
Plasmon Resonant Nanostructures
of Gold for Biomedical Applications

Item Type text; Electronic Dissertation

Authors Troutman, Timothy

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 26/05/2023 10:20:35

Link to Item http://hdl.handle.net/10150/194979

http://hdl.handle.net/10150/194979


 
 

PLASMON RESONANT NANOSTRUCTURES OF GOLD  
FOR BIOMEDICAL APPLICATIONS 

 
by 
 

Timothy S. Troutman 
 
 
 

_____________________ 
      

 
 

A Dissertation Submitted to the Faculty of the 
 

GRADUATE INTERDISCIPLINARY PROGRAM IN BIOMEDICAL ENGINEERING 
 

In Partial Fulfillment of the Requirements 
For the Degree of 

 
DOCTOR OF PHILOSOPHY 

      
 

In the Graduate College 
 

THE UNIVERSITY OF ARIZONA 
 
 
 
 
 
 
 
 

2008 
 



 
 
 

   

 
 
 

2

 
 

THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

 
As members of the Dissertation Committee, we certify that we have read the dissertation  
 
prepared by Timothy S. Troutman 
 
entitled Plasmon Resonant Nanoparticles of Gold for Biomedical Applications 
 
and recommend that it be accepted as fulfilling the dissertation requirement for the  
 
Degree of Doctor of Philosophy 
 
 
 
_______________________________________________________________________ Date: July 3, 2008 

Jennifer K. Barton    
 
_______________________________________________________________________ Date: July 3, 2008 

Marek Romanowski    
    
_______________________________________________________________________ Date: July 3, 2008 

Ronald Lynch    
 
_______________________________________________________________________ Date: July 3, 2008 

Russell Witte    
    
    
    
 
Final approval and acceptance of this dissertation is contingent upon the candidate’s 
submission of the final copies of the dissertation to the Graduate College.   
 
I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement. 
 
 
________________________________________________ Date: July 3, 2008 
Dissertation Director:  Jennifer K. Barton    

 
  
 



  
 
 

3

STATEMENT BY AUTHOR 
 
This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at the University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 
 
Brief quotations from this dissertation are allowable without special permission, provided 
that accurate acknowledgment of source is made.  Requests for permission for extended 
quotation from or reproduction of this manuscript in whole or in part may be granted by 
the head of the major department or the Dean of the Graduate College when in his or her 
judgment the proposed use of the material is in the interests of scholarship.  In all other 
instances, however, permission must be obtained from the author.  
 
 
 
                         SIGNED: Timothy S. Troutman 
 
 
 
  
 



  
 
 

4

ACKNOWLEDGEMENTS 
 

First, I would like to thank my dissertation committee:  Russ Witte - for stepping 
in when you were needed most, and for recent discussions into new applications for 
nanoparticles.  Ron Lynch - for assistance with my work involving fluorophores and 
much needed interjection of humor.  Jennifer Barton - for constant assistance with 
various OCT systems as well as with inquiries on tissue optics and optical systems.  
Marek Romanowski - For giving me the chance to work on such an interesting and novel 
project, the freedom to explore new applications, and for always having your office open 
to me.  Of course thanks to the committee as a whole for their guidance on making my 
project complete and for their direction, which helped me to accomplish so much. 

I would have never made it to the University of Arizona without the help of Lori 
Taylor.  Likewise, I could not have made it through my coursework without the help of 
my fellow students, those who came before me, persevered with me, and the students I 
have been able to help start their journey along the way.  Thanks to Debbi Howard for her 
assistance, not the least of which was help with administrative tasks and maintaining the 
chocolate supply.  Sarah Leung – thank you for continuing my work and expanding it 
into new directions as well as improving the existing applications; it was a pleasure 
working with you. 

