MALDI-MS (B) and Peak c 
corresponds to the fragment resulting from the cleavage of M1 as confirmed by MALDI-
MS (C). The cleavage efficiency of L-Peptide is 100% based on the disappearance of the 
peak at 29 minutes. The cleavage efficiency of M1 by MMP-9 was calculated to be 44% 
(A) based on the ratio of Peak c to Peak b. (B-C) MALDI-MS of Peptide-1 fragment (B) 
and fragment from M1 (C) cleaved by MMP-9. Mass calcd: 1103.2, Obs: 1103.3 (B) and 
1103.3 (C). 
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With these six particles in hand (M1-M3 and M1D-M3D), we aimed to determine 

if enzymatic signals within tumor tissue could be used to accumulate nanoparticles. For 

this purpose we utilized a human cancer model known to overexpress MMPs (HT-1080 

xenograft) within nude mice (Figure 21).  

 

 

Figure 21. Intravenously injected mice imaged to show the time course of accumulation 
of enzyme-responsive particles in the region of interest (tumor). A) M1 + M2 co-injected. 
B) M1D + M2D co-injected. C) M3 injected. 1) Background prior to injection. 2) t = 1 
day. 3) t = 2 days. D–F) Ex vivo organ analyses: D) Background; no injection. E) M1 + 
M2 co-injected, removed after 2 days. F) M1D + M2D co-injected, removed after 2 days. 
General conditions: Micellar nanoparticles were injected via tail vein at 40 nmoles (100 
µL volume) as a solution in PBS buffer. Red circles indicate tumor location identified 
visually and scanned. Fluorescence images are overlayed on the bright field images of the 
animals for point of reference as to tumor location. 
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Three groups of HT-1080 xenograft mice were treated via tail vein injection (40 

nmoles injected with respect to PPAs). The first group was treated with a mixture of M1 

and M2 (i.e. a M1/M2 co-injection, Figure 21 A), the second with a mixture of M1D and 

M2D (i.e. a M1D/M2D co-injection, Figure 21 B) and the third with M3 (Figure 21 C–

serving as a benchmark for the maximum signal possible from an initially FRET-active 

nanoparticle). The mice were then examined live at given time points via a scan of the 

tumor as the region of interest. The generation of new aggregates of particles within 

tumors was monitored via FRET signal development ( λex = 470 nm, λem = 590 nm). 

Unique FRET signals were observed to increase in intensity over time beginning at 1 day 

following administration of a mixture of M1 and M2 (Figure 21 A). The observed signal 

comes from micelles forming a new FRET active assembly induced by MMPs, 

observable because donor and acceptor carrying PPAs collect within the observable 

Föster distance with respect to one another. This conclusion is supported by the 

observation that this FRET signal is not seen in M1D/M2D co-injected mice (Figure 21 B). 

This negative control result is consistent with in vitro studies confirming the D-amino 

acid based particles do not react with MMPs. Finally, mice injected with M3 showed a 

similar pattern of accumulation as observed for the co-injected donor and acceptor 

particles (Figure 21 C). This final experiment serves as a positive control for the observed 

FRET signal because M3 carries both donor and acceptor dyes in its initial spherical form 

in addition to the accumulated morphology. Furthermore, having observed accumulation 

over 2 days, we conducted longer-term studies with two more groups of mice (Figure 22). 

In these studies, a FRET signal can be observed for M1/M2 co-injected mice out to a 7-

day time point compared to unobservable fluorescence in the case of M1D/M2D co-
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injected animals. 

 

 

Figure 22. Intravenously injected mice imaged to show the time course of accumulation 
of enzyme responsive particles. A) M1/M2 co-injected. B) M1D/M2D co-injected. 1) 
Background prior to injection. 2) t = 1 day. 3) t = 4 days. 4) t = 7 days. λex = 470 nm and 
λem= 590 nm. 

 
To confirm the observations made through the skin of live mice in our focused 

imaging of the tumor only, and to examine off-target accumulation events, tumors and 

selected organs (liver, spleen, heart, lung and kidney) were excised and FRET signals 

were measured (Figure 21 D-F). Ex vivo analysis reveals that M1/M2 co-injected mice 

show accumulation of materials within the tumor with significantly less detectable 



	   162 

accumulation in other organs. Indeed, we note that this does not rule out particles being 

present in these organs, simply that they are not detectable in these studies.  

 
Furthermore, in the case of M1D/M2D injected mice, some fluorescence can be 

observed in the ex vivo tumor sample, albeit at significantly reduced levels indicating the 

possibility of some low level of enzymatic action on these substrates; an observation 

consistent with other studies of D-amino acid peptide sequences in vivo.69-71 Live animal 

imaging data showing nanoparticle accumulation via rearrangement of PPAs were further 

confirmed by analysis of tissue slices collected from tumors (Figure 23). The 

accumulated structures within the tumor, resulting from M1/M2 co-injections, were 

clearly observed via FRET microscopy (excitation of fluorescein, with rhodamine 

emission observed, Figure 23A-2). This observation was further confirmed by traditional 

channel merged images showing colocalization of fluorescein and rhodamine dyes 

(Figure 23A-3). Here, we observe widespread and homogeneous colocalization of 

rhodamine and fluorescein dyes, matching data for M3 injected mice (Figure 23E). This 

serves as evidence for enzymatic cleavage occurring concomitantly with aggregation 

events causing a distribution of rearranged PPAs within the tissue as the mechanism of 

accumulation. Furthermore, only fluorescein fluorescence is observed in merged channel 

images from M1 injected mice (Figure 23C, that is, treated in the absence of M2), with 

no observable fluorescence over background from M1D/M2D coinjected mice (Figure 

23B). Furthermore, spectra analysis of tissue slices was further conducted via FluoView 

software from confocal fluorescence microscopy (Figure 24). Spectra from M1/M2 co-

injected tumor tissue slices, and M3 injected tumor tissue slices are similar (Figure 24A), 
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confirming the FRET signal resulting from excitation of fluorescein and emission by 

rhodamine. In addition, the spectrum from M1 injected animals show a major fluorescein 

peak (~520 nm, Figure 24A). The fluorescein and rhodamine channels were also 

analyzed via FluoView software by selecting 5-6 regions of interest from different tissue 

slices from the same mouse (Figure 24B). In Figure 24B, the intensity plots from M1/M2 

and M3 injected tumor tissue slice confirm the results shown in Figure 24A. In turn, the 

intensity plot from M1D/M2D is similar to the control data (non-injected mice) (Figure 

24B). 
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Figure 23. Tumor tissue slices from mice, 2 days after intravenously injection with 
micellar nanoparticles. Tissue slice from A) M1/M2 co-injected mouse. B) M1D/M2D co-
injected mouse. C) M1-injected mouse. D) Control mouse without injection. E) M3-
injected mouse. 1) Bright field image. 2) FRET microscopy image of dyes within Förster 
radius as evidence of new intratumoral aggregate; λex = 488 nm, λem = 590 nm. 3) Merged 
image showing colocalized fluorescence from fluorescein and rhodamine. Scale bar = 30 
µm. 
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Figure 24. Fluorescence analysis of tumor tissue slices from M3-injected mouse. (A) 
Emission wavelength scan: 500 nm - 640 nm, λex = 488 nm. Step size 5 nm, bandwidth 
10 nm. (B) Quantified fluorescein and rhodamine intensity plots excited at 488 nm from 
tissue slice data shown in Figures 23. 

 
 The in vivo studies described above analyze the ability of particles to target by 

virtue of an enzyme-directed switch and accumulation mechanism. Our next efforts 

sought to determine if this targeting mechanism also resulted in relatively slow clearance 

rates of the materials from the tumor as a proof-of-concept study. To examine this, we 

required an intratumoral injection of FRET-active micellar nanoparticles, M3 and M3D. 

Intratumoral injections were required because we desired a starting reservoir of cleavable 

(M3) or non-cleavable particles (M3D) present in the tumor from the starting time point 

to visualize clearance. Therefore, two groups of HT-1080 xenograft nude mice were 

subjected to intratumoral-injection of M3 or M3D (Figure 25). The mice were scanned at 

various time points; immediately post-injection, 1 h, 1 day, 7 days, and 8 days (Figure 

25). These scans were performed via excitation at 470 nm and monitored for emission at 
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590 nm to detect the FRET signal inherent to M3 and M3D. The FRET signal is clearly 

observed immediately post-injection for both groups of mice (Figure 25 A-2, 23 B-2). 

However, after 1 h the D-amino acid containing control particles (M3D) clear from the 

tissue (Figure 25 B-3) and are only detectable as a signal in the liver via ex vivo analysis 

after 8 days (Figure 25 B-7). This is in contrast to M3, with observable fluorescence over 

the entire 8 day period (Figure 25 A). These data are consistent with enzyme-driven 

accumulation and retention of the materials within the tumor tissue, together with 

undetectable levels in excised organs, as observed for tail vein injections (Figure 21). We 

note that tumors injected with M3 showed no visible signs of change relative to any of 

the control animals. 

 
 We have demonstrated the general principle of utilizing endogenous, enzymatic 

signals to guide and control the accumulation properties of nanoparticles in vivo. 

Critically, the mechanism of accumulation is supported by M1/M2 co-injection data 

showing a tissue specific FRET signal. Furthermore, D-amino acid based peptide labeled 

micelles show exceptionally limited accumulation, implying that the EPR effect is not 

sufficient to provide passive targeting of these particles. We note that the particles show 

no observable toxicity with respect to the tumor tissue as evidenced by no change in 

tumor growth over the 7-8 day observed time periods for any of the tumor bearing 

animals (Figure 21 and Figure 25). Furthermore, liver and kidney appear normal after 8 

days following injection of both control (D-amino acid) and enzyme-responsive 

nanoparticle probes (Figure 26). 
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Figure 25. Intratumoral injection to determine relative levels of retention of 
enzymeresponsive nanoparticles vs. control particles with HT-1080 tumors. A) M3 
injected. B) M3D injected. 1) Background prior to injection. 2) Immediately postinjection. 
3) 1 h postinjection. 4) 1 day post-injection. 5) 7 days post-injection. 6) 8 days post-
injection.7) Ex vivo organ analysis; 8 days post-injection. General conditions: Micellar 
nanoparticles were intratumoral injection at 0.0284 nmol/mm3 tumor size. Red circles 
indicate tumor location identified visually and scanned as the region of interest. 
Fluorescence images are overlayed on the bright field images of the animals for point of 
reference as to tumor location. 

 
The key to implementing such an enzyme directed strategy is the ability to 

program particles to respond to given patterns of enzyme expression associated with the 

tissue of interest. This concept has been demonstrated here in the context of enzyme-

driven changes resulting in accumulation of micellar nanoparticles. These types of 

systems constitute autonomous, injectable materials capable of pre-programmed 

responses to selective signals in complex biological milieu. Work is underway in our 

laboratories to determine the efficacy of this approach in the context of the delivery of 

therapeutics and other diagnostic probes. For example, next generation materials would 

include ones labeled with near infrared dyes to enable deep tissue, whole-animal imaging 
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of live, orthotopic mouse models. 

 

 

Figure 26. Representative images from liver and kidney tissue slices. Livers and kidneys 
were collected from M3 (A) and M3D (B) injected mice. Histological sections were 
stained with haematoxylin and eosin. Scale bar = 100 µm. 
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3.2.3 Experimental Section for Chapter 3.2 

 

Peptide Synthesis 

 

Preparation of L-amino acid and D-amino acid Peptide substrates 

Peptides were synthesized via standard Fmoc-based solid phase peptide synthesis. 

Peptides were synthesized on a Fmoc-PAL-PEG-PS resin via an AAPPTec synthesizer. 

In brief, Fmoc deprotection was performed with 20 % 4-Methylpiperidine in DMF. 

Amino acid couplings were carried out using HATU and DIPEA (resin/amino 

acid/HATU/DIPEA 1:3:3:4). The final peptide was cleaved from the resin by treatment 

with trifluoracetic acid (TFA) and ethanedithiol (EDT) (TFA/EDT/DCM 90:3:7) for 2 hr. 

The peptides were then precipitated with cold ether followed by centrifugation at 3000 

rpm for 15 min. The precipitated peptide product was then evaporated in vacuo to give an 

off white solid. 

L-amino acid peptide substrate sequence: Gly-Pro-Leu-Gly-Leu-Ala-Gly-Gly-Trp-Gly-

Glu-Arg- Asp-Gly-Ser. HPLC (22-28% Buffer B, retention time = 10 min). MALDI-MS: 

Mass calcd (M+H): 1427.5; Mass obs: 1427.2. 

D-amino acid peptide substrate sequence: Gly-Pro-Leu-Gly-Leu-Ala-Gly-Gly-Trp-Gly-

Glu-Arg-Asp-Gly-Ser. The underlined, bold sequence consists of D-amino acids. HPLC 

(22-28%, Buffer B, retention time = 10 min). MALDI-MS: Mass calcd (M+H): 1427.5; 

Mass obs: 1427.3. 

 
Polymer synthesis  
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Backbone Copolymer (121-b-28-Dye) – Proceeds as shown in the Figure 15: 

To a stirred solution of 1 (300 mg, 1.183 mmol) in dry DMF (1.5 mL) was added 

a solution of the catalyst ((IMesH2)(C5H5N)2(Cl)2Ru=CHPh) (43 mg, 0.059 mmol) in dry 

DMF (1 mL). The reaction was left to stir under nitrogen for 45 min, after which an 

aliquot was removed and quenched with ethyl vinyl ether. After 30 min the quenched 

polymer was dried under high vacuum to give the homopolymer of 1 as a solid. To the 

remaining reaction mixture, a solution of 2 (167.5 mg, 0.710 mmol), in dry DMF (1 mL) 

was added immediately following aliquot removal. The mixture was left to stir under 

nitrogen for 45 min, after which an aliquot was removed and quenched with ethyl vinyl 

ether. After 30 min the polymer was precipitated by addition to cold MeOH to give the 

block copolymer as an off-white solid. The remaining bulk reaction mixture was split into 

two portions and a solution of 3 (48.9 mg, 0.035 mmol for Dye1 termination agent or 

40.8 mg, 0.035 mmole for Dye2 termination agent) in dry DMF (1.2 mL) was added. The 

mixtures were left to stir under nitrogen for 2 hrs then ethyl vinyl ether (0.120 ml) was 

added to quench the catalyst. After 15 min the solutions were precipitated by addition to 

cold ether to give the two copolymers as off-white solids. Homopolymer of 1: Mn = 5415, 

Mw/Mn = 1.034, 1 = 21. Copolymer of 1-b-2: Mn = 7461, Mw/Mn = 1.023, 2 = 8. 

 
Representative synthesis of Peptide-Polymer Amphiphile (PPA) 

 

Synthesis of PPA-F and PPA-R 

1.2 µmol of 121-b-28-Dye was dissolved in 1 mL of 4:1 DMF:DMSO, followed 
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by addition of 4 equiv. of N,N-Diisopropylethylamine (DIPEA) and 1 equiv. of peptide. 

The reaction was stirred at room temperature for 18 hrs, then precipitated by addition of 

cold methanol (1 mL) to obtain the peptide conjugate of the 121-b-28-Dye systems. For 

121-b-28-Dye1, 200 µL of NH4OH was added for 35 min stirring at room temperature to 

remove the protecting groups on the fluorescein followed by evaporative removal of 

NH4OH and precipitation by addition of cold methanol (1 mL). The precipitate was 

separated from the supernatant by centrifugation at 13,000 rpm for 3 min. The 

precipitated product was then dried and aliquoted into 0.2 mL DMF for generation of 

PPA-F and PPA-R (Dye1 or Dye2 terminated polymers of 121-b-28). dn/dc for the 

peptidepolymer conjugates is 0.179. The scheme above shows the representative SEC-

MALS data of polymers prior and post L-peptide conjugation. This same procedure was 

followed for D-amino acid analogues. 

 
Spherical Micelle Formation 

 

Peptide-polymer amphiphiles (PPA-F and -R; 15 mg, 1.36 µmol) were dissolved 

separately to generate M1 and M2, each in 200 µL of DMSO followed by addition of 300 

µL of phosphate buffered saline (PBS; KCl, 2.67 mM; KH2PO4, 1.47 mM; NaCl, 137.93 

mM, Na2HPO4�7H2O, 8.06 mM, pH 7.4). This solution was then transferred to 3,500 

MWCO SnakeSkin dialysis tubing and left for 2 days. The buffer was changed once per 

day. M3 micelles were prepared by combining both PPA-F and – R (7.5 mg, 0.68 µmol) 

and then treated as described above for M1 and M2. M1D, M2D and M3D were prepared 

as described above for M1, M2 and M3. 
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Critical Aggregation Concentration Determination 

 

Critical aggregation concentration measurement was carried out using M3 micelle 

which blends PPA-F and PPA-R to form a mixed dye micelle with fluorescent properties 

indicative of a FRET pair within the Förster radius as evidenced by rhodamine 

fluorescence observable at 568 nm.84 At PPA concentrations above 0.5 µM we found that 

the ratio of the intensities of each peak maximum (I568/I512) is constant. However, upon 

dilution of M3 over the range from 1 µM to 3.2 nM, a greater decrease in intensity of the 

peak at 568 nm (rhodamine) compared to 512 nm (fluorescein) is observed. Therefore, a 

CAC of 20 nM is assigned for M3 as the concentration at which the onset of a detectable 

FRET signal is observed (Figure 17). 

 
TEM and DLS characterization 

 

M1-M3 and M1D-M3D micelles were prepared as described above. DLS and 

fluorescence data for M1 or M2 and M1D or M2D, before and after treatment with MMP-

9 are shown in Figure 18, panels A and B. Figure 18, panel C, show TEM micrographs 

comparing M1 and M1D micelles before and after addition of MMP-9. 

Figure 19, panels A and B show TEM images of M2 or M3 and M2D or M3D before and 

after addition of MMP-9. Figure 19, plots C and D show DLS data of M3 and M3D 

before and after addition of enzymes. General conditions: Micellar nanoparticles (1 µM, 
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with respect to PPA concentration), MMP-9 (10 nM), PBS buffer (PBS; KCl, 2.67 mM; 

KH2PO4, 1.47 mM; NaCl, 137.93 mM, Na2HPO4�7H2O, 8.06 mM, pH 7.4). 

 
Animals and Optical imaging 

 

MMP overexpressing HT-1080 xenograft nude mice models were utilized in this 

study. Mice were inoculated with 106 HT-1080 cells, and studies were carried out once 

the tumors reached approx. 150 mm3 in size. All animal procedures were approved by 

University of California, San Diego’s institutional animal care and use committee. For 

optical imaging, animals were anesthetized with isofluorane with an induction dose of 

3% and a maintenance dose of 1.5% in an oxygen gas stream. 40 nmols of nanoparticles 

were injected intravenously into the mice, which were imaged at given time points using 

a GE Art Optix instrument (λex= 470 nm and λem= 590 nm). Animals were sacrificed after 

the experiment and organs and tumor were harvested and frozen for tissue slice 

preparation and analysis.  

 
Tumor tissue slice preparation and imaging 

 

Tumor tissue was removed and rinsed with PBS (pH 7.4) followed with freezing 

with dry ice in OCT. The tumor tissue was then sectioned with a cryostat at 5 µm 

thickness. The tissue slices were then mounted with a drop of FluoromountTM aqueous 

mounting medium (Sigma) then covered with cover slips followed by sealing with nail 
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polish and then examination with an Olympus FluoViewTM FV1000 confocal 

microscope. 

 
Intratumorally injected study 

 

HT-1080 xenograft nude mice were intratumorally injected with M3 or M3D 

micelles. The tumor was approximately 150-200 mm3 in volume, and 0.0284 nmol/mm3 

of micelles were injected into two groups of mice (three in each group), respectively. The 

mice were scanned at different time points; immediately post-injection, 1 hr, 2 hr, 1 day, 

4 days, 7 days and 8 days. λex = 470 nm, λem = 590 nm. 

 
In vivo Toxicity 

 

To examine in vivo toxicity, histological sections of liver and kidney were 

examined for evidence of inflammation or other changes from normal. Eight days after 

intra-tumoral injection, the liver and kidneys were removed from the M3 and M3D 

injected mice, and frozen using cryoprotection, sectioned in a cooled cryostat at 5 µm 

thickness and stained with haematoxylin and eosin. There was no evidence of 

inflammation or changes other than normal morphology noted as shown in Figure 26. 

Hence we conclude that the injected particles are nontoxic to these organs for up to eight 

days after injection and under these experimental conditions. 
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3.3 Development of morphologically programmable peptide-polymeric 

nanoparticles for myocardial infarct (MI) targeting with scaffold formation 

in situ of MI tissues 

3.3.1 Introduction 

 

Each year approximately three quarters of a million Americans will have a new 

MI, and approximately half a million will have a recurrent MI. Approximately 37% of 

these patients will die from the MI within one year, and of those who do survive, two-

thirds do not make a complete recovery, leading to an extremely large patient population 

that progresses to heart failure. No current therapies exist that directly address the 

negative left ventricular (LV) remodeling process that occurs post-MI and results in heart 

failure. These staggering statistics necessitate the development of new innovative 

therapies for MI, not only for the United States, but for the growing numbers of patients 

worldwide. Our collaborator, Professor Christman, first showed86,87 what has since 

become widely established, that delivery of a biomaterial via direct (or catheter) injection 

into the heart can prevent or slow the process of negative LV remodeling, thereby 

improving cardiac function.86,87 While there is much excitement about this avenue of 

potential therapy, currently materials are inherently limited by the fact that they must be 

delivered directly into the heart, either through direct injection with a syringe through an 

invasive surgical procedure or through injection via a minimally invasive catheter-based 

approach. This constraint is highly limiting since currently no injections can be 

performed until approximately one week post-MI since the ventricular wall has a 

significant risk of rupture during this time due to upregulated matrix metalloproteinases 
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(MMPs) that are degrading the extracellular matrix framework. Therefore, negative LV 

remodeling begins to progress and the heart undergoes further damage for one week prior 

to therapy. We hypothesized that, if a material could be delivered to a patient’s heart 

within the first day post-MI, this could prevent significant damage to the heart by 

immediately stabilizing the extracellular matrix framework, and then promoting cell 

infiltration to alter the typical infarct process. 

 
Therefore, we propose a scenario described here: an MI patient receives 

revascularization, and then later that day or the next day, rather than going home with the 

knowledge they will likely die of heart failure, they receive a simple intravenous (IV) 

injection, which will prevent heart failure and significantly improve their quality of life. 

This injection will contain an innovative autonomously assembling material scaffold that 

will target the infarct area, stabilize the extracellular matrix framework, and then degrade 

to promote cell infiltration, thereby altering the typical negative left ventricular (LV) 

remodeling process and preventing heart failure. This is an unprecedented approach to 

treating MI, which will have potential impact to facilitate critical early therapy that is 

currently not achievable. 

 
3.3.2 Development of injectable nanoparticles for MI model rat  

 

 We have developed the first known examples of autonomously assembling 

nanoparticles,1,53,84 which are programmed to undergo well-defined and predictable 
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changes in their overall structure in response to enzymes, including MMPs. This system 

is the same one as described in Chapter 3.2. Their ability to undergo programmed 

morphology switches makes these materials unique and exciting as new and 

unprecedented platforms for cutting edge therapies requiring in situ assembly of synthetic 

materials in vivo. MMPs have been shown to be upregulated within as early as 2 hours 

post-MI,88 and therefore present a novel targeting mechanism to drive assembly of these 

unique materials in infarcted tissue.88 

 
Specifically our plan is to develop self-assembling materials programmed to form 

a healing scaffold in damaged heart tissue immediately following MI. The materials are 

designed to be injected intravenously rather than directly into heart tissue as described 

above. They will circulate, and assemble into the healing scaffold in response to 

inflammatory enzymes present in damaged heart tissue (matrix metalloproteinases). This 

scaffold will have significantly slowed tissue clearance times relative to nanoparticles 

circulating in the blood stream. The particles will be specially labeled for detection in 

vivo and in ex vivo analyses by fluorescence and/or MRI, to enable us to monitor their 

assembly, accumulation and clearance through degradation with time. Therefore, we aim 

to use the body’s natural inflammatory response to guide our materials to their target to 

begin the rapid and early healing process post-MI. This key innovation will enable early 

treatment, not currently possible with materials that must be directly injected into the 

heart requiring week-long delays between MI and injection. The proposed intravenous 

route will avoid this issue entirely. This is a potential game changing technology with the 

overall objective of assisting in the rapid and efficient repair of damaged heart tissue. The 
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overall approach to assembling nanomaterial scaffolds specifically in heart tissue post-MI 

is summarized in the cartoon shown in Figure 27. Nanoparticles capable of undergoing 

enzyme-directed assembly, disassembly, or morphology switches are of interest as 

substrates in enzyme detection and directed assembly because unlike small molecules 

such as fluorogenic oligopeptides or simple amino acid building blocks, they offer the 

possibility of assembling into larger, more complex scaffolds of significant bulk. 

 

 

Figure 27. As demonstrated in preliminary studies, appropriately designed peptide-
polymeric nanoparticles will form scaffold architectures in response to MMP enzymes. 
We propose that this will occur in tissues overexpressing these enzymes, allowing the 
formation of healing materials in heart tissue post-MI. Through appropriate particle 
design, we can detect the assembly of the scaffold materials allowing us to monitor the 
process easily in the studies. 

 
In addition, they are uniquely capable of carrying small molecules in their interior, 

which may be desirable in future manifestations of the proposed systems. Furthermore, 

for our purposes, we require a material that can be detected as it assembles specifically in 
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the heart tissue. Indeed, in its simplest form, enzyme-directed changes in nanoscale 

structure itself could constitute signaling events of enzyme activity. Such responses can 

certainly be detectable in vitro based on routine morphology analyses via methods 

including electron microscopy and light scattering. However, it occurred to us that such 

changes in nanoscale architecture would be more easily detectable in more challenging 

settings (e.g., biological fluids) if the action of the enzyme resulted in spectrophotometric 

signals unique to the assembly. To accomplish this, we utilized the same particles (M1-

M3) prepared and described in Chapter 3.2. 

 
Before we perform the IV injection, we propose to perform a study in order to 

understand the kinetics of clearance rate of micrometer-scale assemblies from heart tissue. 

Therefore, this study was conducted by two different groups of rats. These two groups of 

rats were injected with 2 nmol of M3 and M3D nanoparticles pretreated with 100 nM 

MMP-9 respectively into heart tissue and at time equals 1 min, 1 hr, 1 day, 2 days, and 7 

days, one rat from each group was sacrificed and hearts were harvested followed by 

sectioning for fluorescence microscopy analysis (Figure 28). From this study, MMP-9 

pretreated M3 nanoparticles were retained in heart tissue up to 7 days, while MMP-9 

pretreated M3D nanoparticles were cleared out after an hour post-injection. We note that 

M3 nanoparticles pretreated with MMP-9 formed an aggregated state before animal 

injection but not M3D nanoparticles, which maintain the spherical morphology. This 

promising result indicates that micrometer-scale assemblies will potentially retain in situ 

of MI tissues once they form an aggregated morphology state upon activation by MI-

upregulated MMPs. 
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Figure 28. Fluorescence microscopy of sectioned heart tissue from injection of 2 nmol 
M3 and M3D nanoparticles. One rat from MMP-9 pretreated M3- and M3D- injected 
groups was sacrificed respectively at time equals 1 min, 1 hr, 1 day and 7 days and hearts 
were sectioned for fluorescence microscopy analysis. The images shown here are the 
merged images of fluorescein and rhodamine channels. 

 
3.3.3 Future studies and perspectives 

 

 The next study to be preformed before intravenous injection is to directly inject 

M3 or M3D nanoparticles without pretreatment with MMP-9 into MI model rats. This 

will allow us to see if nanoparticles can form assemblies in situ of MI regions upon 

induction by MI-upregulated MMPs. If the nanoparticles form network aggregates in situ 

of MI regions in this study, we will have a promising expectation as to what we expect to 

see in the proposed intravenous injections, We anticipate that upon intravenous injection, 

these nanoparticles will circulate, and assemble into the healing scaffold in response to 
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MMPs present in damaged heart tissue. As such, this strategy has the potential to change 

the way we treat MI patients to prevent further heart failure, where current treatment 

strategies fail to offer hope for immediate preventative care. 

 
Chapter 3.1, is a modified version from the material in JACS, 2011. Ku T.H.*, 

Chien M.P.*, Thompson M.P., Sinkovits R.S., Olson N.H., Baker T.S. and Gianneschi 

N.C. The thesis author and Ku. T.H. were the primary investigators and joint first authors 

of this paper. 

 
Chapter 3.2, is a modified version from the material in Adv. Mater., 2013. Chien 

M.P., Thompson M.P., Ku T.H., Barback C. and Gianneschi N. C. 

 

 

 

 

 

 

 

 

 

 

 



	   182 

3.4 References 

 

1 Ku, T.-H. et al. Controlling and Switching the Morphology of Micellar 
Nanoparticles with Enzymes. Journal of the American Chemical Society 133, 
8392-8395, doi:10.1021/ja2004736 (2011). 

 
2 Alarcon, C. d. l. H., Pennadam, S. & Alexander, C. Stimuli Responsive Polymers 

for Biomedical Applications. Chemical Society Reviews 34, 276-285, 
doi:10.1039/b406727d (2005). 

 
3 Gothelf, K. V. & LaBean, T. H. DNA-programmed assembly of nanostructures. 

Organic & Biomolecular Chemistry 3, 4023-4037, doi:10.1039/B510551J (2005). 
 
4 Hawker, C. J. & Wooley, K. L. The Convergence of Synthetic Organic and 

Polymer Chemistries. Science 309, 1200-1205, doi:10.1126/science.1109778 
(2005). 

 
5 Mastrobattista, E., van der Aa, M. A. E. M., Hennink, W. E. & Crommelin, D. J. 

A. Artificial viruses: a nanotechnological approach to gene delivery. Nat Rev 
Drug Discov 5, 115-121 (2006). 

 
6 Nayak, S. & Lyon, L. A. Weiche Nanotechnologie mit weichen Nanopartikeln. 

Angewandte Chemie 117, 7862-7886, doi:10.1002/ange.200501321 (2005). 
 
7 Engvall, E. & Perlmann, P. Enzyme-linked immunosorbent assay (ELISA). 

Quantitative assay of immunoglobulin G. Immunochemistry 8, 871-874 (1971). 
 
8 Saiki, R. et al. Enzymatic amplification of beta-globin genomic sequences and 

restriction site analysis for diagnosis of sickle cell anemia. Science 230, 1350-
1354, doi:10.1126/science.2999980 (1985). 

 
9 Zhu, L. & Anslyn, E. V. Signal amplification by allosteric catalysis. Angewandte 

Chemie, International Edition 45, 1190-1196 (2006). 
 
10 Kessenbrock, K., Plaks, V. & Werb, Z. Matrix Metalloproteinases: Regulators of 

the Tumor Microenvironment. Cell 141, 52-67 (2010). 
 
11 Liotta, L. A. et al. Metastatic potential correlates with enzymatic degradation of 

basement membrane collagen. Nature 284, 67-68 (1980). 
 
12 Sawyers, C. L. The cancer biomarker problem. Nature 452, 548-552 (2008). 
 



	   183 

13 Vartak, D. G. & Gemeinhart, R. A. Matrix metalloproteases: Underutilized targets 
for drug delivery. Journal of Drug Targeting 15, 1-20, 
doi:10.1080/10611860600968967 (2007). 

 
14 Discher, B. M. et al. Polymersomes: Tough Vesicles Made from Diblock 

Copolymers. Science 284, 1143-1146, doi:10.1126/science.284.5417.1143 (1999). 
 
15 Israelachvili, J. N., Mitchell, D. J. & Ninham, B. W. Theory of self-assembly of 

hydrocarbon amphiphiles into micelles and bilayers. Journal of the Chemical 
Society, Faraday Transactions 2: Molecular and Chemical Physics 72, 1525-
1568, doi:10.1039/f29767201525 (1976). 

 
16 Jain, S. & Bates, F. S. On the Origins of Morphological Complexity in Block 

Copolymer Surfactants. Science 300, 460-464, doi:10.1126/science.1082193 
(2003). 

 
17 Smart, T. et al. Block copolymer nanostructures. Nano Today 3, 38-46, 

doi:http://dx.doi.org/10.1016/S1748-0132(08)70043-4 (2008). 
 
18 Tanford, C. The Hydrophobic Effect: Formation of Micelles and Biological 

Membranes, 2nd ed.,  (John Wiley & Sons, Inc., 1980). 
 
19 Bendejacq, D. D., Ponsinet, V. & Joanicot, M. Chemically Tuned Amphiphilic 

Diblock Copolymers Dispersed in Water:   From Colloids to Soluble 
Macromolecules. Langmuir 21, 1712-1718, doi:10.1021/la048983r (2005). 

 
20 Chien, M.-P., Rush, A. M., Thompson, M. P. & Gianneschi, N. C. Programmable 

Shape-Shifting Micelles. Angewandte Chemie International Edition 49, 5076-
5080, doi:10.1002/anie.201000265 (2010). 

 
21 Ishihara, Y., Bazzi, H., Toader, V., Godin, F. & Sleiman, H. Molecule-

Responsive Block Copolymer Micelles. Chemistry – A European Journal 13, 
4560-4570, doi:10.1002/chem.200601423 (2007). 

 
22 Lee, H.-i. et al. Light-Induced Reversible Formation of Polymeric Micelles. 

Angewandte Chemie International Edition 46, 2453-2457, 
doi:10.1002/anie.200604278 (2007). 

 
23 Sundararaman, A., Stephan, T. & Grubbs, R. B. Reversible Restructuring of 

Aqueous Block Copolymer Assemblies through Stimulus-Induced Changes in 
Amphiphilicity. Journal of the American Chemical Society 130, 12264-12265, 
doi:10.1021/ja8052688 (2008). 

 



	   184 

24 Zhang, L., Yu, K. & Eisenberg, A. Ion-induced morphological changes in "crew-
cut" aggregates of amphiphilic block copolymers. Science (Washington, D. C.) 
272, 1777-1779 (1996). 

 
25 Amir, R. J., Zhong, S., Pochan, D. J. & Hawker, C. J. Enzymatically Triggered 

Self-Assembly of Block Copolymers. Journal of the American Chemical Society 
131, 13949-13951, doi:10.1021/ja9060917 (2009). 

 
26 Azagarsamy, M. A., Sokkalingam, P. & Thayumanavan, S. Enzyme-Triggered 

Disassembly of Dendrimer-Based Amphiphilic Nanocontainers. Journal of the 
American Chemical Society 131, 14184-14185, doi:10.1021/ja906162u (2009). 

 
27 Wang, Y., Xu, H. & Zhang, X. Tuning the Amphiphilicity of Building Blocks: 

Controlled Self-Assembly and Disassembly for Functional Supramolecular 
Materials. Advanced Materials 21, 2849-2864, doi:10.1002/adma.200803276 
(2009). 

 
28 Ulijn, R. V. Enzyme-responsive materials: a new class of smart biomaterials. 

Journal of Materials Chemistry 16, 2217-2225, doi:10.1039/b601776m (2006). 
 
29 Chécot, F., Lecommandoux, S., Gnanou, Y. & Klok, H.-A. Water-Soluble 

Stimuli-Responsive Vesicles from Peptide-Based Diblock Copolymers. 
Angewandte Chemie International Edition 41, 1339-1343, doi:10.1002/1521-
3773(20020415)41:8<1339::aid-anie1339>3.0.co;2-n (2002). 

 
30 Dirks, A. J., Nolte, R. J. M. & Cornelissen, J. J. L. M. Protein–Polymer Hybrid 

Amphiphiles. Advanced Materials 20, 3953-3957, doi:10.1002/adma.200801383 
(2008). 

 
31 Hartgerink, J. D., Beniash, E. & Stupp, S. I. Self-Assembly and Mineralization of 

Peptide-Amphiphile Nanofibers. Science 294, 1684-1688, 
doi:10.1126/science.1063187 (2001). 

 
32 Lowik, D. W. P. M. & van Hest, J. C. M. Peptide based amphiphiles. Chemical 

Society Reviews 33, 234-245, doi:10.1039/b212638a (2004). 
 
33 Velonia, K., Rowan, A. E. & Nolte, R. J. M. Lipase Polystyrene Giant 

Amphiphiles. Journal of the American Chemical Society 124, 4224-4225, 
doi:10.1021/ja017809b (2002). 

 
34 Versluis, F., Marsden, H. R. & Kros, A. Power struggles in peptide-amphiphile 

nanostructures. Chemical Society Reviews 39, 3434-3444, doi:10.1039/b919446k 
(2010). 

 



	   185 

35 Kellermann, M. et al. The First Account of a Structurally Persistent Micelle. 
Angewandte Chemie International Edition 43, 2959-2962, 
doi:10.1002/anie.200353510 (2004). 

 
36 Schade, B., Ludwig, K., Böttcher, C., Hartnagel, U. & Hirsch, A. Supramolecular 

Structure of 5-nm Spherical Micelles with D3 Symmetry Assembled from 
Amphiphilic [3:3]-Hexakis Adducts of C60. Angewandte Chemie International 
Edition 46, 4393-4396, doi:10.1002/anie.200604784 (2007). 

 
37 Maller, J. L., Kemp, B. E. & Krebs, E. G. In vivo phosphorylation of a synthetic 

peptide substrate of cyclic AMP-dependent protein kinase. Proceedings of the 
National Academy of Sciences 75, 248-251 (1978). 

 
38 Wera, S. & Hemmings, B. A. Serine/threonine protein phosphatases. Biochem. J. 

311, 17-29 (1995). 
 
39 Nagarajan, R. Molecular Packing Parameter and Surfactant Self-Assembly:   The 

Neglected Role of the Surfactant Tail†. Langmuir 18, 31-38, 
doi:10.1021/la010831y (2001). 

 
40 Smith, D., Pentzer, E. B. & Nguyen, S. T. Bioactive and Therapeutic ROMP 

Polymers. Polymer Reviews 47, 419-459, doi:10.1080/15583720701455186 
(2007). 

 
41 Li, Y., Akiba, I., Harrisson, S. & Wooley, K. L. Facile Formation of Uniform 

Shell-Crosslinked Nanoparticles with Built-in Functionalities from N-
Hydroxysuccinimide-Activated Amphiphilic Block Copolymers. Advanced 
Functional Materials 18, 551-559, doi:10.1002/adfm.200700532 (2008). 