I would also like to thank former and continuing members of the Tissue Optics 
Lab.  I am grateful that you included me in the group, and for assistance with use of the 
imaging systems and lasers.  Faith Rice was always a good friend and source of company 
during repetitive lab tasks.  David Bentley, who was instrumental in much of the electron 
microscopy work and analysis: thanks for providing me with the knowledge of where to 
kick and freedom to operate the machines. 

To Dorothy and Ian: I am in debt for your patience, for the constant 
encouragement, for the smiles, and for showing me what is truly important.  I must also 
thank my parents and extended family for their continuous support and encouragement 
which were elemental in my successes throughout life and ultimately in the completion of 
this task.  Ultimately, sincere gratitude to those who have guided me through the years: 
my early mentors who have driven me to be the person I am by demonstrating integrity, 
fostering curiosity, and open acceptance; though who were unable to see this day. 

Thanks to God: through whom all things are possible.  I am grateful that you 
provided me with the capacity and opportunity to understand and perform this work with 
your creation, to be a part of this noble effort, and to see what quadrillions really are.    

Lastly, I would like to revisit gratitude toward my primary mentor: Marek.  Thank 
you for your patience and understanding.  I am honored to have worked with you these 
last four years and sincerely appreciate our time together and the guidance you provided.  
May the future and your successive students bring you the satisfaction and glory that you 
deserve. 



  
 
 

5

DEDICATION 
 
 
 
 
 

In memory of John Mansell, my first mentor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  
 
 

6

TABLE OF CONTENTS 
 
 
 
LIST OF FIGURES ........................................................................................................12 
 
LIST OF TABLES..........................................................................................................14 
 
ABSTRACT....................................................................................................................15 
 
I.  INTRODUCTION ....................................................................................................17 
 
    Overview.....................................................................................................................17 
 
    Advanced Imaging Techniques...................................................................................17 
 
        Optical Imaging ......................................................................................................19 
 
        The Need for Optical Contrast Agents....................................................................22 
 
        Targeting .................................................................................................................24 
 
    The Ideal Contrast Agent ............................................................................................25 
 
    The Interaction of Electromagnetic Radiation and Solid Materials............................27 
 
        Scattering, Absorbance, and Extinction..................................................................29 
 
        Scattering Properties of Materials...........................................................................30 
 
        The Mie Solution ....................................................................................................31 
 
        Rayleigh Scattering.................................................................................................32 
 
        Size and Shape Effects............................................................................................34 
 
        Coupled Plasmons...................................................................................................36 
 
    Plasmon Resonant Nanoparticles................................................................................39 
 
    Carcinoma...................................................................................................................45 
 
        Diagnosis.................................................................................................................46 
 



  
 
 

7

TABLE OF CONTENTS  -  Continued 
 
 

        Treatment ................................................................................................................47     
 
    Summary and Aims of the Dissertation ......................................................................52  
 
II.  NANORODS AS OPTICAL CONTRAST AND PHOTOTHERMAL  
CONVERSION AGENTS ............................................................................................54 
 
    INTRODUCTION ......................................................................................................54 
 
        Plasmon Resonance in Nanorods............................................................................58 
 
        Other Applications of Nanorods .............................................................................60 
 
        Laser Induced Breakdown ......................................................................................62 
 
    MATERIALS AND METHODS................................................................................63 
 
        Turkevich Sol Production .......................................................................................63 
 
        Nanorod Procedure Development...........................................................................63 
 
        Determination of Proper Citrate Concentration in Seed Generation ......................64 
 
        Nanorod Synthesis—Final Procedure.....................................................................65 
 
            Seed Production ..................................................................................................65 
 
            Nanorod Growth .................................................................................................66 
 
        Preparation for Electron Microscopy......................................................................68 
 
        Improving the Population Distribution ...................................................................69 
 
        Characterization of Nanorod Suspensions with the Integrating Sphere .................70 
 
        OCT Signal Generated with Nanorods ...................................................................71 
 
            Phantom Generation............................................................................................71 
 
            OCT System and Imaging...................................................................................72 
 



  
 
 

8

TABLE OF CONTENTS  -  Continued 
 
 

            Differential Imaging............................................................................................73 
 
        Multi-Photon Imaging.............................................................................................73  
 
    RESULTS AND DISCUSSION.................................................................................76 
 
        Nanorod Procedure Development...........................................................................76 
 
        Determination of Proper Citrate Quantity in Seed Generation...............................80 
 
        Turkevich Sol Procedure.........................................................................................86 
 
        Nanorod Synthesis—Final Production ...................................................................86 
 
            Seed Production ..................................................................................................86 
 
            Growth Phase ......................................................................................................89 
 
        Improving the Population Distribution ...................................................................90 
 
        Polyacrylamide Phantom Generation and OCT Imaging .......................................92 
 
        Differential Imaging................................................................................................96 
 
        Multi-Photon Imaging...........................................................................................103 
 
    CONCLUSIONS.......................................................................................................113 
 
III.  GOLD-COATED LIPOSOMES AS BIODEGRADABLE CONTRAST  
AGENTS ......................................................................................................................115 
 
    INTRODUCTION ....................................................................................................115 
 
        Lipids ....................................................................................................................116 
 
        Lipid Types ...........................................................................................................117 
 
        Changes in pH.......................................................................................................119 
 
        Formation of Liposomes .......................................................................................120 
 



  
 
 

9

TABLE OF CONTENTS  -  Continued 
 
 

            Encapsulation and Dialysis ...............................................................................121 
 
        Applications of Liposomes ...................................................................................123 
         
        Basis for Investigation of Plasmon Resonant Liposomes as Optical Contrast  
        Agents ...................................................................................................................124 
 
        Previous Metallization of Liposomes ...................................................................127 
 
    MATERIALS AND METHODS..............................................................................130 
 
        Liposome Synthesis ..............................................................................................130 
 
        Gold Coating of Liposomes by Established Methods of Making Nanoshells ......132 
 
        Divining an Appropriate Reducing Agent ............................................................133 
 
        Concentration Dependent Reduction ....................................................................134 
 
        Developed Method of Liposome Reduction .........................................................135 
 
        Liposome Dissolution ...........................................................................................135 
 
        Particle Sizing Experiments..................................................................................136 
 
        Optical Coherence Tomography Imaging of Liposomes......................................137 
 
        Imaging of Liposomes with the Transmission Electron Microscope ...................138 
 
        Imaging of Liposomes with the Field Emission Scanning Electron  
        Microscope............................................................................................................138 
 
            Energy Dispersive X-ray Spectroscopy (EDS) Processing ..............................139 
 
            Imaging Intact Liposomes.................................................................................139 
 
        Liposome Response to pH Extremes ....................................................................140  
 
    RESULTS AND DISCUSSION...............................................................................141 
 
        Liposome Synthesis ..............................................................................................141 



  
 
 

10

TABLE OF CONTENTS  -  Continued 
 

 
        Gold Coating of Liposomes by Established Methods of Making Nanoshells ......142 
 
        Divining an Appropriate Reducing Agent ............................................................143 
 
        Concentration Dependent Reduction ....................................................................144 
 
        Developed Method of Liposome Reduction .........................................................146 
 
        Liposome Dissolution ...........................................................................................152 
 
        Particle Sizing Experiments..................................................................................159 
 
        Liposomes as Signal Generators in OCT..............................................................160 
 
        Imaging of Liposomes with the Field Emission Scanning Electron  
        Microscope............................................................................................................164 
 
            Energy Dispersive X-ray Spectroscopy (EDS) Processing ..............................164 
 
            Imaging Intact Liposomes.................................................................................167 
 
        Liposome Response to pH Extremes ....................................................................167  
 
    CONCLUSIONS.......................................................................................................170 
 
IV.  LIGHT INDUCED CONTENT RELEASE FROM GOLD-COATED  
LIPOSOMES...............................................................................................................172 
 