 
42 Pontrello, J. K., Allen, M. J., Underbakke, E. S. & Kiessling, L. L. Solid-Phase 

Synthesis of Polymers Using the Ring-Opening Metathesis Polymerization. 
Journal of the American Chemical Society 127, 14536-14537, 
doi:10.1021/ja053931p (2005). 

 
43 Yan, X., Sinkovits, R. S. & Baker, T. S. AUTO3DEM—an automated and high 

throughput program for image reconstruction of icosahedral particles. Journal of 
Structural Biology 157, 73-82, doi:http://dx.doi.org/10.1016/j.jsb.2006.08.007 
(2007). 

 
44 Yoshii, N. & Okazaki, S. A molecular dynamics study of structural stability of 

spherical SDS micelle as a function of its size. Chemical Physics Letters 425, 58-
61, doi:http://dx.doi.org/10.1016/j.cplett.2006.05.004 (2006). 

 
45 Signarvic, R. S. & DeGrado, W. F. De Novo Design of a Molecular Switch: 

Phosphorylation-dependent Association of Designed Peptides. Journal of 



	   186 

Molecular Biology 334, 1-12, doi:http://dx.doi.org/10.1016/j.jmb.2003.09.041 
(2003). 

 
46 van Hest, J. C. M. & Tirrell, D. A. Protein-based materials, toward a new level of 

structural control. Chemical Communications 0, 1897-1904, 
doi:10.1039/b105185g (2001). 

 
47 Zelzer, M. & Ulijn, R. V. Next-generation peptide nanomaterials: molecular 

networks, interfaces and supramolecular functionality. Chemical Society Reviews 
39, 3351-3357, doi:10.1039/c0cs00035c (2010). 

 
48 Winfree, E., Liu, F., Wenzler, L. A. & Seeman, N. C. Design and self-assembly of 

two-dimensional DNA crystals. Nature 394, 539-544, 
doi:http://www.nature.com/nature/journal/v394/n6693/suppinfo/394539a0_S1.ht
ml (1998). 

 
49 Langer, R. & Tirrell, D. A. Designing materials for biology and medicine. Nature 

428, 487-492, 
doi:http://www.nature.com/nature/journal/v428/n6982/suppinfo/nature02388_S1.
html (2004). 

 
50 Baker, T. S., Olson, N. H. & Fuller, S. D. Adding the Third Dimension to Virus 

Life Cycles: Three-Dimensional Reconstruction of Icosahedral Viruses from 
Cryo-Electron Micrographs. Microbiology and Molecular Biology Reviews 63, 
862-922 (1999). 

 
51 Yan, X., Dryden, K. A., Tang, J. & Baker, T. S. Ab initio random model method 

facilitates 3D reconstruction of icosahedral particles. Journal of Structural 
Biology 157, 211-225, doi:http://dx.doi.org/10.1016/j.jsb.2006.07.013 (2007). 

 
52 Zhang, X., Walker, S. B., Chipman, P. R., Nibert, M. L. & Baker, T. S. Reovirus 

polymerase [lambda]3 localized by cryo-electron microscopy of virions at a 
resolution of 7.6 A. Nat Struct Mol Biol 10, 1011-1018, 
doi:http://www.nature.com/nsmb/journal/v10/n12/suppinfo/nsb1009_S1.html 
(2003). 

 
53 Chien, M.-P. et al. Enzyme-Directed Assembly of a Nanoparticle Probe in Tumor 

Tissue. Advanced Materials 25, 3599-3604, doi:10.1002/adma.201300823 (2013). 
 
54 Hubbell, J. A. & Chilkoti, A. Nanomaterials for Drug Delivery. Science 337, 303-

305, doi:10.1126/science.1219657 (2012). 
 
55 Merkel, T. J. et al. Using mechanobiological mimicry of red blood cells to extend 

circulation times of hydrogel microparticles. Proceedings of the National 
Academy of Sciences, doi:10.1073/pnas.1010013108 (2011). 



	   187 

 
56 Champion, J. A. & Mitragotri, S. Role of target geometry in phagocytosis. 

Proceedings of the National Academy of Sciences of the United States of America 
103, 4930-4934, doi:10.1073/pnas.0600997103 (2006). 

 
57 Geng, Y. et al. Shape effects of filaments versus spherical particles in flow and 

drug delivery. Nat Nano 2, 249-255, 
doi:http://www.nature.com/nnano/journal/v2/n4/suppinfo/nnano.2007.70_S1.html 
(2007). 

 
58 Peer, D. et al. Nanocarriers as an emerging platform for cancer therapy. Nat Nano 

2, 751-760 (2007). 
 
59 Matsumura, Y. & Maeda, H. A New Concept for Macromolecular Therapeutics in 

Cancer Chemotherapy: Mechanism of Tumoritropic Accumulation of Proteins 
and the Antitumor Agent Smancs. Cancer Research 46, 6387-6392 (1986). 

 
60 Torchilin, V. P. Drug targeting. European Journal of Pharmaceutical Sciences 11, 

Supplement 2, S81-S91, doi:http://dx.doi.org/10.1016/S0928-0987(00)00166-4 
(2000). 

 
61 Farokhzad, O. C. et al. Targeted nanoparticle-aptamer bioconjugates for cancer 

chemotherapy in vivo. Proc. Natl. Acad. Sci. U. S. A. 103, 6315-6320 (2006). 
 
62 Hilgenbrink, A. R. & Low, P. S. Folate receptor-mediated drug targeting: From 

therapeutics to diagnostics. Journal of Pharmaceutical Sciences 94, 2135-2146, 
doi:10.1002/jps.20457 (2005). 

 
63 Pan, D., Turner, J. L. & Wooley, K. L. Folic acid-conjugated nanostructured 

materials designed for cancer cell targeting. Chemical Communications 0, 2400-
2401, doi:10.1039/b307878g (2003). 

 
64 Fomina, N., McFearin, C., Sermsakdi, M., Edigin, O. & Almutairi, A. UV and 

Near-IR Triggered Release from Polymeric Nanoparticles. Journal of the 
American Chemical Society 132, 9540-9542, doi:10.1021/ja102595j (2010). 

 
65 Hasan, W. et al. Tailoring the Structure of Nanopyramids for Optimal Heat 

Generation. Nano Letters 9, 1555-1558, doi:10.1021/nl803647n (2009). 
 
66 Singh, N. et al. Bioresponsive Mesoporous Silica Nanoparticles for Triggered 

Drug Release. Journal of the American Chemical Society 133, 19582-19585, 
doi:10.1021/ja206998x (2011). 

 
67 Du, J. & O'Reilly, R. K. Advances and challenges in smart and functional 

polymer vesicles. Soft Matter 5, 3544-3561, doi:10.1039/b905635a (2009). 



	   188 

 
68 Gillies, E. R. & Fréchet, J. M. J. pH-Responsive Copolymer Assemblies for 

Controlled Release of Doxorubicin. Bioconjugate Chemistry 16, 361-368, 
doi:10.1021/bc049851c (2005). 

 
69 Dreher, M. R. et al. Temperature Triggered Self-Assembly of Polypeptides into 

Multivalent Spherical Micelles. Journal of the American Chemical Society 130, 
687-694, doi:10.1021/ja0764862 (2007). 

 
70 Moughton, A. O. & O'Reilly, R. K. Thermally induced micelle to vesicle 

morphology transition for a charged chain end diblock copolymer. Chemical 
Communications 46, 1091-1093, doi:10.1039/b922289h (2010). 

 
71 Roy, D., Cambre, J. N. & Sumerlin, B. S. Triply-responsive boronic acid block 

copolymers: solution self-assembly induced by changes in temperature, pH, or 
sugar concentration. Chemical Communications (Cambridge, United Kingdom), 
2106-2108 (2009). 

 
72 Napoli, A., Valentini, M., Tirelli, N., Muller, M. & Hubbell, J. A. Oxidation-

responsive polymeric vesicles. Nat Mater 3, 183-189, 
doi:http://www.nature.com/nmat/journal/v3/n3/suppinfo/nmat1081_S1.html 
(2004). 

 
73 Laromaine, A., Koh, L., Murugesan, M., Ulijn, R. V. & Stevens, M. M. Protease-

Triggered Dispersion of Nanoparticle Assemblies. Journal of the American 
Chemical Society 129, 4156-4157, doi:10.1021/ja0706504 (2007). 

 
74 Savariar, E. N., Ghosh, S., González, D. C. & Thayumanavan, S. Disassembly of 

Noncovalent Amphiphilic Polymers with Proteins and Utility in Pattern Sensing. 
Journal of the American Chemical Society 130, 5416-5417, 
doi:10.1021/ja800164z (2008). 

 
75 Campbell, D. A. et al. Antibody-Catalyzed Prodrug Activation. Journal of the 

American Chemical Society 116, 2165-2166, doi:10.1021/ja00084a075 (1994). 
 
76 Carl, P. L., Chakravarty, P. K., Katzenellenbogen, J. A. & Weber, M. J. Protease-

activated "prodrugs" for cancer chemotherapy. Proc Natl Acad Sci U S A 77, 
2224-2228 (1980). 

 
77 Galande, A. K., Hilderbrand, S. A., Weissleder, R. & Tung, C.-H. Enzyme-

Targeted Fluorescent Imaging Probes on a Multiple Antigenic Peptide Core. 
Journal of Medicinal Chemistry 49, 4715-4720, doi:10.1021/jm051001a (2006). 

 
78 Jiang, T. et al. Tumor imaging by means of proteolytic activation of cell-

penetrating peptides. Proceedings of the National Academy of Sciences of the 



	   189 

United States of America 101, 17867-17872, doi:10.1073/pnas.0408191101 
(2004). 

 
79 Scherer, R., McIntyre, J. & Matrisian, L. Imaging matrix metalloproteinases in 

cancer. Cancer and Metastasis Reviews 27, 679-690, doi:10.1007/s10555-008-
9152-9 (2008). 

 
80 Simberg, D. et al. Biomimetic amplification of nanoparticle homing to tumors. 

Proceedings of the National Academy of Sciences 104, 932-936, 
doi:10.1073/pnas.0610298104 (2007). 

 
81 Olson, E. S. et al. Activatable cell penetrating peptides linked to nanoparticles as 

dual probes for in vivo fluorescence and MR imaging of proteases. Proceedings 
of the National Academy of Sciences 107, 4311-4316, 
doi:10.1073/pnas.0910283107 (2010). 

 
82 Tarin, D. Clinical and Biological Implications of the Tumor Microenvironment. 

Cancer Microenvironment 5, 95-112, doi:10.1007/s12307-012-0099-6 (2012). 
 
83 Bremer, C., Bredow, S., Mahmood, U., Weissleder, R. & Tung, C.-H. Optical 

Imaging of Matrix Metalloproteinase–2 Activity in Tumors: Feasibility Study in a 
Mouse Model1. Radiology 221, 523-529, doi:10.1148/radiol.2212010368 (2001). 

 
84 Chien, M.-P., Thompson, M. P., Lin, E. C. & Gianneschi, N. C. Fluorogenic 

enzyme-responsive micellar nanoparticles. Chemical Science 3, 2690-2694, 
doi:10.1039/c2sc20165h (2012). 

 
85 Sanford, M. S., Love, J. A. & Grubbs, R. H. Mechanism and Activity of 

Ruthenium Olefin Metathesis Catalysts. Journal of the American Chemical 
Society 123, 6543-6554, doi:10.1021/ja010624k (2001). 

 
86 Christman, K. L. & Lee, R. J. Biomaterials for the Treatment of Myocardial 

Infarction. Journal of the American College of Cardiology 48, 907-913, 
doi:http://dx.doi.org/10.1016/j.jacc.2006.06.005 (2006). 

 
87 Rane, A. A. et al. Increased infarct wall thickness by a bio-inert material is 

insufficient to prevent negative left ventricular remodeling after myocardial 
infarction. PloS one 6, e21571, doi:10.1371/journal.pone.0021571 (2011). 

 
88 Iyer, R. P., Patterson, N. L., Fields, G. B. & Lindsey, M. L. The history of matrix 

metalloproteinases: milestones, myths, and misperceptions. American Journal of 
Physiology - Heart and Circulatory Physiology 303, H919-H930, 
doi:10.1152/ajpheart.00577.2012 (2012). 

 
 



	   190	   	  

 

 

 

 

 

 

 

	  
CHAPTER 4 

	  
PROGRAMMABLE MICELLES AS TOOLS FOR TEMPLATION 

AND AMPLIFIED DETECTION  

 

 

 

 

 

 

 

 



	   191 

 

In this chapter, we describe novel methods to characterize or expand the use of 

the nanoparticle systems described in Chapters 2 and 3. These developments include a 

new strategy for fabricating nanowires (Chapter 4.1), a novel method to measure critical 

aggregation concentration (CAC) for low CAC micelles such as our systems (Chapter 

4.2), and a new approach to overcome the low catalysis exhibited by DNAzyme 

(Chapter 4.3). 

 
4.1 A new approach for biotemplation of gold nanowires1 

4.1.1 Introduction 

 

Biomolecular assemblies are attractive as templates in the hierarchical synthesis 

of 1D nanomaterials. Inherent to these templates are desirable properties including order 

at the nanometer length scale and well-defined patterns of selective recognition 

elements.2-5 These advantages drive the interest in assemblies such as viruses6-10 and 

microtubules11 as the structural base for templating higher order synthetic structure. 

Despite the potential for chemically and genetically modifying these structures,12-16 a 

major inherent limitation is that one is largely restricted to natural building blocks 

including nucleic acids and amino acids. By contrast, purely synthetic unidimensional 

organic materials,17-22 while chemically diverse, generally lack the programmable 

structural order of natural systems. Some exceptions include block copolymer 3D 

assemblies and 2D patterns,23-29 as well as synthetic biomolecular hybrid materials having 
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regular, predictable structural elements.30-37 Therefore, a wet chemical synthetic 

strategy38-42 will be presented in this section for the directed assembly of inorganic 

nanoscale materials utilizing morphologically programmable DNA–block-copolymer 

micelle templates. 

 
4.1.2 Design and preparation of biotemplate for gold nanowire formation 

 

We reasoned that with a method for selectively accessing various phases available 

to a micellar soft material in hand, one could plausibly facilitate the morphology-

dependent, hierarchical assembly of higher-ordered materials. In a manner analogous to 

2D template architectures generated by block copolymers, 23-29 our initial intention was to 

examine whether various morphologies of discrete amphiphilic block copolymer micelles 

programmed to assemble in a specific and switchable fashion via DNA-directed 

processes,43 could be used to spatially organize inorganic nanoparticles (NPs). Therefore, 

the expectation was that Au NPs would bind to block copolymer micelles modified with 

disulfide ligands to give a variety of hybrid structures. Au NP binding has been observed 

previously utilizing templates consisting of ordered biological materials, for example, on 

viruses,6-10 DNA-assembled materials5,44-48 and for peptide-based systems.3 Intriguingly, 

we indeed observed templation but not via an arrangement of intact nanoparticles along 

the template. Instead, we observed the formation of crystalline high-aspect-ratio 

nanowires as a result of sintering of 2 nm Au NPs facilitated by the soft polymeric 

micelle template. Moreover, the templation depends on the morphology of the template 

with wire formation only observed in the case where the micellar template had fibril (or 
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cylindrical) morphology (Figure 1 and see Figure 2 for SEC-MALS characterization).49 

Therefore, because of the dependence on the 3D arrangement of the surfactant within a 

given micellar morphology, we propose this process is distinct from established 

surfactant-directed processes toward Au nanowires, which do not necessarily implicate 

initial micelle shape in nanowire formation.39,50-52  

   

 

Figure 1. Programming bio-organic soft material assembly for morphology-specific 
templation of crystalline inorganic nanowires. i) Disulfide-modified DNA-brush-
copolymers with DNA-1 as the hydrophilic sequence form spherical micelles upon 
dialysis with buffered water. ii) Addition of 2 nm Au NPs shows no reaction. iii) 
Spherical micelles form fibril micelles when treated with DNAzyme (5 nM), for 2 h, 
followed by incubation at 37°C for 1 day. iv) Disulfide-modified DNA–brush-
copolymers with DNA-2 as the hydrophilic sequence, form amorphous, sometimes 
toroidal shaped particles upon dialysis with buffered water. v) Addition of 2 nm Au NPs 
shows no reaction. vi) Heating at 37 °C for 1 day generates fibril micelles. vii) Addition 
of 2 nm Au NPs results in nanowire formation.  
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The synthetic strategy used here for soft template construction takes advantage of 

established properties of amphiphilic block copolymers to control aggregate 

morphology.53-55 However, the polar head group of the polymeric amphiphile is a brush 

of DNA that can be manipulated in a sequence selective fashion to guide the polymeric 

material between phases (Figure 1).43 Block copolymers were synthesized via ring-

opening metathesis polymerization followed by post synthetic modification with 5’-

amino modified DNA oligonucleotides while on solid support. The DNA sequence 

contains several critical features: 1) cyclic disulphide modification for gold 

coordination;56-59 2) an RNA base, to facilitate sequence-selective strand cleavage;43,60,61 

3) polyethylene glycol (PEG) modifications to provide hydrophilic steric bulk driving 

spherical micelle formation. This design leads to spherical micelles (20–25 nm in 

diameter according to dynamic light scattering (DLS) and transmission electron 

microscopy (TEM), Figure 3), generated via the spontaneous assembly of the DNA–

brush-copolymers upon dialysis against a buffered aqueous solution. The ordered 

cylindrical phase results when these spherical micelles are treated with a DNAzyme 

evolved to cut the DNA substrate in the shell of the micelle at the single RNA base (rA) 

within the sequence.43 This process takes several days at room temperature, or several 

hours at 37 ° C to go to completion. At room temperature the material can be observed as 

it progresses through to the ordered cylindrical phase giving rise to tangled, or bundled 

fiber structures via growth of intermediate materials of various dimensions. 

 
 Treatment of the defined cylindrical fiber structures with 2 nm, citrate-stabilized 
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Au NPs gives rise to crystalline gold nanowires (Figure 3). This phenomenon is selective 

for the cylindrical phase material as demonstrated by the failure of spherical micelles to 

template nanowire formation prior to DNAzyme-facilitated phase transition (Figure 3 a). 

The crystalline nature of the resulting nanowires was confirmed by electron diffraction 

(Figure 4) and further studied by high-resolution (HR)-TEM, illustrating a lattice spacing 

of 2.7 Å (Figure 5), UV-Vis (Figure 6) and Energy Dispersive X-ray Spectrometer (EDS) 

(Figure 7).  

 

 

Figure 2. SEC-MALS traces of homopolymer 138 (blue) (MW = 9814) and copolymer 
138-b-218 (red) (MW = 15380) (0.5 mL/min CHCl3).  
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Figure 3. Addition of 2 nm Au NPs to spherical particles (DNA-1 –copolymer micelles), 
and DNAzyme generated fibers, analyzed by TEM. a) Spherical micelles formed from 
DNA-1 –copolymer amphiphiles. Inset: DLS data for spherical micelles showing 20 nm 
particles. b) After treatment and incubation with Au NPs, intact spherical micelles are 
observed. c) Fibers observed following treatment of spherical micelles with DNAzyme. d) 
When treated with NPs, nanowires are observable after 30 min.  
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Figure 4. TEM (left) and electron diffraction pattern (right) of templated crystalline Au 
nanowires. Au nanowires were made from cylindrical fibers reacted with 2 nm Au NPs. 
Small (5 µ L) aliquots of Au nanowire solution were then utilized for TEM via standard 
procedure. Micrographs were recorded on a 2 K × 2 K Gatan charge-coupled device 
(CCD) camera, and images of electron diffraction pattern were obtained and recorded 
under diffraction mode. 

 
A range of soft-template systems for directing nanoparticle growth have been utilized, 

and the mechanisms can be difficult to fully elucidate.50,52 Similarly, it has been observed 

that thiol-based surfactant approaches have resulted in spherical nanoparticles as the 

strong affinity of these ligands for all crystal faces prevents directional growth.56 

 
To determine if this templation process was simply being facilitated by growth-

directing adsorption to surfactants independent of the 3D morphology of the 

aggregates,50-52 we synthesized polymeric amphiphiles with a truncated DNA sequence 

(DNA-2) which is equivalent to the sequence resulting from the DNAzyme-catalyzed 

cleavage of DNA-1. These amphiphiles give a mixture of poorly defined particles when 

allowed to assemble at room temperature (Figure 8). This allowed us to examine whether 
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the templation process could be facilitated by appropriate DNA-polymer amphiphiles 

without having first formed the ordered cylindrical phase morphology. Interestingly these 

materials include toroidal particles that appear to be intermediates toward cylindrical 

architectures during particle formation. Upon heating a solution of these intermediates to 

37 °C for 24 h, cylindrical fiber structures are generated as observed via TEM.  

 

 

Figure 5. HR-TEM images of Au nanowires templated by cylindrical-phase fibers 
reacted with 2 nm Au NPs. Lattice spacing is 2.7 Å, determined by image analysis. 
Micrographs were recorded on a 2 K × 2 K Gatan CCD camera. Left: portion of a 
nanowire showing 2 nm Au NPs visible along the sides of the object. Right: zoom-in 
showing lattice spacings along the long axis of the nanowire. 

 
These fibril structures are morphologically indistinguishable from the fibril micelles 

generated via the enzymatic cleavage of DNA within the spherical micellar structures, 

and similarly, both types of fibers act as templates for nanowire formation. However, the 

initially formed amorphous structures (Figure 8 a,b) do not facilitate templation. 

Therefore, we conclude that whether or not the material is in the ordered cylindrical 

phase determines if a template exists for the fusion of 2 nm Au NPs in the formation of 
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nanowires.  

 

 

Figure 6. UV-Vis of Au nanowires. 
 
 

 

Figure 7. Energy Dispersive X-ray Spectrometer (EDS) of Au nanowires. 
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Figure 8. Addition of 2 nm Au NPs to various morphologies generated from DNA-2 -
copolymers, analyzed by TEM. a) Initially formed, amorphous (sometimes toroidal—
inset) aggregates formed from DNA-2 -copolymer amphiphiles. b) Following treatment 
and incubation with Au NPs no change in morphology, and no growth of nanowires 
observed. c) Warming amorphous aggregates of DNA-2 -copolymer amphiphiles at 37 ° 
C, for 24 h, results in formation of fibers. d) When treated with NPs, nanowires are 
observable after 30 min.  

 
While we conclude this is directed by the 3D structure of the soft micelle itself, it is 

important to note that this does not fully rule out the possibility that the difference in 

micelle morphology results in modulation of template stability (i.e., micelles are dynamic 

systems) during the reaction leading to differences in templating ability. Regardless, 
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templation of nanowires is dependent on the presence of the ordered fibril micelle phase. 

 
This is an intriguing phenomenon because the wires formed have analogous 

structure to those generated by surfactant- driven processes of particle formation whether 

utilizing small NP seeds or AuCl3 preparations.38 However, the data show that this 

process is dependent on the soft material aggregate morphology as opposed to that 

observed for cetyltriethylammonium bromide (CTAB)-based synthetic strategies.39,50-52 

We conclude that the process is dependent on how the amphiphiles are packed together 

within the fibril micelles. This packing arrangement brings coordinated Au NPs into 

close proximity for fusion, a phenomenon seen in other examples of densely arranged Au 

NPs to various degrees depending on factors including particle size.62,63 Therefore, the 

process may be directed by the shorter distance between disulfide ligands within the 

ordered cylindrical phase versus a disordered phase (poorly packed) material of the same 

surfactant. Similarly, the bulkier head-group of the spherical particles may separate 

disulfides to a sufficient extent to prevent templation. In this model, the enthalpically 

favorable formation of disulfide–Au bonds displaces the citrate ligand on the particle 

surface, organizing the particles on the template and overcoming the activation barrier for 

particle sintering.62,64 Therefore, we suggest nanowire formation is catalyzed by the 

template in a morphologically specific manner by bringing together metallic 

nanoparticles predisposed to undergo symmetry breaking crystal growth processes.51 The 

organic template then coordinates acting to inhibit crystal growth in an edge-specific 

manner. In the case of CTAB, the process is not reliant on the 3D micellar morphology of 

aggregated surfactant, but once crystal growth begins, similarly relies on coordination of 
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the surfactant to the edges/faces of nanorods as they elongate from nanoparticle seeds.50-

52 Furthermore, HR-TEM shows nanowires lined with 2 nm NPs (Figure 5), leading to 

the possibility that initial coordination results in NPs packing closely and then fusing 

together to generate wires possibly decorated with the DNA–copolymers. This 

arrangement would be consistent with observations of bilayers of surfactant coatings on 

the surfaces of nanowires prepared utilizing other approaches.65  

 

 

Figure 9. TEM images of fibril micelles with 20 nm Au NPs. (A) 20 nm Au NPs are 
observed intact. (B,C) Intact organic material (fibril micelles) is found rather than Au 
nanowires. These reactions were carried out as for 2 nm Au NPs experiments. 

 
To further explore the templation process, the fibril micelles were treated with 

lower energy 20 nm Au NPs with a decreased propensity toward fusion. In this case, the 

Au NPs do not undergo the templation process (Figure 9). This observation is consistent 

with previous reports on the decreased stability of closely packed patterns of smaller Au 

NPs (2–4 nm) compared to larger particles ( > 7 nm).63 We should note that in our case, 

this difference in reactivity could possibly be attributed to relative particle stability under 

the specific surfactant and ionic strength conditions utilized in these experiments.  
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In summary, we have demonstrated morphology control over a polymeric micelle 

template, leading to shape-selective templating of Au nanowires. In future studies, we 

aim to examine the templation process further to elucidate the generality of the approach, 

for example, by utilizing alternate ligands and examining other inorganic nanoparticles. 

Furthermore, given the range of options available utilizing DNA sequence recognition, 

we expect these materials will present an intriguing platform for subsequent directed 

assembly of biomolecule decorated nanowires. Certainly, the bottom-up approach to 1D 

nanostructures50,66 is of increasing interest for the development of a variety of potentially 

useful structures including biomoleculefunctionalized structures for ordered patterning67-

70 and detection.71-74  
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4.1.3 Experimental Section for Chapter 4.1 

 

DNA synthesis 

 

Preparation of DNAzyme 

5’-GGAGAGAGATCCGAGCCGGTCGAAGGGTGCGA-3’ 

A 1 µmol dA-CPG was utilized as the support. The oligonucleotide was 

synthesized in the standard manner leaving the final base protected with a DMT group. 

Following cleavage and deprotection by ammonium hydroxide overnight, the 

oligonucleotide was purified by HPLC (retention time = 26 min), treated with acetic acid, 

followed by solvent removal and characterization by MALDI-MS. Mass calcd: 10029.6; 

Mass obs: 

10040.7.  

 
Preparation of DNA-1 (Cyclic disulphide-labeled DNA, indicated as “S” in the sequence 

below): 

NH2-5’-CCSTCGCACCCrAGTCTCTCTCC-PEG-G-3’ (rA is the RNA base) 

A 1 µmol 3’- dG -CPG from Glen Research was utilized as the support, with a 

dithiol (DTPA – Glen Research) phosphoramidite within the sequence as shown above. 

An RNA base (rA) was incorporated as a TOM-protected base. The oligonucleotide was 

synthesized in the standard manner. Following cleavage and deprotection by ammonium 

hydroxide overnight, the oligonucleotide was purified by HPLC (retention time = 23.8 

min), and characterized by MALDI-MS. Mass calcd: 7636.4; Mass obs: 7681.0. 
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Preparation of DNA-2 (Cyclic disulphide-labeled truncated DNA): 

NH2-5’-CCSTCGCACCCA-3’ 

A 1 µmol 3’- dA -CPG from Glen Research was utilized as the support, with a 

dithiol (DTPA) phosphoramidite within the sequence as shown. The oligonucleotide was 

synthesized in the standard manner. Following cleavage and deprotection by ammonium 

hydroxide overnight, the oligonucleotide was purified by HPLC (retention time = 14.4 

min), and characterized by MALDI-MS. Mass calcd: 3436.2; Mass obs: 3440.8. 

 
Preparation of DNA-3 – Control sequence lacking S-S functionality: 

NH2-5’-CCFlrTTCGCACCCrAGTCTCTCTCC-PEG-A-3’ (rA is the RNA base) 

A 1 µmol 3’- dA-CPG from Glen Research was utilized as the support, with a 

fluorescein coupled dT base (FlrT) within the sequence. An RNA base (rA) was 

incorporated as a TOMprotected base. The oligonucleotide was synthesized in the 

standard manner. Following cleavage and deprotection by ammonium hydroxide 

overnight, the oligonucleotide was purified by HPLC (retention time = 26 min), and 

characterized by MALDI-MS. Mass calcd: 8237.9; Mass obs: 8229.4. 

 
Monomer synthesis 

 

Preparation of (N-Benzyl)-5-norborene-exo-2,3-dicarboximide (1)  

To a stirred solution of N-benzylamine (2.85 g, 26.6 mmol) in dry toluene (125 
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mL) was added 5-norbornene-exo-2,3-dicarboxylic anhydride (4.10 g, 25.0 mmol) and 

triethylamine (3.83 mL, 27.5 mmol). The reaction was heated to reflux overnight under a 

nitrogen atmosphere. The reaction was cooled to room temperature and washed with 10 

% HCl (3 x 50 mL) and brine (2 x 50 mL). The aqueous layers were combined and 

extracted with EtOAc (60 mL). The combined organic layers were dried with MgSO4, 

filtered and concentrated to dryness giving a pale yellow solid that was recrystallized 

from ethyl acetate/hexanes to give 1 (4.98 g, 79%) as off white crystals. 1H NMR 

(CDCl3): δ (ppm) 1.07 (d, 1H, CH2, J=9.6 Hz,), 1.42 (d, 1H, CH2, J=9.6 Hz), 2.69 (s, 2H, 

2 x CH), 3.26 (s, 2H, 2 x CH), 4.61 (s, 2H, CH2), 6.28 (s, 2H, CH=CH), 7.25-7.40 (m, 5H, 

Ar). 13C NMR (CDCl3): δ (ppm) 42.18, 42.28, 45.13, 47.62, 127.74, 128.48, 135.76, 

137.76, 177.48. LRMS (CI), 253.99 [M+H]+. HRMS, expected [M+H]+: 254.1176, found: 

254.1175. 

 
Preparation of (N-acetyloxy-2,5-pyrrolidinedione)-5-norborene-exo-2,3-dicarboximide 

(2) 

To a 25 mL round bottom flask containing (N-glycine)-5-norborene-exo-2,3-

dicarboximide, (0.250 g, 1.13 mmol), N-hydroxysuccinimide, (0.220 g, 1.90 mmol), 

DCC, (0.390 g, 1.90 mmol) and DMAP (.230 g, 1.90 mmol) was added dry CH2Cl2 (10 

mL). The reaction was stirred at room temperature under a nitrogen atmosphere overnight. 

The reaction mixture was filtered to remove the urea then concentrated to dryness. The 

residue was dissolved in EtOAc, washed with 10% HCl (3 x 10 mL), and the organic 

layer dried with MgSO4. The resulting solution was filtered and concentrated to dryness 

in vacuo. Recrystallization from ethyl acetate/hexanes gave 2 (0.18 g, 50% yield) as fine 
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white crystals. 1H NMR (CDCl3): δ (ppm) 1.51, (d, 1H, CH2, J=9.9 Hz), 1.56, (d, 1H, 

CH2 J=9.9 Hz), 2.78, (s, 2H, 2 x CH), 2.84, (s, 4H, 2 x CH2), 3.32, (s, 2H, 2 x CH), 4.57, 

(s, 2H, CH2), 6.30, (s, 2H, CH=CH). 13C NMR (CDCl3): δ (ppm) 25.49, 37.07, 42.81, 

45.51, 47.96, 137.93, 163.12, 168.19, 176.32. LRMS (CI), 318.85 [M+H]+. HRMS, 

expected [M+Na]+: 341.0744, found: 341.0743. 

 
Polymer synthesis 

 

 

General method utilized in polymerization reactions. For analysis purposes a sample of 
the first block in the copolymer is quenched prior to addition of the second monomer. 
This is used to confirm block size and is compared with weight fraction analysis of the 
copolymer by SEC-MALS. 

 
Backbone Copolymer (138 -b-218 ) – Proceeds as shown in Figure above: 

To a stirred solution of 1 (0.400 g, 1.58 mmol) in dry CH2Cl2 (2 mL) cooled to –

78°C was added a solution of the catalyst ((IMesH2)(C5H5N)2(Cl)2Ru=CHPh) (41.0 mg, 

0.00564 mmol) in dry CH2Cl2 (1 mL) also cooled to –78 °C. After 5 min the cold bath 
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was removed and the reaction was left to stir under nitrogen while warming to room 

temperature. After 40 min a 0.25 mL aliquot was removed and quenched with ethyl vinyl 

ether as shown in Figure above. After 25 min the polymer was precipitated by addition to 

cold MeOH to give the homopolymer (Block A) as an off white solid. To the remaining 

reaction mixture a solution of 2 (0.164 g, 0.517 mmol), in dry CH2Cl2 (1 mL) was added. 

The mixture was left to stir under N2 for 40 min followed by quenching with ethyl vinyl 

ether (0.100 ml). After 25 min the solution was concentrated to approx. 1/3 the original 

volume then precipitated by addition to cold MeOH to give the copolymer as an off white 

solid. 1H NMR of the polymer confirms the absence of monomer (no olefin peak at 6.30 

ppm) and the presence of broad trans and cis olefin peaks of the polymer backbone at 

5.73 and 5.50 ppm respectively. SEC-MALS: homopolymer of 1: Mw = 9814, Mw/Mn = 

1.019, 1 = 38. Copolymer of 1-b-2: Mw = 15380, Mw/Mn = 1.023, 2 = 18.  

 
DNA conjugation 

 

0.05 µmol of copolymer was dissolved in 0.25 mL of chloroform, followed by 

addition of 1 equiv. of N,N-Diisopropylethylamine (DIPEA) and 0.2 µmol of HBTU to 

which 0.1 mL of acetonitrile was added. Freshly synthesized CPG-support-bound-DNA 

was removed from the capsule and placed in a 1.5 mL eppendorf tube to which was 

added copolymer mixture described above. This reaction was shaken at room temperature 

overnight, deprotected in ammonium hydroxide/ethanol (3:1 ratio) for 4 hrs, and reduced 

in vacuo to approx. 50 µL. 
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Spherical micelle formation 

 

To the DNA-brush copolymer in 50 µL of water was added 1 mL of Tris buffered 

water (20 mM, pH 7.4). This solution was then transferred to 10,000 MWCO dialysis 

tubing. Buffer was changed three times, once per day. Spherical particles were 

characterized by TEM (Figure 2a). 

 
Au nanowire formation 

 

DTPA modified DNA-1 fibers (Fiber 1) were reacted with 5 nM DNAzyme at 

room temperature for 2h and then at 37°C for 1 day. Fiber formation was confirmed with 

TEM microscopy. Fiber 1 was reacted with 2 nm gold particles at 2.25 x 1011 particles/ml 

for 30 min at room temperature. 

 

UV-Vis of Nanowire suspension 

 

Gold nanowires were prepared as the method described above and then examined 

by UV-Vis spectrometry scanning from 1100 nm to 400 nm. Peak at 1000 nm observed 

in the figure below. 

 
DTPA fibers reacted with 20 nm Au NPs 
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DTPA modified DNA fibers (Fiber 1) were reacted with 5 nM DNAzyme at 37 

°C for 1 day. Fiber 1 was further reacted with 20 nm Au NPs (7 x 1011 particles/mL) at 

room temperature for 1 day. Gold nanowires were not observed (Figure 8). 

 
Energy Dispersive X-ray Spectrometer (EDS) 

 

EDS (Oxford) was used in conjunction with scanning electron microscopy (SEM, 

Phillips XL30 ESEM). The EDS technique detects x-rays emitted from the sample during 

bombardment by an electron beam to characterize the elemental composition of the 

analyte. 10 µl of gold nanowire solution was spotted on mica plate and then was air dried. 

The mica plate with gold nanowires was then transferred onto a sample holder of SEM 

for analysis. The energy spectrum of the X-rays scattered from a gold nanowire sample 

bombarded by an electron beam is measured by a semiconductor detector connected to a 

multichannel pulse-height analyzer. The elemental composition of the gold nanowire was 

then obtained via Inca software (see Figure 6). 

 
High-resolution transmission electron microscopy (HRTEM) and electron diffraction 

pattern 

 

Small (5 µl) aliquots of gold nanowire solution were utilized for HR-TEM via 

standard procedure. Briefly, the sample was loaded onto grids (Ted Pella Inc.) that had 
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previously been subjected to glow discharged using an Emitech K350 glow discharge 

unit and plasma-cleaned for 90 s in an E.A. Fischione 1020 unit. The sample grid was 

then transferred into a grid holder in a FEI Sphera microscope operating at 200 keV. 

High-resolution micrographs were recorded on a 2K X 2K Gatan CCD camera (Figure 4). 

Micrographs of electron diffraction pattern were obtained and recorded under diffraction 

mode (Figure 3). 
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4.2 DNA–nanoparticle micelles as supramolecular fluorogenic substrates 

enabling catalytic signal amplification and detection by DNAzyme probes 

 

 Catalytic DNA molecules have tremendous potential in propagating detection 

events via nucleic acid sequence selective signal amplification. However, they suffer 

from product inhibition limiting their widespread utility. In this section, a new method 

will be introduced to overcome this limitation via utilizing a novel fluorogenic substrate 

design consisting of cooperatively assembled DNA–nanoparticle micelles. 

 
4.2.1 Introduction 

 

To enzymatically amplify a signal one requires a triggering mechanism that 

connects the detection event to the catalytic signal transduction process. This is the 

cornerstone of biologically regulated catalytic systems for signal transduction in living 

systems. Several effective enzymatic systems have been reported that use various types 

of DNA sequence and structure selective processes for detecting DNA via catalytic 

turnover for signal amplification.75-83 These have included several efforts to harness 

catalytic single-stranded DNA (ssDNA) sequences as phosphodiesterases with 

ribonuclease activity (DNAzymes61,84-86) in a variety of assay formats usually aimed at 

activating fluorogenic nucleic acid substrates via strand cleavage reactions (Figure 10).87-

91 DNAzymes offer a unique opportunity for detection and signal amplification because 

unlike proteinaceous enzymatic endonucleases, DNAzymes are not restricted to a given 

sequence but rather are synthesized in the laboratory to desired specifications making 
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them selective for any given sequence. In this respect, DNAzymes are unique and 

potentially powerful tools in biodiagnostics because they have tailorable sequence 

selectivity and are potentially catalytic. Herein, their utility as selective, triggerable 

catalysts for signal amplification by true turnover is demonstrated in the context of a 

DNA detection protocol enabled by supramolecular fluorogenic substrates.43 Given the 

numerous modes of selective recognition open to ssDNA (e.g. hybridization,92-94 

aptamer-based recognition,95,96 enzymatic substrates,97 thermal responsiveness98) it is 

expected that harnessing DNAzymes in catalytic detection protocols will have broad 

utility. 

 
4.2.2 Development and preparation of DNA-nanoparticle micelles for catalytic signal 

amplification via DNAzyme 

 

Currently, a major limitation of DNAzymes in signal amplification and detection 

via catalysis is that they are product inhibited and are therefore typically limited to a 

single turnover or less. This limitation is caused by substrate and product having the same 

DNA sequence and one must balance turnover of cleaved substrate with binding energy 

as with any system designed with substrate selectivity and turnover in mind. We reasoned 

that if one could generate a cooperatively assembled supramolecular fluorogenic 

substrate then DNAzyme catalytic activity would be enhanced by virtue of increasing 

effective DNA substrate concentration upon DNAzyme recognition of the probe.76,99-101 

A DNA–brush copolymer capable of assembling into an aggregate structure was found to 

be capable of achieving this goal (Figure 10). The key benefit to this assembly over 
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material simply decorated with DNA is that in this system the substrate is within the 

internal structure increasing the density of the probe. We reasoned that a micellar 

aggregate consisting of a material formed from the DNA substrate itself would allow 

sequence selective turnover not accessible to single-stranded DNA fluorogenic substrates 

such as molecular beacons.93,94 

 

 

Figure 10. The design of supramolecular substrates capable of multiple turnovers 
compared to single-stranded DNA (ssDNA) substrates. Active DNAzymes recognize 
fluorogenic substrates and catalyze strand cleavage at RNA bases. (a) ssDNA substrates 
are typically modified with fluorophore and quencher pairs for activation via sequence 
selective cleavage. (b) The DNA–nanoparticle micelles formed via the assembly of 
DNA–brush copolymer surfactants. Dye-labelled DNA strands within the particles are 
recognized and cleaved by a DNAzyme enabling detection of fluorescence. 
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The DNAzyme catalyst consists of a conserved DNA sequence forming a 

catalytic domain with 5’- and 3’-ends as recognition sequences.85 Therefore, a DNA 

substrate with a single RNA base (rA) as the site of cleavage was chosen for 

incorporation in the DNA–brush copolymer architecture used to form micellar aggregates 

(Figure 10 and see Figure 11 for SEC-MALS characterization). The DNA substrate was 

designed to incorporate two sequences complementary to the recognition portions of the 

DNAzyme on either side of the RNA-base cut-site as well as incorporating a fluorescein 

moiety on the 3’-termini of the strand to allow for detection and analysis of the cleavage 

reaction by fluorescence spectroscopy.  

 

 

Figure 11. SEC-MALS traces of copolymer 138-b-218 (red) (MW = 15380) and DNA-
copolymer 138-b-DNA-1 (black) (1.0 mL/min DMF). 

 
The polymers utilized in these systems were formed with low polydispersity and 

well-defined block structure amenable to post-polymerization modification with the 5’-

amino modified oligonucleotide (see Experimental Section). The resulting DNA–brush 

copolymer was dialyzed in buffered water (Tris, 20 mM, pH 7.4) to obtain spherical 
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DNA nanoparticles approximately 20 nm in diameter as shown by transmission electron 

microscopy (TEM, Figure 12)43. Initially, particles were mixed with DNAzymes in 

10,000 g mol-1 molecular weight cut off (MWCO) centrifuge tubes. Cleavage of the DNA 

shell at the RNA base (rA) cut-site releases a fluorescent 10 base ssDNA product into 

solution from the particle surface resulting in a shell containing a truncated 9-base long 

sequence. By centrifuging at 14,000 x g for 30 seconds at given time points, the ssDNA 

product was separated from particles as it passed through the MWCO filter for analysis 

by fluorescence. The identity of the product was confirmed by MALDI mass 

spectrometry (Figure 13). The DNAzyme catalytic efficiency in the supramolecular 

fluorogenic substrate particle is greatly enhanced compared to the single-stranded 

fluorescent DNA substrate (F-ssDNA) (Figure 12).  
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Figure 12. Structure of supramolecular substrate micelles and turnover of supramolecular 
fluorogenic substrate particle vs. single-stranded fluorescent substrate (F-ssDNA). TEM 
data indicate 20 nm particles assembled from the DNA–brush copolymer. PEG = 
polyethylene glycol incorporated via phosphoramidite chemistry, see ESIz for structural 
details. Conditions: particle DNA (1 mM), F-ssDNA (1 mM), DNAzyme (5 nM). Buffer: 
Tris (20 mM, pH 7.4), MgCl2 (50 mM), room temp. DNAzyme utilized in these studies 
has sequence; DNAzyme-1: 5’-GGAGAGAGATCCGAGCCGGTCGAAGGGTGCGA-3’ 
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Figure 13. MALDI-TOF of cleaved DNA fragment from sequence shown in Figure 12, 
treated with DNAzyme. Mass calcd: 4187.9, Mass obs: 4194.4. 

 

 

Figure 14. Plot of product concentrations versus time points (A) and standard plot of 
concentration versus fluorescent intensity (B). Conditions: P-1 and F-ssDNA (1 µM). 
DNAzyme (5 nM). Buffer: Tris (20 mM, pH 7.4), MgCl2 (50 mM), room temp. 
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The multiple turnovers observed for the DNAzyme on the particle compared with 

the F-ssDNA is presumably due to the high effective concentration of substrate in the 

particle shell enabling enhanced, efficient shell strand truncation. Importantly, the 

ordinarily product inhibited DNAzyme is capable of multiple turnovers and complete 

shell degradation occurs within 15 minutes following addition to a solution of the 

particles (complete turnover was confirmed via calibration curve, see Figure 14). This is 

in comparison to the low turnover observed for F-ssDNA substrate over the same time 

scale.  

 

To demonstrate the utility of this substrate design in signal amplification via 

DNAzyme-mediated sensing,89,90 we designed an assay (Figure 15) composed of a 

DNAzyme (DNAzyme-1), its inhibitor (DNA-Inh), a target sequence (DNA-T; sequence 

from HIV-1 gag/pol gene) and a supramolecular substrate particle, labelled P-1 in Figure 

15, encoded with single-stranded substrate (sequence = DNA-1). First, DNAzyme-1 was 

mixed for 30 min with DNA-Inh, designed to hybridize via the recognition sequences in 

the DNAzyme and block the active site. This inhibited DNAzyme complex was then 

mixed with varying concentrations of DNA-T and incubated for 30 min. Once added, 

DNA-T rapidly invades into the inhibited DNAzyme duplex (DNAzyme-1�DNA-Inh), 

releasing active DNAzyme-1 and forming the new, longer duplex DNA-T�DNA-Inh. 

Substrate particles (P-1) were added to the solution of activated DNAzyme-1 causing 

particle shell recognition and cleavage. Product strands were again separated by filtration 

from particles and analyzed by fluorescence. The observed pM sensitivities (Figure 15a) 

for the detection and signal amplification of ssDNA confirm the turnover of substrate on 
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the particle by DNAzyme-1. 

 

 

Figure 15. Selective and sensitive DNAzyme catalyzed DNA–shell truncation. Inhibited 
DNAzyme-1 (duplex: DNAzyme-1�DNA-Inh) is treated with target strand (DNA-T) over 
a range of concentrations causing displacement of DNAzyme-1 and formation of a new 
duplex, DNA-T�DNA-Inh. Activated DNAzyme-1 binds to and cleaves the particle shell 
releasing fluorescein-labelled ssDNA. (a) DNAzyme-1 triggering by target DNA (DNA-
T). (b) Selectivity of DNAzyme catalyzed reactions; fluorescence measurements taken 5 
minutes following addition of respective DNAzymes. Columns left to right: (1) signal 
from P-1 without DNAzyme. (2) P-1 mixed with DNAzyme-1. (3) P-1 mixed with 
DNAzyme-2. (4) P-2 (from copolymer with sequence, DNA-2) mixed with DNAzyme-2. 
(5) F-ssDNA mixed with DNAzyme-1. Conditions: particle DNA (1 mM), DNAzyme (5 
nM). DNA-Inh (5 nM). Buffer: Tris (20 mM, pH 7.4), MgCl2 (50 mM), room temp.  

 
In addition, this process is sequence selective, as evidenced by the selective 

inhibition and triggering of DNAzyme-1 and the observation that the non-complementary 
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DNAzyme-2 has no effect on P-1 (Figure 15b). In turn, DNAzyme-2 catalyzes shell 

degradation when mixed with particles containing the complementary sequence, DNA-2 

(P-2). The above studies illustrate two key features of this system: (1) particles are 

sensitive to low concentrations of catalytically active DNAzyme. (2) The particles are 

susceptible to degradation in a sequence selective and concentration dependent fashion. 

 
In conclusion, the present study has introduced a novel approach to substrate 

design enabling a DNAzyme to be utilized in a truly catalysis-based amplification and 

detection assay. This affords a route toward DNAzyme detection assays of various types 

where the myriad ways of recognizing ssDNA sequences may be used as triggers.102 
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4.2.3 Experimental Section for Chapter 4.2 

 

DNA synthesis 

 

Preparation of DNAzyme-1 

5’-GGAGAGAGATCCGAGCCGGTCGAAGGGTGCGA-3’ 

A 1 µmol dA-CPG was utilized as the support. The oligonucleotide was 

synthesized in the standard manner leaving the final base protected with a DMT group. 

Following cleavage and deprotection by ammonium hydroxide overnight, the 

oligonucleotide was purified by HPLC (retention time = 26 min), treated with acetic acid, 

followed by solvent removal and characterization by MALDI-MS. Mass calcd: 10029.6; 

Mass obs: 

10040.7. 

 

Preparation of DNAzyme-2 

5’-AACACACACTCCGAGCCGGTCGAAAGCTTTCTGAT-3’ 

 DNAzyme-2 was purchased from Sigma-Aldrich, and the Mass is 10685. 

 

Preparation of fluorogenic ssDNA substrate (F-ssDNA) 

Fluorescein -5’-TCGCACCCrAGTCTCTCTCC-3’-Dabcyl (rA is the RNA base) 

A 1 µmol 3’- Dabcyl -CPG from Glen Research was utilized as the support, with 

a 5’- Fluorescein phosphoramidite as the terminus. An RNA base (rA) was incorporated 

as a TOMprotected base. The oligonucleotide was synthesized in the standard manner. 
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Following cleavage and deprotection by ammonium hydroxide/ethanol in 3: 1 ratio for 4 

hrs, the oligonucleotide was purified by HPLC (retention time = 33 min), and 

characterized by MALDI-MS. Mass calcd: 6670.7; Mass obs: 6674.5. 

 
Preparation of DNA-1 for P-1 

NH2-5’-TCGCACCCrAGTCTCTCTCC-3’-PEG-Fluorescein 

A 1 µmol Fluorescein-CPG was utilized as the support and rA was incorporated 

as a TOM-protected base. The oligonucleotide was synthesized in the standard manner, 

with a 5’amino group ((5’-amino modifier 5, Glen Research) at the terminus. Following 

cleavage and deprotection by ammonium hydroxide/ethanol in a 3:1 ratio for 4 hrs, the 

oligonucleotide was purified by HPLC (retention time = 30 min), and characterized by 

MALDI-MS. Mass calcd: 7083.7, Mass obs: 7102.4. 

 
Preparation of DNA-2 for P-2 

NH2-5’-ATCAGAAAGCTrAGGTGTGTGTT-PEG-3’-Fluorescein 

A 1 µmol 3’- Fluorescein phosphoramidite was utilized as the support and rA was 

incorporated as a TOM-protected base. The oligonucleotide was synthesized in the 

standard manner, with a 5’amino group at the terminus. Following cleavage and 

deprotection by ammonium hydroxide/ethanol in 3:1 ratio for 4 hrs, the oligonucleotide 

was purified by HPLC (retention time = 29 min), and characterized by MALDI-MS. 

Mass calcd: 8277.5, Mass obs: 8290.1. 
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Preparation of Target DNA (DNA-T) 

5’- GGAGAGAGATGGGTGCGAGAGCGTCAGTAT -3’ 

A 1 µmol 3’- Fluorescein phosphoramidite was utilized as the support. The 

oligonucleotide was synthesized in the standard manner leaving the final base protected 

with a DMT group. Following cleavage and deprotection by ammonium hydroxide 

overnight, the oligonucleotide was purified by HPLC (retention time = 29 min), treated 

with acetic acid followed by solvent removal and characterization by MALDI-MS. Mass 

calcd: 9441.2; Mass obs: 9448.2. 

 
Preparation of Inhibitor (DNA-Inh) 

5’-ATACTGACGCTCTCGCACCCATCTCTCTCC -3’ 

A 1 µmol 3’- Fluorescein phosphoramidite was utilized as the support. The 

oligonucleotide was synthesized in the standard manner leaving the final base protected 

with a DMT group. Following cleavage and deprotection by ammonium hydroxide 

overnight, the oligonucleotide was purified by HPLC (retention time = 28 min), treated 

with acetic acid followed by solvent removal and characterization by MALDI-MS. Mass 

calcd: 8973.8; Mass obs: 8988.4. 

 
Monomer synthesis 

 

Preparation of (N-Benzyl)-5-norborene-exo-2,3-dicarboximide (1) and (N-
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acetyloxy-2,5-pyrrolidinedione)-5-norborene-exo-2,3-dicarboximide (2) can be found in 

Chapter 4.1. 

 

Polymer synthesis 

 

Backbone Copolymer (138-b-218) synthesis is the same and prepared as described 

in Chapter 4.1. 

 
DNA conjugation 

 

0.05 µmol of copolymer was dissolved in 0.25 mL of chloroform, followed by 

addition of 1 equiv. of N,N-Diisopropylethylamine (DIPEA) and 0.2 µmol of HBTU to 

which 0.1 mL of acetonitrile was added. Freshly synthesized CPG-support-bound-DNA 

was removed from the capsule and placed in a 1.5 mL eppendorf tube to which was 

added copolymer mixture described above. This reaction was shaken at room temperature 

overnight, deprotected in ammonium hydroxide/ethanol (3:1 ratio) for 4 hrs, and reduced 

in vacuo to approx. 50 µL. 

 

 

Spherical micelle formation 

 

To the DNA-brush copolymer in 50 µL of water was added 1 mL of Tris buffered 

water (20 mM, pH 7.4). This solution was then transferred to 10,000 MWCO dialysis 
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tubing. Buffer was changed three times, once per day. 

 
DNAzyme catalysis experiments 

 

Fluorescence was directly measured at time points of 2 min, 5 min, 10 min, and 

15 min after adding DNAzyme to F-ssDNA solutions in a 96-well plate. Maximum 

fluorescence for the DNAzyme (5 nM) added to micellar particles (0.14 g/L) at 15 

minutes was set to a value of 1 for normalization of data. Complete consumption of 

particle bound substrate was confirmed by a calibration curve plotted for fluorescence vs 

concentration of a fluorescein modified oligonucleotide (DNA-1 – see above for 

synthesis and sequence). i.e. plateau in this figure is due to consumption of substrate not 

product inhibition. Each assay was repeated three times with error bars representing 

standard deviation for each time point. Fluorescent product from shell DNA cleavage was 

measured from supernatant that passed through a 10,000 MWCO spin tube filter. i.e. 

particles are left behind, and fluorescent product comes through for analysis at each time 

point. 

 
Characterization of cleaved DNA from micellar particles 

 

The flow-through from 10,000 MWCO centrifugation of cleaved DNA fragments 

post treatment with DNAzyme was collected and concentrated in vacuo to 50 µL. The 

product was desalted and characterized by MALDI-MS. Mass calcd: 4187.9, Mass obs: 
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4194.4 (see Figure 13). 
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4.3 Fluorogenic enzyme-responsive micellar nanoparticles for micellar 3D 

architecture analysis and critical aggregation concentration measurement 

 

In this section, enzyme-responsive fluorogenic micellar nanoparticles with 

detectable spectrophotometric properties unique to the particles and their aggregated state 

will be described. Furthermore, we apply this fluorogenic micellar nanoparticle to 

estimate particle stability (critical aggregation concentration) and to determine the 

packing arrangement of amphiphilic copolymers within the micelles.  

 
4.3.1. Introduction 

 

Enzymes are unique as biomarkers because they amplify detection events by 

catalytic turnover with selectivity that can be specific to given disease states.80,83,103,104 

The specificity and diversity of reactions catalyzed by enzymes and their importance as 

signalamplifying biomarkers make them exceptionally attractive as tools in the assembly 

and manipulation of nanoscale materials.105 In particular, nanoparticles capable of 

undergoing enzymeprogrammed assembly, or morphology switches are of interest 

because unlike substrates such as fluorogenic oligopeptides, they can theoretically act as 

carriers of payloads that include specific molecular diagnostics and drugs. Although 

underutilized, enzymes have been harnessed as selective tools for the manipulation of 

nanoscale structures, a process that in itself constitutes a unique signaling event 

indicating enzyme activity.105-109 Such responses have proven detectable based on routine 

morphology analyses via methods including electron microscopy and light scattering. 
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However, changes in nanoscale architecture will only be detectable in more challenging 

settings (e.g. in vivo) if the action of the enzyme results in an output signal unique to the 

assembly, such as a spectrophotometric response. To enable this, we have developed 

peptide–polymer amphiphiles (PPAs)3,32 linked to dyes110 capable of undergoing efficient 

Forster Resonance Energy Transfer (FRET) for detecting structural properties and 

aggregation states of self-assembled enzyme responsive nanoparticles. In this section, this 

concept will be demonstrated for elucidation of particle stability, particle structure, and 

for monitoring enzyme-induced morphological transformations. 

 
4.3.2. Design and preparation of fluorogenic enzyme-responsive micellar nanoparticles 

 

The PPAs utilized in these studies were designed as substrates for the cancer-

associated enzyme, matrix-metalloproteinase 9 (MMP-9).111-113 By utilizing this substrate 

as the polar head group of the copolymer, the micelle morphology and aggregation 

behaviour of the materials could be modified via peptide cleavage by MMP at the Gly–

Leu peptide bond (Figure 16). We reasoned that enzymatic reactions occurring within the 

shell of the particles would facilitate a dramatic reduction in the hydrophilicity of the 

peptide-block, and would subsequently result in changes to the overall architecture via 

the establishment of new equilibria for surfactant aggregation. The polymers were 

synthesized using ring-opening metathesis polymerization114,115 to generate block 

copolymers of a phenyl-modified norbornene as the hydrophobic block, a conjugatable 

NHS-ester for linkage through the amine terminus of the peptide, and a short block of 

primary amino modified norbornene, for conjugation to dyes.  
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Figure 16. Assembly of peptide–polymer amphiphiles (PPAs) to generate fluorogenic 
micellar nanoparticles. Polymers were labeled with peptides4 and dyes, post-
polymerization with block sizes determined by SEC-MALS analysis and spectroscopy. 
Degree of dye incorporation (m), was between 1 and 2 for both PPA-1 and PPA-2.  

 
As shown in Figure 16, micelles of fluorescein labelled PPA-1 (M1) and 

rhodamine labelled PPA-2 (M2) were prepared by dialysis of solutions of the polymers in 

DMSO/DMF (1 : 1) against buffered water over 24 h (See Figure 17 for SEC-MALS 

characterization of polymers). In addition, micelles were prepared from mixtures of the 

two PPAs to generate the FRET-micelle, M3. 
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Figure 17. SEC-MALS intensity plot of initially prepared 121-b-26-b-33 (blue) and 
following conjugation with Peptide 1 (green). SECMALS: 121-b-26-b-33; Mn = 7459 
g/mol, PDI = 1.053. Peptide conjugate of 121-b-26-b-33; Mn = 15270 g/mol, PDI = 1.164. 

 
We aimed to develop a method that allows an accurate determination of the 

arrangement of polymeric amphiphiles packed within micelles and to monitor structural 

changes induced by responses to enzymes. Moreover, this method should be amenable to 

use in complex environments where other particulates may be present. Such solutions 

containing mixtures of particles are not easily amenable to analysis by light scattering or 

TEM image analysis. We determined that the distance dependence of FRET efficiency of 

appropriately paired dyes would provide such a route and indeed, has been extensively 

utilized in biochemical systems.116-119 However, the use of FRET efficiency for 

elucidating structural parameters in supramolecular self-assembled systems has been 

surprisingly limited, despite its great potential in determining solution phase structures of 

multicomponent assemblies.117 Relevant and notable exceptions involve the use of 

fluorescence energy transfer for studying interfacial regions in the assembly of 

nanoparticles and micelles.120,121 Here, we demonstrate that in addition to enabling a 

direct measurement of exceptionally low CAC for micelles, and a geometrical 
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determination of aggregation number,121 FRET labeled PPAs can be utilized to 

sensitively monitor micellar nanoparticle response to enzymes. These parameters were 

determined by analysis of the distance dependence of FRET efficiency within polymeric 

micelles in which each amphiphile in the assembly is covalently end-labeled with one of 

two dyes in a pair. The result is micellar aggregates with dyes displayed on their surfaces. 

 
Initially, the fluorescence spectra and efficiency of FRET for a range of 

concentrations of PPA-1 and PPA-2 in the formation of micelles was studied (Figure 18). 

M1, M2 and M3, are 35–40 nm in diameter as characterized by TEM (Figure 18a for M3) 

and by DLS (Figure 18b). The two single dye labeled micelles have the expected 

spectroscopic properties, with a peak due to fluorescein at 512 nm for M1 and no 

observable fluorescence upon excitation at 470 nm for M2 (Figure 18c). However, 

blending PPA-1 and PPA-2 to form M3 provides a mixed dye micelle with fluorescent 

properties indicative of a FRET pair within the Forster radius as evidenced by rhodamine 

fluorescence observable at 563 nm. At PPA concentrations above 1 mM we found that 

the ratio of the intensities of each peak maximum (I563/I512) is constant. This indicates 

the maximum FRET efficiency possible for this system (Figure 18d). However, upon 

dilution of M3 over the range from 2.5 mM to 2 nM, a greater decrease in intensity of the 

peak at 563 nm (rhodamine) compared to 512 nm (fluorescein) is observed. Therefore, a 

CAC of 8 nM is assigned for M3 as the concentration at which the onset of a detectable 

FRET signal is observed. This is a generalizable approach providing, in this case, an 

exceptionally sensitive and direct method for determining CAC. Such a labeling strategy 

for observing intact particles is especially useful in cases where they are particularly 
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stable, limiting the utility of standard CAC determination assays using non-covalently 

associated solvochromatic dyes where the limit of detection is significantly above CAC. 

Indeed, we have had no success implementing standard assays with regards to these 

systems and gathering accurate data at low concentrations. Direct labeling of the 

polymers also means they can be observed in complex milieu without the need for 

additional dye additives as will be highlighted in the context of enzymatic studies (vide 

infra). 

 

 

Figure 18. TEM, DLS and fluorescence spectroscopy of fluorogenic micelles. a) TEM of 
30 nm M3. b) DLS of M1, M2 and M3 showing hydrodynamic diameters (Dh) in the 
range of 30–40 nm. c) Fluorescence emission spectra of M1, M2 and FRET-micelle, M3 
upon excitation at 470 nm. d) Ratio of normalized emission intensity for maxima at 563 
nm (rhodamine) and 512 nm (fluorescein) over a range of concentrations of PPA-1 and 
PPA-2 upon excitation at 470 nm. Arrow indicates onset of detectable FRET. 
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In addition to determining particle stability, we sought to utilize the direct 

labeling strategy to elucidate structural features of the micelles. It has been shown that, if 

micelles are assumed to be assemblies of amphiphiles packed as cones with spherical 

bases, then the maximum integer number of amphiphiles in a micelle (Nsph) can be 

directly calculated if the angle at the vertex of each cone (α) is known (equation 1 

below).122  

 

We hypothesized that the angle α could be directly determined knowing the 

distance (r) between fluorescein and rhodamine, that are assumed to be located at the 

centers of each cone (or copolymer amphiphile) in a spherical micelle (Figure 19). The 

angle at the vertex (α) may be found via simple trigonometry because r is a chord 

between the centers of each spherical-based cone packed within micelles of radius, R. It 

follows that with experimentally measured values for R (TEM) and r (by FRET analysis), 

α can be calculated. Therefore, we assume that polymeric amphiphiles are close-packed 

cones that are not diffusing with respect to each other but are instead confined in 

restricted dimensions on the length scale relevant to FRET.120 Finally, each cone is end-

labeled with donor or acceptor dyes that have fast rotational motion on the timescale of 

FRET. 
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Figure 19. Time-domain fluorescence intensity decay analysis of M1 and M3 for 
determination of structural parameters. a) Fluorescence lifetime of M3 and M1 fit to a 
distance distribution function, and single exponential respectively (red lines) giving τD = 
3.98 ± 0.01 ns (from M1 data) for unquenched fluorescein. b) For M3, a range of 
distances between donor and acceptor (D and A) is considered, expressed as a probability 
function P(r). The mean distance, 3.6 nm, can in turn be used to determine τDA = 0.29 ns. 
Radius (R) of the micelles was determined by TEM (Figure 18). 

 
The donor–acceptor (D–A) distance distribution was determined by analyzing the 

time-domain intensity decay of the donor (Figure 19a).117 Therefore, we fit the data as a 

summation of donor decays for all accessible D–A distances (Figure 19b, and see 

equation 2-3 below). We have considered a range of D–A distances where the distance is 

expressed as a probability function P(r) distributed along the r axis.117 A Gaussian 

distribution (equation 2) was used to describe the distance distribution:117 

   (2) 

In equation 2, it is the mean of the Gaussian with a standard deviation of σ. The distance 
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distribution is described by two standard deviations from the mean, with the probability 

of finding donor and acceptor within this range is 95.4%. The donor intensity decay is a 

summation of the intensity decays for all accessible distances, and is written as equation 

3: 

 (3) 

This expression indicates that the intensity decay for an ensemble of flexible D–A pairs is 

given by the weighted average of the decays for each D–A distance. From this analysis, 

the distance distribution is calculated as 3.6 ± 0.6 nm shown in Figure 19 and written as r. 

The lifetime in M3 (τDA) was then calculated from the standard treatment of FRET 

efficiency (E), equation 4:117 

                                                     (4) 

where R0 is the Förster distance for the fluorescein and rhodamine pair, applied as 55Å in 

this work given the assumption that rotation of the dyes is free and that therefore the 

orientation factor, κ2 = 2/3.117,123,124 The transfer efficiency can then be used to calculate 

the lifetime of the donor-acceptor (τDA): 
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                                           (5) 

In this work, lifetimes of Fluorescein-Rhodamine labeled micelle (M3) and Fluorescein-

labelled micelle (M1) were obtained as 0.29 ns and 3.98 ns respectively from 

fluorescence lifetime measurements (Figure 19). 

As calculated from the equations above, we have R = 15 nm, and r = 3.6 nm ± 0.6, 

giving α = 14° ± 2 for M3 micelles. Thus, we calculate Nsph = 241 ± 60, taking account of 

the distribution about the mean distance between the donor and acceptor. This 

geometrically derived maximum aggregation number compares favorably with that 

determined from average particle molecular weight in solution by static light scattering 

(SLS) analysis of M3, which yields a weight average Nagg = 209 ± 0.82. Furthermore, 

SLS was used to determine Nagg of 159 ± 0.34 for M1, and 304 ± 2.3 for M2. It is clear 

that these values are on the same order, as expected for similar surfactants generating 

similar sized micellar nanoparticles. Indeed, the order of this aggregation number for this 

class of surfactant could be corroborated by counting particles in TEM images whereby 

the number of micelles per L was determined by mixing them with a stock solution of 20 

nm gold nanoparticles (Figure 20). This FRET approach therefore provides a viable 

method for monitoring particle assembly and detailed structural features in PPA 

assemblies without requiring TEM or SLS. 

 
PPA-1 and PPA-2 were designed as substrates for MMPs. Therefore, we sought to 
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study enzyme-induced rearrangement of the micelles, aiming to analyze the process via 

fluorescence spectroscopy in buffer solutions (Figure 22). Furthermore, to demonstrate 

the utility of FRET in analyzing micelle behavior in biological milieu, we examined their 

response to MMP-9 in blood serum doped samples of cell-growth media. Initial 

experiments were conducted to study enzyme kinetics on the micelle based substrates 

(Figure 21). The kinetics of the MMP-9 driven cleavage of a micelle-based substrate was 

carried out using M4 (see Table 1S), which contained a peptide substrate with a Dabcyl 

label, and a polymer labeled with fluorescein. The fluorescein signal increase upon 

cleavage of the Dabcyl label was monitored. Different substrate concentrations (0.5, 1, 

2.5, 5, 5.5, 6.5, and 8 µM, Figure 21, LEFT) were reacted with MMP-9 (10 nM) from 

which initial rates of reaction were determined. The plot of initial rate (Vi) vs substrate 

concentration was fit to Michaelis-Menten kinetics (using PRISM) to obtain Kcat and KM 

showing this substrate for MMP-9 is comparable to standard substrate125 (Figure 21). 
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Figure 20. Micelle counting via 20 nm Au NPs calibration visualized by TEM. 20 µL of 
M3 was mixed with 20 µL of 20 nm Au NPs at concentration of 7 x 1014 particles/L. 
1243 M3 and 158 Au NPs were counted. TEM images shown here are representative of 
M3 mixed with Au NPs. M3 was counted as 5.51 x 1015 particles/L after calibration by 
Au NPs. Arrows indicate some representative 20 nm Au NPs visible clearly from TEM 
images as solid spheres, as opposed to open circles for the organic matter stained by 
uranyl acetate. 

 

 

Figure 21. LEFT: Product vs time for reactions of M4 with MMP-9 at various substrate 
concentrations. RIGHT: Initial rate vs substrate concentration. a The literature value of 
Kcat/KM for standard peptide with MMP-9.125 
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These were conducted by preparing a micelle from a PPA, end-labeled with fluorescein 

and conjugated to a peptide labeled with Dabcyl as a quencher, that when cleaved 

resulted in an ON-switch of fluorescence. These studies confirm that kinetics were 

similar on both particle-linked substrates and simple oligopeptide substrates. Next, we 

mixed M1 and M2 together with purified, commercial MMP-9 and observed the 

emission spectra over time (Figure 22a) showing the formation of a new FRET-active 

species in solution as PPAs are cleaved and rearrange into aggregates containing both 

dyes. 
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Figure 22. Response of mixtures of M1 and M2 to MMPs. a) Fluorescence spectra of 
M1 and M2 (0.5 mM each with respect to PPA) with and without MMP-9 (10 nM) at 
times indicated following enzyme addition; λex = 470 nm. b–d) Fluorescence intensity vs. 
time plots via plate reader analysis, to monitor rearrangement of PPA-1 and PPA-2 into 
new FRET active aggregates; λex = 490 nm and λem = 590 nm. b) Detection of MMP- 9 
down to 10 pM of enzyme with M1 and M2 (at 0.5 mM, [PPA]). c) Detection of MMP-9 
at 10 nM with varying concentrations of M1 and M2 shown with respect to [PPA], 
detectable down to 20 nM of polymer. d) Detection of cell-secreted (WPE1-NA45 cells) 
MMP-2 and -9 with varying concentrations of M1 and M2 shown with respect to [PPA]. 
Cells were seeded at 1.6 x 104 cells/well in a clear bottom 96-well plate in DMEM. After 
24 h, cell medium was added to solutions of M1 and M2. MMP-2 and -9 were at 0.048 
nM and 0.005 nM respectively as quantified by an ELISA assay (see Experimental 
Section). Control was the non-MMP expressing MCF-7 cell-line cultured in the same 
manner. All reactions run in PBS, unless otherwise noted. e–f) TEM of M1 and M2 
before and after 24 h following MMP-9 treatment. 
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We note that peptide cleavage rates and formation of the new FRET signal, 

indicating aggregate formation, are similar and therefore consistent with them being 

concomitant processes. The peptide fragments could be quantified by HPLC (Figure 23), 

and characterized by MALDI (Figure 24). In Figure 23, Peak A is the intact, full length 

Peptide-1 without treatment with MMP-9, and Peak B is the large fragment of Peptide-1 

cleaved by MMP-9 as confirmed by MALDI-MS shown in Figure 24 A. Peak C (Figure 

24) is fragment resulting from the cleavage of M1 as confirmed by MALDI-MS (Figure 

24 B). MMP-9 cleavage efficiency of Peptide-1 is quantitative according to the 

disappearance of the peak at 29 minutes. Therefore, MMP cleavage efficiency of M1 is 

estimated to be 41% (Figure 23) as a fraction of the area of Peak B. This low cleavage 

efficiency may be due to steric hinderance within the particle shells, or within the 

aggregates as they form during the reaction. Despite this, the particles are sufficiently 

susceptible to allow a complete shift to the aggregated species as evidenced by DLS 

(Figure 25).  

 
Furthermore, the FRET efficiency calculated from donor lifetimes is comparable 

to, but is reduced for these aggregates (efficiency = 85%) compared to M3 (efficiency = 

93%). In addition, the relative inhomogeneity of the aggregates compared to the control 

particles (M3) is observed by comparison of ratios of donor and acceptor intensities in 

Figure 18c (1 : 0.8) vs. Figure 22a (1 : 0.43). 
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Figure 23. HPLC analysis of MMP-9 cleavage of M1 (green trace) and Peptide-1 (blue 
trace). Red trace is intact Peptide-1 without treatment with MMP-9. 120 µM of M1 (with 
respect to peptide) and 120 µM of Peptide-1 were treated with MMP-9 (100µU, 1.25µL) 
for 24 hrs. The control was performed using 120µM of Peptide-1 without treatment with 
MMP-9. These samples were then analyzed by RP-HPLC following inactivation of 
MMP-9 at 65 °C for 20 mins. 

 

 

Figure 24. MALDI-TOF mass spectrum of Peptide-1 fragment (A) and fragment from 
M1 (B) cleaved by MMP-9. Mass calcd: 1398.6, Obs: 1399.7 (A) and 1399.2 (B). 
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Figure 25. DLS of M1/M2 micelle mixtures at 500 nM each with respect to PPA mixed 
with nonactivated MMP-9 (black) or activated MMP-9 (red). The volume % is shown on 
the Y-axis. X-axis is the hydrodynamic diameter. Condition:  Micelles were mixed with 
10 nM MMP-9 at 37 °C for 24 hrs. 

 
This is consistent with a less homogeneous distribution of donors and acceptors. Despite 

this slight decrease in FRET efficiency, the response is clearly observable down to 10 pM 

of MMP-9 for solutions containing 0.5 mM of micelles (Figure 22b – concentration of 

micelles is with respect to PPA in each case). Furthermore, MMP-9 at 10 nM is 

observable down to 20 nM of PPA (Figure 22c), a result that is consistent with the 

exceptional stability of these aggregates with CACs in the range of 10 nM. In addition, 

M1 and M2 underwent enzyme-induced aggregation when treated with a mixture of 

expressed MMPs (Figure 22d). We note that these particles were designed to be 

responsive to both cancer-associated enzymes MMP-2 and MMP-9 as expected for the 

substrate sequence chosen. These experiments were performed by treating M1 and M2 

with cell growth media containing MMPs excreted over 24 h from WPE1- NA45 cells, 

and present at 0.048 nM and 0.005 nM (MMP-2 and -9 respectively) as determined by a 

quantitative ELISA assay (see Experimental Section). In this case, substrate 
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concentrations of 100 nM (with respect to PPAs) resulted in observable responses within 

4 h reaction time. Finally, this enzyme-induced rearrangement of PPAs was characterized 

by TEM, confirming the formation of a new aggregated species upon cleavage of the 

peptide sequence in M1 and M2 (Figure 22e–f). It is this aggregated species that carries 

both dyes, in close enough proximity to allow spectroscopic characterization by FRET. 

To demonstrate the utility of the labeling approach in the detection of enzymes in more 

complex media, we mixed M1 and M2 in blood serum doped cell media samples and 

treated them with MMP-9 (Table 1). This resulted in an easily detectable and significant 

shortening of the fluorescence lifetime. 

 
Table 1. Detection of MMP-9 at 10 nM in blood serum doped DMEM, cell growth 
medium. 

 

 
4.3.3 Conclusion 

 

We have described nanoparticles that undergo enzyme-induced changes in 
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structure which are detectable in complex environments. This is a necessary step and 

important information prior to the application of enzyme-programmed materials in in 

vivo studies, which we have shown this viability in Chapter 3. In particular, where 

enzymatic signals are specific to given disease states including inflammation and 

metastasis.126 This is enabled by a labeling approach that provides critical information 

regarding particle structure and stability. Together, these studies are consistent with 

exceptionally stable micelles that show no detectable scrambling of PPAs when mixed 

together in the absence of MMP. Moreover, the enzymatic response constitutes a novel 

approach to the detection of enzymes whereby the stimulus induces detectable changes in 

nanoparticle morphology. We note that this is not intended as a technology towards 

sensitive diagnostic detection of enzymes in vitro, but rather for analyzing and utilizing 

the response of nanomaterials to enzymes as they undergo complex changes in 

structure.114 Furthermore, by detecting changes in fluorescence lifetime induced by 

rearrangement of appropriately labeled polymers, these processes can be observed in 

complex milieu. We have also shown that this type of FRET pair labeling strategy is 

generally useful to those wanting to monitor particle aggregation state in complex 

environments such as the in vivo system (see Chapter 3), where light scattering and 

electron microscopy suffer deleterious interference from other particulates and detritus. 
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4.3.4. Experimental Section fir Chapter 4.3 

 

Peptide Synthesis 

 

Preparation of Peptide-1 for the synthesis of PPA-1 and PPA-2, and Peptide-2 for 

Dabcyl labeled control 

 

General Solid Phase Synthesis Procedure  

Peptides were synthesized by Fmoc-based solid phase peptide synthesis using 

preloaded Wang resins. Fmoc deprotection was performed with 20 % piperidine in DMF 

(2×5 min) and coupling of the consecutive amino acid was carried out with HBTU and 

DIPEA (resin/amino acid/HBTU/DIPEA 1:3:3:4). The final peptide was cleaved from the 

resin by treatment with trifluoracetic acid (TFA)/Dichloromethane (DCM) (1:1) for 2 h. 

The resin was washed with DCM and ether and the combined organics were evaporated 

in vacuo to give an off white solid. 

 

Peptide 1 sequence: Gly-Pro-Leu-Gly-Leu-Ala-Gly-Lys-Trp-Ala-Ala-Ala-Ala-

Lys-Ala-Ala-Ala-Ala-Lys. HPLC (retention time = 28.8 min). MALDI-MS: Mass calcd: 

1722.5; Mass obs: 1723.4. 

 

Peptide 2 sequence: Gly-Pro-Leu-Gly-Leu-Ala-Gly-Lys(Dabcyl)-Trp-Ala-Ala-

Ala-Ala-Lys-Ala-Ala-Ala-Ala-Lys. HPLC (retention time = 29.2 min). MALDI-MS: 

Mass calcd: 1973.5; Mass obs: 1974.7. 
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Monomer synthesis 

 

 

 

tert-butyl-(2-((2S)-bicyclo[2.2.1]hept-5-ene-2-carboxamido)ethyl)carbamate (3) (shown 

above) 

To a stirred solution of 2 (538 mg, 2.28 mmol) and mono-Boc protected 

ethylenediamine (500 mg, 3.42 mmol) in dry CH2Cl2,was added DIPEA ( 794 uL, 4.56 

mmol). The reaction was left to stir under a dinitrogen atmosphere for 48 hrs. The 

reaction mixture was washed twice with 10% HCl and the organic layer dried with 

MgSO4, filtered and concentrated to dryness to give 562 mg 88% of 3 as a white solid. 1H 

NMR (CDCl3): δ (ppm) 1.28-1.34 (m, 2H, 1 x CH2, CH), 1.43 (s, 9H, CH3), 1.67 (d, 1H, 

J = 8 Hz, CH2), 1.86-1.91 (m, 1H, CH), 1.99-2.02 (m, 1H, CH), 2.89-2.91 (m, 2H, 2 x 

CH), 3.25-3.40 (m, 4H, 2 x CH2), 5.09 (bs, 1H, NH), 6.07-6.14 (m, 2H, 2 x HC=CH), 

6.40 (bs, 1H, NH). 13C NMR (CDCl3): δ (ppm) 28.31, 30.40, 40.22, 40.75, 41.50, 44.57, 

46.30, 47.05, 79.56, 135.94, 138.10, 156.96, 176.38. LRMS (ESI), 280.84 [M+H]+, 

HRMS, expected [M+Na]+: 303.1679, found: 303.1681. 

 
Polymer synthesis 

 

Backbone Copolymer (121-b-26-b-33) – Proceeds as shown in Figure below: 
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To a stirred solution of 1 (123 mg, 0.522 mmol) in dry CH2Cl2 (2 mL) cooled to –

78 °C was added a solution of the catalyst ((IMesH2)(C5H5N)2(Cl)2Ru=CHPh) (10 mg, 

0.013 mmol) in dry CH2Cl2 (0.5 mL) also cooled to –78 °C. After 5 min the cold bath 

was removed and the reaction was left to stir under nitrogen while warming to room 

temperature. After 40 min a 0.30 mL aliquot was removed and quenched with ethyl vinyl 

ether. After 25 min the polymer was precipitated by addition to cold MeOH to give the 

homopolymer as an off white solid. To the remaining reaction mixture a solution of 2 (35 

mg, 0.148 mmol), in dry CH2Cl2 (1 mL) was added. The mixture was left to stir under N2 

for 40 min and a 0.30 mL aliquot was removed and quenched with ethyl vinyl ether. 

After 25 min the polymer was precipitated by addition to cold MeOH to give the block 

coopolymer as an off white solid. To the remaining reaction mixture, a solution of 3 (9.56 

mg, 0.034 mmol), in dry CH2Cl2 (0.6 mL) was added. The mixture was left to stir under 

N2 for 40 min followed by quenching with ethyl vinyl ether (0.100 ml). After 25 min the 

solution was concentrated to ~ 1/3 the original volume then precipitated by addition to 

cold MeOH to give the copolymer as an off white solid. 1H NMR of the polymer 

confirmed the absence of monomer (no olefin peak at 6.30 ppm) and the presence of 

broad trans and cis olefin peaks of the polymer backbone at 5.73 and 5.50 ppm, 

respectively. SEC-MALS of polymers prior to peptide conjugation: Homopolymer of 1: 

Mn = 5253, Mw/Mn = 1.011, 1 = 21. Copolymer of 1-b-2: Mn = 6725, Mw/Mn = 1.050, 2 = 

6. Triblock polymer of 121-b-26-b-33: Mn = 7459, Mw/Mn = 1.053, 3 = 3. 
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General method utilized in polymerization reactions. For analysis purposes a sample of 
the first and second blocks in the polymer was quenched prior to addition of the second 
and third monomer. This is used to confirm block size and is compared with weight 
fraction analysis of the copolymer by SEC-MALS. 

 
Representative synthesis of Peptide-Polymer Amphiphile (PPA) 

 

Synthesis of PPA-1 and PPA-2 

0.05 µmol of 121-b-26-b-33 was dissolved in 1 mL of Dimethylformamide (DMF), 

followed by addition of 1.2 equiv. of N,N-Diisopropylethylamine (DIPEA) and 1.2 equiv. 

of peptide. The reaction was stirred at room temperature for 22 hrs, followed by 

precipitation of the polymer by addition to cold methanol (1 mL). The precipitate was 

separated from the supernatant by centrifugation at 13,000 rpm. The precipitated peptide-

triblock polymer product was then mixed with 12% TFA in 0.5 mL DMF for 2 hrs to 

remove the Boc protecting groups on the amine-functionalized block. The product was 
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precipitated with cold ether (1 mL) followed by centrifugation at 13,000 rpm. The 

precipitated product was then dried and aliquoted into 0.5 mL DMF for generation of 

PPA-1 via addition of Fluorescein-NHS (0.54 mg, 1.1 µmol), and PPA-2 via addition of 

Rhodamine-NHS (1.8 mg, 3.4 µmol), each with 1.2 equiv. of DIPEA for 18 hr. The 

polymers were again precipitated by addition to cold ether (1 mL) followed by 

centrifugation at 13,000 rpm. dn/dc for the peptide-polymer conjugates is 0.179 as 

determined from peak analysis. 

 
UV-Vis determination of dye conjugated efficiency to the amine block of 121-b-26-b-33 

 

Dye conjugated efficiency was determined by calculating the concentration of 

peptides and dyes with extinction coefficient from UV-Vis measurement. The number of 

peptide conjugation was measured from SEC-MALS and the number of dye conjugation 

can be then calculated. 

 
Spherical Micelle Formation 

 

Peptide-polymer amphiphiles (PPA-1 and -2; 0.25 mg, 16.3 µmol) were dissolved 

separately to generate M1 and M2, each in 70 µL of DMSO/DMF (1:1 ratio) followed by 

addition of 100 µL of sodium phosphate buffered water (40 mM, pH 8.0). This solution 

was then transferred to a 3,500 MWCO dialysis tubing and left for 3 days. The buffer was 

changed three times, once per day. For generation of M3 micelles, both PPA-1 and -2 
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(0.2 mg, 13 µmol) were mixed together and subjected to dialysis as described. 

 
Transmission electron microscopy (TEM) 

 

Small (5 µl) aliquots of sample were utilized for TEM via standard procedure. 

Briefly, the sample was loaded onto grids (Ted Pella Inc.) that had previously been 

subjected to glow discharged using an Emitech K350 glow discharge unit and plasma-

cleaned for 90 s in an E.A. Fischione 1020 unit. The sample grid was then transferred 

into a grid holder in a FEI Sphera microscope operating at 200 keV. Micrographs were 

recorded on a 2K X 2K Gatan CCD camera. 

 
Enzyme activation 

 

To 5 µL of enzyme was added 0.4 µL of a 24 mM paminophenyl mercuric acetate 

solution in freshly prepared 0.1 M NaOH. The enzyme solution was heated at 37 °C for 2 

hrs prior to use.  
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Table 1S. The polymers, PPAs, and resulting micelles 

 
a MMP substrates are shown in blue with cleavage sites underlined, and K* is Dabcyl 
labelled lysine. Peptides are conjugated to the polymer through the amino termini. b 
Block sizes m, n and o (labeled in general scheme above) and c conjugated-peptide block 
size estimated from molecular weight via SEC-MALS. d Number of conjugated 
Fluoresceine (Dye1) and Rhodaminef (Dye2) dyes measured by UV-Vis (as described 
above). g Hydrodynamic diameter and PDI (polydispersity) of micelles were determined 
by DLS. Note: M3 is the result of blending PPA-1 and PPA-2 to form the mixed dye 
micelle. 
 
 
Kinetics of FRET Fluorescence by Cell-expressed 

 

Figure 22d shows the time course data for the development of the FRET signal 

from enzyme-driven M1/M2 aggregation utilizing cell-expressed MMP-2 and -9, from 

MMP overexpressing cell line, WPE1-NA45. MCF-7 was chosen as the control cell line. 



	   254 

Both cells were seeded at concentrations of 1.6 x 104 cells/well, in 96-well clear bottom 

culture plates. After 24 hrs, the cell medium were transferred to another 96-well black 

bottom plate for fluorescence measurements in the presence of M1 and M2 mixtures. M1 

and M2 at various concentrations were used in this assay. WPE1-NA45 cell secreted 

MMP enzymes were quantified by ELISA assays (see below). 

 
Enzyme-Linked Immunosorbent Assay (ELISA) for quantification of enzyme in Figure 

22d 

 

MMP-2 and MMP-9 ELISA kits were purchased from Invitrogen, inc. The 

procedure was carried out as per the manufacturer’s standard instructions. Briefly, MMP 

standards from the kit and samples (cell medium from WPE1-NA45 and MCF-7 at time 

points of 0, 12, 24, 36 and 48 hrs) were added into the well strips and incubated for 2 hrs 

at room temperature. The solution was then discarded and washed four times. A solution 

of biotinylated MMPs was then added and reacted for an hour at room temperature. 

Following this, the solution was discarded and washed four times. To this was added a 

Streptavidin-Horse Radish Peroxidase solution for 30 min which was then discarded. The 

“Chromagen” solution was then added to the wells followed by another wash. The 

absorbance at 450 nm was measured after the addition of a “stopping” solution. Therefore, 

in this manner, cell-expressed MMP concentrations in the supernatant media as added to 

M1 and M2, were calculated with calibration by the MMP standards. 
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Calculation of Nw
agg via Particle Counting (Figure 20) 

 

Micelle particle counting was performed via a 20 nm gold nanoparticle (Au NP) 

calibration utilizing TEM image analysis. 20 µL of M3 at a polymer concentration of 1.1 

µM (as determined by UV-Vis), was mixed with 20 µL of 20 nm Au NPs at a 

concentration of 7 x 1014 particles/L. A total of 1243 M3 particles were counted, and 158 

Au NPs were counted. Figure 20 shows TEM images of particles from these solutions, 

with white arrows indicating the Au NPs. M3 is clearly discernable from the high 

contrast Au NPs as uranyl acetate stained organic material. Using this calibration method 

we determine M3 solutions contain 5.51 x 1015 particles/L. The aggregation number was 

determined to be 120, taking the particle count (5.51 x 1015 particles/L) and dividing by 

the polymer concentration in terms of molecules/L (6.624 x 1017). This is on the same 

order as determined by SLS and via the geometrical analysis described in the main text. 

Alternatively, we can use this method as a confirmation of polymer concentration in 

solution as determined by UV-Vis. In this approach, the particle/L count (5.51 x 1015) 

was multiplied by the weight average aggregation number (Nw
agg), 209 from SLS 

measurements, yielding 1.15 x 1018 surfactants/L. From this calculation we determine 

polymer concentration in solution to be 1.9 µM. Again, this is similar to that determined 

by UV-Vis (1.1 µM), which is the technique used to determine concentrations for CMC 

and enzymatic studies. 

 
Micellar Molecular Weight Determination via Static Light Scattering (SLS) 
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M1, M2 and M3 micellar average molecular weight were measured on a Wyatt 

Dawn Heleos-II multi-angle light scattering instrument in batch mode. M1, M2 and M3 

micellar molecular weights were measured as 2.428 x 106 g/mol, 4.646 x 106 g/mol, and 

3.184 x 106 g/mol, respectively. These micellar molecular weights were then divided by 

polymer molecular weight (15,270 g/mol) and micellar aggregation numbers were 

obtained as 159, 304 and 209 for M1, M2 and M3 micelles (Table 2S). This is further 

confirmation that aggregation numbers are on the order of 200 per particle for this type of 

surfactant, generating micelles on the scale of approximately 30-40 nm in diameter. 

 
Table 2S. Weight average molar mass and aggregation number (formally the weight 
average aggregation number, Nw

agg) of M1, M2 and M3 from SLS. 

 

 

FRET efficiency for aggregated species resulting from M1/M2 plus enzyme versus M3 

micelles 

 

Relative FRET efficiency for M3 may be expressed as the ratio of the intensity of 
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the Rhodamine emission peak compared to the Fluorescein emission peak (shown in 

Figure 18c) giving 0.8:1 (Rhodamine : Fluorescein). By contrast, FRET efficiency of the 

aggregated species produced when M1/M2 micelles were mixed with MMP-9 enzymes 

(Figure 22a) is 0.43:1 (Rhodamine : Fluorescein). This can be contrasted against the 

efficiency of FRET from the lifetime of the donor for M3 found to be 92%. This 

compares to the aggregates with efficiencies of 85%. These data are consistent with a 

higher background of donor fluorescence in the absence of acceptor. 

 
Chapter 4.1, is a modified version from the material in Small, 2011. Chien M.P., 

and Gianneschi N. C. 

 
Chapter 4.2, is a modified version from the material in Chem Comm, 2011. Chien 

M.P., Thompson M.P., and Gianneschi N. C. 

 
Chapter 4.3, is a modified version from the material in Chem Sci, 2012. Chien 

M.P., Thompson M.P., Lin E.C., and Gianneschi N. C. 
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CHAPTER 5 

IMAGING THE ENZYME-DIRECTED ASSEMBLY OF 
NANOPARTICLES IN TUMORS VIA WHOLE ANIMAL IMAGING 

AND SUPER RESOLUTION FLUORESCENCE MICROSCOPY 
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In this chapter, high-resolution characterization of nanoparticles through a super 

resolution fluorescence imaging technique will be described. We have applied this newly-

developed super resolution fluorescence technique to characterize the sizes of nanoscale 

particles in in vivo systems and in ex vivo tissue slices. 

 
5.1 Introduction 

 

Matrix metalloproteinase enzymes, overexpressed in HT-1080 human 

fibrocarcinoma cells, were used to guide the accumulation and retention of an enzyme-

responsive nanoparticle in xenograft mouse models as described in Chapter 3.2. In this 

section, the nanoparticles were prepared as micelles from amphiphilic block copolymers 

bearing a simple hydrophobic block, and a hydrophilic peptide brush similar to previous 

system except the polymers were end-labeled with Alexa Fluor 647 dyes leading to the 

formation of labeled micelles upon dialysis of the polymers from DMSO to aqueous 

buffer. This dye-labeling strategy allowed the presence of the retained material to be 

visualized via whole animal imaging in vivo, and in ex vivo organ analysis following 

intratumoral injection into HT-1080 xenograft tumors. We propose that the material is 

retained by virtue of an enzyme-induced accumulation process whereby particles change 

morphology from 20 nm sphere to micron-scale aggregates, kinetically trapping them 

within the tumor. This hypothesis is tested here via an unprecedented super resolution 

fluorescence analysis of ex vivo tissue slices confirming a particle size increase occurs 

concomitantly with extended retention of responsive particles compared to unresponsive 

controls. 
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 In this chapter, we demonstrate enzyme-driven retention of a polymeric 

microscale scaffold within tumor tissue via the injection of nanoscale, matrix 

metalloproteinase-responsive micellar nanoparticles nanoparticles.1-12 In recent work 

from our laboratory or in Chapter 3.2,1 we described the first example of an enzyme-

programmed tissue targeted nanoparticle probe and utilized a FRET (Förster resonance 

energy transfer)-based assay for monitoring particle accumulation.1,13,14 Generation of a 

FRET signal provided evidence that the nanoparticles had undergone an enzyme directed 

aggregation process in tumor tissue generating a slow clearing, self-assembled “implant” 

of polymeric material within the tissue.1  Based on those results, we hypothesized that the 

materials had passively diffused into the tumors following injection, and then undergone 

a size increase, which trapped the material within the extracellular space within the tissue.  

 
5.2 Development and design of near infrared dye labeled enzyme-responsive 

programmable nanoparticles 

 

To test the hypothesis we proposed above, we synthesized a new set of polymeric 

micellar nanoparticles, prepared from the self-assembly of amphiphilic block copolymers 

consisting of a hydrophilic peptide brush generated via graft through polymerization of 

peptide-based monomers,15,16 and a simple hydrophobic block (Figure 1). We term these 

synthons for generating enzyme-responsive nanoparticles, peptide-polymer amphiphiles 

(PPAs). The PPAs in this study were labeled with Alex Fluor 647 to generate micelles 

labeled on their periphery with multiple dye molecules. This dye was chosen for two key 

reasons; 1) it is known that whole mouse imaging is facilitated by the long excitation and 
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emission wavelength of the fluorophore (λex = 635 nm, λem = 670 nm), and 2) this 

photoswitching dye is amenable to analysis via super resolution fluorescence microscopy 

by employing stochastic optical reconstruction microscopy (STORM).17-19 The 

emergence of super resolution fluorescence microscopy techniques18,20,21 have allowed 

researchers to overcome the diffraction limit and enable the examination of various 

processes occurring at the sub-micron scale.22-24 Surprisingly, nanomaterials used as 

delivery therapeutics and diagnostics are rarely characterized via these useful super 

resolution techniques,25-27 in particular in cellular in vitro or in ex vivo tissue analysis 

studies. However, despite this lack of precedence, we determined that such an approach 

would be needed to confirm whether nanoscale particle accumulation into larger 

aggregates was occurring within the tumor tissue post-injection. 

 
Two micelles, M and MD were prepared from two different PPAs (Figure 1 and 

see Figure 2 for SEC-MALS characterization). M was generated from a PPA consisting 

of a peptide prepared with L-amino acids as an active substrate of matrix 

metalloproteinases (MMPs)2,3,6-8,10,12 (often overexpressed in tumor tissue). MD was 

prepared from a PPA consisting of a sequence of D-amino acids to inhibit cleavage of the 

substrate by the protease. These two PPAs were synthesized by employing ring-opening 

metathesis polymerization (ROMP)28,29 because this technique is capable of the highly 

proficient, graft-through polymerization of peptide-monomers. 
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Figure 1. Preparation of enzyme-responsive Alex Fluor 647 labeled micellar 
nanoparticles. Peptide-polymer amphiphiles (PPAs) with Alex Fluor 647 fluorescent tags 
were generated utilizing ring-opening metathesis polymerization. L-amino acid based 
norbornyl-peptide substrates were polymerized to generate PPA-L (L-amino acid PPA) 
for assembly to give M. D-amino acid based peptides were utilized to generate PPA-D 
(D-amino acid PPA) for the preparation of non-enzyme responsive control particle, MD. 
Synthesis: i) 1 was mixed with Grubbs’ third generation, modified initiator for 30 min 
and an aliquot analyzed by SEC-MALS to confirm degree of polymeriza-tion. ii) Peptide 
monomer was added, for 2 hr and confirmation of 10:3 block copolymer ratio was again 
determined by SEC-MALS. iii) The polymer was terminated with amine termination 
agent for 1 hr followed by addition of ethyl vinyl ether (iv) to quench the catalyst. v) The 
Boc protecting group was removed by addition of 90% TFA/DMF for 1.5 hrs followed 
by precipitation with ether. v) 1.2 equiv. of Alex Fluor 647 was reacted with amine 
terminated polymers for 18 hrs followed by precipitation with ether. Vacuum dried 
polymers were then dissolved in 1:1 DMF/DMSO and dialyzed against PBS (pH 7.4) 
buffered water to generate micellar nanoparticles (TEM inset).  

 
Graft-through polymerization of this kind allows for the predictable synthesis of 

otherwise complex block copolymers in a single pot, not requiring post-polymerization 

modifications with the oligopeptides, that are unpredictable, and often low yielding.15,16 
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The polymerization reactions were terminated using a symmetrical olefinic termination 

agent consisting of a Boc-protected amino group. Subsequent deprotection, and reaction 

with the activated NHS-ester of Alex Fluor 647 lead to the formation of Near-IR 

fluorescence-tagged PPAs. These are subsequently formulated into 25 nm spherical 

micelles via dialysis from DMSO into PBS buffered water over 24 hrs with three buffer 

changes (See Figure 3 for DLS and TEM characterizations).  

 

 
Figure 2. SEC-MALS intensity plot of 1-b-2L (black) and 1-b-2D (red) polymers. SEC-
MALS: Copolymer of 1-b-2L (L-amino acid): Mn = 8037, Mw/Mn = 1.073. Copolymer of 
1-b-2D  (D-amino acid): Mn = 10630, Mw/Mn = 1.012. 
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 Figure 3. (A-B) TEM micrographs of M and MD before and after addition of MMP-9 
after 24 hrs. A) TEM images of M before 1) and after 2) addition of MMP-9. B) TEM 
images of MD before 1) and after 2) addition of MMP-9. (C-D) DLS of M (C) and MD 
(D) before and after addition of MMP-9 after 24 hrs. General conditions: Micellar 
nanoparticles (1 µM, with respect to PPA concentration), MMP-9 (10 nM), PBS buffer 
(KCl, 2.67 mM; KH2PO4, 1.47 mM; NaCl, 137.93 mM, Na2HPO4�7H2O, 8.06 mM, pH 
7.4). 
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Figure 4. HPLC of MMP-9 cleavage efficiency and MALDI- MS analysis. 65 µM of M 
(concentration with respect to peptide, blue trace) and 65 µM of Norbornene-L-amino 
acid peptide substrate (monomer_L, red trace) were treated with MMP-9 (100 µU) for 24 
hrs. 65 µM of untreated monomer_L (black trace) was used as the control sample. These 
samples were analyzed by RP-HPLC following inactivation of MMP-9 at 65 °C for 20 
mins (A). Peak a corresponds to the intact, full length untreated monomer_L (control), 
and Peak b2 corresponds to the large fragment sequence of monomer_L cleaved by 
MMP-9 as confirmed by MALDI-MS (B) and Peak c corresponds to the fragment 
resulting from the cleavage of M as confirmed by MALDI-MS (C). The cleavage 
efficiency of monomer_L is 100% based on the disappearance of the peak at 22 minutes. 
The cleavage efficiency of M by MMP-9 was calculated to be 10 % (A) based on the 
ratio of Peak c to Peak b2. (B-C) MALDI-MS of monomer_L fragment (b2) and fragment 
from M (c) cleaved by MMP-9. Mass calcd: 1102.52, Obs (M+H+): 1103.63 (B) and 
1103.75 (C). 

 
The enzyme-responsive nature of M and MD was tested initially by mixing 

micelles with MMP-9 at 37 oC, followed by TEM analysis (Figure 3). These experiments 

confirmed that M and not MD underwent an accumulation process following cleavage of 

peptides in the shell of the micelles. The MMP-9 cleavage efficiency is estimated by 

HPLC analysis of the product to be approximately 10% (Figure 4A), with product 

identity confirmed by MALDI-MS (Figure 4 B-C). 



	   278 

These in vitro studies were followed by in vivo experiments conducted in mouse 

models inoculated with HT-1080 human cancer cells to generate xenografts known to 

contain elevated levels of MMPs (Figure 5).2,3,6-8,10,12 Both M and MD were 

intratumorally injected into two different sets of mice, and imaged at various time points: 

immediately (1 min) following injection, at 1 hr, 1 day and 7 days. These studies clearly 

reveal the retention of M within tumors, and rapid clearance of the D-amino acid control 

particle, MD. This is evident from both the whole mouse scan in live mice (Figure 5), and 

ex vivo organ analysis (Figure 6).  

 
 We propose the mechanism of retention is the assembly of nanoscale particles 

into larger, slower clearing particles upon reaction with MMPs. Whole mouse imaging 

reveals that there is a clear difference in behavior between the unresponsive, D-amino 

acid containing MD vs the L-amino acid, responsive M. In support of this interpretation, 

our previous studies1,13 have shown the onset of a FRET signal, unique to the formation 

of a new assembly in response to the enzymatic cleavage of the substrate, and 

reorganization of the micelles.  
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Figure 5. Intratumoral injection to determine relative levels of reten-tion of enzyme-
responsive nanoparticles vs control particles with HT-1080 tumors. A) M injected. B) 
MD injected. 1) Background prior to injection. 2) Imaged immediately post-injection. 3) 1 
hr post-injection. 4) 3 hrs post-injection. 5) 6 hrs post-injection 6) 1 day post-injection. 7) 
3 days post-injection. 8) 5 days post-injection. 9) 7 days post-injection.  

 
However, neither of these studies actually allows imaging of the assemblies 

themselves. Therefore, we next analyzed tissue slices taken from mice over a range of 

time points following injection of both M and MD. These tissue slices were then analyzed 

via STORM to determine if retention could be correlated with a concomitant increase in 

average particle size within the tissue itself (Figure 8).  
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Figure 6. Ex vivo organ analysis from M (LEFT column) and MD-injected (RIGHT 
column) nanoparticles; organ order from left to right: tumor, kidney, spleen, lung/heart, 
and liver. Different time points (1 min, 1 hr, 3 hr, 6 hr, 1 day, 3 days, 5 days, and 7 days) 
of ex vivo organs were indicated. 
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We determined STORM was uniquely capable of imaging a nanoscale size 

increase within the tissues by breaking the diffraction limit through image 

reconstruction,18,22-24 and would reveal information not available in traditional 

fluorescence microscopy. Prior to STORM analysis, confocal tile scans were first 

conducted to visualize large areas of tissue (1.06 mm x 1.06 mm) to confirm in vivo 

imaging results for the tissue slices to be analyzed at higher magnification (Figure 7).  

 

 

Figure 7. Confocal tile scan images of tumor tissues slices from M- and MD-
intratumorally injected mice. A) M injected. B) MD injected. 1) 1 min post-injection. 2) 1 
hr post-injection. 3) 5 day post-injection, 4) 7 days post-injection. 

 
These scans revealed the same pattern of retention of M in tumor tissue for up to a week 

(i.e. prior to sacrifice), and clearance of MD within an hour of injection. Next, an area was 

selected for imaging by traditional confocal fluorescence microscopy and overlaid on 

bright field images for perspective (Figure 8: LEFT columns). This process was 
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conducted for tissues from M and MD injected mice (Figure 8; MIDDLE and TOP rows, 

respectively). Again, these images revealed undetectable signals from MD injected 

animals for all samples following the initial injection time point. This confirms successful 

injection, followed by rapid clearance within an hour.  

 

 

Figure 8. Confocal and super resolution fluorescence microscopy images of tissue slices 
from M- and MD -intratumorally injected mice. TOP row: MD -injected mice sacrificed at 
t = 1 min post-injection. MIDDLE row: M-injected mice sacrificed at t = 1 min post-
injection. BOTTOM row: M-injected mice sacrificed at t = 1 hr post-injection. Tumors 
were removed after sacrificing animals and tissue slices were prepared for imaging. 
LEFT column shows the overlay of bright field and fluorescence images, where the 
emission of Alexa Fluor 647-tagged particles is shown in red. The area outlined by the 
black square was imaged using STORM, as shown in the MIDDLE column, where the 
area outlined by the white square is enlarged in the RIGHT column.  The size of the 
particles in the STORM images was measured and the distribution for each condition is 
shown in the histograms on the right.      
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Therefore, subsequent analyses focused on STORM of MD injected samples taken 

immediately following injection (1 min), together with the entire time course of M 

injected samples (Figure 8). Selected regions (Figure 8: LEFT columns, black squares) 

were subjected to imaging by STORM (Figure 8: MIDDLE and RIGHT columns). 

 
 Quantitative analysis of particle size in each STORM image (Figure 8: histograms) 

reveals the formation of larger particles at 1 hour post injection with M particles. As 

mentioned earlier, no fluorescence was detected at 1 hour post injection with MD 

particles (Figure 7). This is consistent with what can be seen from image analysis of the 

size of the particles, which reveals an increase in size from initial injection to within one 

hour following injection (Figure 8: histograms). The size increase in pixels in M-injected 

tissue (Figure 8: compare MIDDLE and BOTTOM rows) corresponds to an increase 

from approximately 20-100 nm in diameter at 1 min, to over 200 nm on average after 1 hr. 

The increased brightness persists and then wanes at 7 days (Figure 7), again consistent 

with whole animal imaging, except here, we can directly observe this as the result of the 

formation of larger objects, with more dyes per unit area than initially observed 

immediately following injection. Again, this analysis reveals a similar sized MD particle 

at 1 min. We note that this analysis could not be done at 1 hr or beyond 1 min at all, 

because of no detectable intensity in the tissue at those later time points. This provides 

evidence that enzymatically-induced aggregation of the materials within the tumor is 

responsible for their retention for extended periods of time. 
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5.3. Conclusion 

 

In summary, we have utilized Alexa Fluor 647-conjugated peptide polymeric 

nanoparticles as probes for whole mouse imaging and show extended tumor retention via 

morphological aggregation in response to MMP enzyme cleavage.1 Furthermore, we 

provide compelling evidence that this targeted accumulation process is due to assembly 

of nanometer particles into larger scale aggregates by employing STORM to study tumor 

tissue slices ex vivo. We observed fluorescent aggregates in targeted tumor tissues within 

an hour that were retained for at least a week via detailed tissue-slice analysis coupled 

with whole animal NIR-fluorescence imaging.1 Most importantly, particles designed to 

resist reaction with MMPs are cleared from tumor tissues within an hour as observed both 

in vivo and in ex vivo STORM and confocal fluorescence analysis of tissue slices. 

Together, these studies constitute a previously unexploited coupling of STORM with in 

vivo imaging. We assert that such an approach will be broadly applicable to other 

targeted materials and is potentially generalizable. 
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5.4 Experimental Section for Chapter 5 

 

Peptide Synthesis 

 

Preparation of Norbornene-L-amino acid and Norbornene-D-amino acid Peptide 

Substrates 

 

General Solid Phase Synthesis Procedure  

Peptides were synthesized via standard Fmoc-based solid phase peptide synthesis. 

Peptides were synthesized on a Fmoc-PAL-PEG-PS resin via an AAPPTec synthesizer. 

In brief, Fmoc deprotection was performed with 20 % 4-Methylpiperidine in DMF. 

Amino acid couplings were carried out using HATU and DIPEA (resin/amino 

acid/HATU/DIPEA 1:3:3:4). The final peptide was cleaved from the resin by treatment 

with trifluoracetic acid (TFA) and ethanedithiol (EDT) (TFA/EDT/DCM 90:3:7) for 2 hr. 

The peptides were then precipitated with cold ether followed by centrifugation at 3000 

rpm for 15 min. The precipitated peptide product was then evaporated in vacuo to give an 

off white solid.  

 

Norbornene-L-amino acid peptide substrate sequence: Nor-Gly-Pro-Leu-Gly-Leu-

Ala-Gly-Gly-Trp-Gly-Glu-Arg-Asp-Gly-Ser. HPLC (24-30% Buffer B, retention time = 

19.5 min). MALDI-MS:  Mass calcd (M+H+): 1631.7; Mass obs: 1631.4.  
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Norbornene-D-amino acid peptide substrate sequence: Nor-Gly-Pro-Leu-Gly-

Leu-Ala-Gly-Gly-Trp-Gly-Glu-Arg-Asp-Gly-Ser. The underlined, bold sequence 

consists of D-amino acids. HPLC (24-30%, Buffer B, retention time = 19.5 min). 

MALDI-MS:  Mass calcd (M+H+): 1631.7; Mass obs: 1631.4. 

 
Polymer synthesis (See Figure 1) 

 

Backbone Copolymer (1m-b-2n-amine TA) – Proceeds as shown in Figure 1: 

To a stirred solution of 1 (4.66 mg, 0.0184 mmol) in dry d-DMF (0.25 mL) was 

added a solution of the catalyst ((IMesH2)(C5H5N)2(Cl)2Ru=CHPh) (1.33 mg, 0.00183 

mmol) in dry d-DMF (0.25 mL). The reaction was left to stir under nitrogen for 30 min, 

after which an aliquot was removed and quenched with ethyl vinyl ether. After 30 min 

the quenched polymer was dried under high vacuum to give the homopolymer of 1 as a 

solid. The remaining reaction mixture was split into two portions and a solution of 2 

(4.50 mg, 0.00276 mmol for Norbornene-L-amino acid peptide (2L) or Norbornene-D-

amino acid peptide (2D)), in dry d-DMF (0.2 mL) was added. The mixture was left to stir 

under nitrogen for 2 hrs, after which an aliquot was removed and quenched with ethyl 

vinyl ether. After 2 hrs, the remaining polymer was terminated with Boc-amine 

termination agent (TA) (3, 2.42 mg, 0.0046 mmol) for 1 hr followed by addition of ethyl 

vinyl ether to quench the catalyst. After 15 min the solutions were precipitated by 

addition to cold ether to give the two polymers as off-white solids.  

 

SEC-MALS of polymers prior to peptide conjugation:  
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Homopolymer of 1: Mn = 2320, Mw/Mn = 1.201, 1 = 10. Copolymer of 1-b-2L (L-amino 

acid): Mn = 8037, Mw/Mn = 1.073, 2 = 3. Copolymer of 1-b-2D (D-amino acid): Mn = 

10630, Mw/Mn = 1.012, 2 = 5.  

 
Synthesis of Alexa Fluor 647 conjugated Peptide Polymer Amphiphile (Alex647-PPA) 

 

Representative Synthesis of Alex647-PPA-L (L-amino acid peptide)  

The Boc protecting group of the 110-b-23-amine TA polymer was removed by 

reacting it in 90% TFA/DMF (1 mL) for 1.5 hrs followed by evaporative removal of TFA 

and precipitation by addition of cold ether to give the polymer as an off-white solid. 2.24 

µmol of Boc deprotected 110-b-23-amine TA polymer was dissolved in 0.125 mL of 1:1 

DMF:DMSO, followed by addition of 10 equiv. of N,N-Diisopropylethylamine (DIPEA) 

and 1.2 equiv. of Alexa Flour 647 NHS ester (0.075 mL). The reaction was stirred at 

room temperature for 18 hrs, then precipitated by addition of cold ether (1.5 mL) to 

obtain Alexa 647 dye conjugate of the 110-b-23-Alex647 polymer. 

 
Spherical Micelle Formation 

 

Alexa Fluor 647 conjugated peptide polymer amphiphiles (Alexa647-PPA-L and -

D) obtained from above were dissolved separately to generate M and MD, each in 200 µL 

of DMSO followed by addition of 300 µL of phosphate buffered saline (PBS; KCl, 2.67 

mM; KH2PO4, 1.47 mM; NaCl, 137.93 mM, Na2HPO4�7H2O, 8.06 mM, pH 7.4). This 
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solution was then transferred to 3,500 MWCO SnakeSkin dialysis tubing and left for 2 

days.  

 
Transmission electron microscopy (TEM)  

 

Small (5 µl) aliquots of sample were utilized for TEM via standard procedures. 

Briefly, the sample was loaded onto grids (Ted Pella Inc.) that had previously been glow 

discharged using an Emitech K350 glow discharge unit and plasma-cleaned for 90 s in an 

E.A. Fischione 1020 unit. The sample grid was then transferred into a grid holder in a 

FEI Sphera microscope operating at 200 keV. Micrographs were recorded on a 2K X 2K 

Gatan CCD camera.  

 
Enzyme activation 

 

To 5 µL of enzyme was added 0.4 µL of a 24 mM p-aminophenyl mercuric 

acetate solution in freshly prepared 0.1 M NaOH. The enzyme solution was heated at 37 

oC for 2 hrs prior to use.   

 
Animals and Optical imaging experiments  

 

MMP overexpressing HT-1080 xenograft nude mice models were utilized in this 

study. Mice were inoculated with 106 HT-1080 cells, and studies were carried out once 



	   289 

the tumors reached approx. 150 mm3 in size. All animal procedures were approved by 

University of California, San Diego’s institutional animal care and use committee. 

      
For optical imaging, animals were anesthetized with isofluorane with an induction 

dose of 3% and a maintenance dose of 1.5% in an oxygen gas stream. Two groups of HT-

1080 xenograft nude mice were intratumorally injected with M or MD at 0.5 nmol, which 

were imaged at given time points (1 min, 1 hr, 3 hr, 6 hr, 1 day, 3 days, 5 days, and 7 

days) (Figure 5) using a GE Art Optix instrument (λex= 635 nm and λem= 670 nm). 

Animals were sacrificed after the experiment and organs and tumors were harvested and 

imaged (Figure 6) followed by frozen for tissue slice. 

 
Tumor tissue slice preparation  

 
Tumor tissue was removed and rinsed with PBS (pH 7.4) followed with freezing 

with dry ice in OCT. The tumor tissue was then sectioned with a cryostat at 5 µm 

thickness through UCSD histological center. 

 
Confocal Fluorescence Microscopy for Tile Scan Images 

 

Tissue sections were placed on glass slides and imaged using laser scanning 

confocal microscopy (LSM 710, Zeiss) with a 40 X magnification (NA=0.7) air objective. 

Both fluorescence and bright-field trans-mission images were acquitted using 633 nm 
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wavelength laser excitation. Tiles of 5 x 5 adjacent images, covering a sample area of 

1.06 mm x 1.06 mm, were done using ZEN, the operation software of the microscope.  

 
Stochastic Optical Reconstruction Microscopy (STORM) Imaging 

  

Glass slides carrying the tissue slices fixed with 4% paraformaldehyde were 

immersed in an oxygen scavenging solution containing 10% glucose, 0.5 mg/ml glucose 

oxidase, 40 µg/mL catalase, and 1% β-mercaptoethanol in Tris buffer. The tissue slices 

were covered by coverslips and the edges were sealed with nail polish. STORM was 

performed an inverted microscope (Axio Observer, Zeiss) with a 100 X (NA=1.45) oil 

immersion objective. Fluorescence excitation was done using 660 nm wavelength diode 

laser at an estimated intensity of ~500 W/cm2. Fluorescence emission was collected at 

wavelengths longer than 680 nm was imaged using an electron multiplying CCD camera 

(Xon 897, Andor). Thousands of raw single molecule fluorescence images were acquired 

and processed, and STORM images were reconstructed using in house software.  Particle 

sizes were measured in Volocity (Version 6.1, Perkin Elmer) on the STORM images, 

imported in TIFF format.  
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