    INTRODUCTION ....................................................................................................172 
 
    MATERIALS AND METHODS..............................................................................176 
 
        Liposome Preparation ...........................................................................................176 
 
        Reduction of Gold.................................................................................................177 
 
        Extinction Spectra.................................................................................................178 
 
        Temperature-Induced Release of Contents...........................................................178 
 
        Light-Induced Release of Contents.......................................................................179 



  
 
 

11

 
TABLE OF CONTENTS  -  Continued 

 
 
    RESULTS .................................................................................................................181 
 
    DISCUSSION...........................................................................................................187 
 
        Light-Mediated Release ........................................................................................190 
 
    CONCLUSIONS.......................................................................................................193 
 
V.  GENERAL CONCLUSIONS ..............................................................................194 
 
    SUMMARY..............................................................................................................194 
 
    FUTURE DIRECTIONS ..........................................................................................201 
 
        Nanorods ...............................................................................................................201 
 
        Liposomes .............................................................................................................203 
 
        Controlled Release ................................................................................................204 
 
APPENDIX A: LIST OF ABBREVIATIONS .........................................................206 
 
APPENDIX B: REPRINT PERMISSIONS .............................................................208 
 
REFERENCES............................................................................................................211 
 
 
 
 
 



  
 
 

12

LIST OF FIGURES 
 
 
FIGURE 2.1: Early Attempts at Nanorod Formation .....................................................77 
 
FIGURE 2.2: Improved Nanorod Method Spectra .........................................................79 
 
FIGURE 2.3: Extinction Spectra from Final Nanorod Synthesis Procedure..................81 
 
FIGURE 2.4: Seed Quality Impact on Final Spectra......................................................83 
 
FIGURE 2.5: Spectra from Various Seed Formulations ................................................85 
 
FIGURE 2.6: Turkevich Sol Spectrum...........................................................................87 
 
FIGURE 2.7: OCT Imaging of Nanorods in Tissue Phantoms ......................................93 
 
FIGURE 2.8: Differential OCT Imaging ........................................................................98 
 
FIGURE 2.9: Differential Imaging .................................................................................99 
 
FIGURE 2.10: Luminescence of Nanorods Under High Intensity Focused Light .......104 
 
FIGURE 2.11: Nanorod Mediated Damage to Tissue Phantom...................................106 
 
FIGURE 2.12: Selective Binding of Targeted Nanorods .............................................109 
 
FIGURE 2.13: Nanorod Targeting and Mediated Cell Death ......................................111 
 
FIGURE 3.1: Commonly Used Lipids in the Formation of Gold-Coated Liposomes .118 
 
FIGURE 3.2: Divining and Appropriate Reducing Agent............................................145 
 
FIGURE 3.3: TEM Image of Early Gold-Coated Liposomes ......................................147 
 
FIGURE 3.4: Concentration Dependent Reduction......................................................148 
 
FIGURE 3.5: Gold-Coated Liposome Tunability.........................................................151 
 
FIGURE 3.6: Size Independent Tunability...................................................................153 
 
FIGURE 3.7: Point of Attack of Phospholipase A2 .....................................................155 
 
FIGURE 3.8: Dissolution of Gold-Coated Liposomes with Triton X-100...................157 



  
 
 

13

LIST OF FIGURES - Continued 
 
 
FIGURE 3.9: Degradation of Gold-Coated Liposomes with PLA2.............................158 
 
FIGURE 3.10: OCT Image of Various Liposome Solutions within Capillary  
Tubes.............................................................................................................................161 
 
FIGURE 3.11: FESEM Image of Gold-Coated Liposomes..........................................165 
 
FIGURE 3.12: EDS Imaging ........................................................................................166 
 
FIGURE 3.13: FESEM Imaging of Intact Gold-Coated Liposomes ............................168 
 
FIGURE 4.1: Extinction Spectra of Liposome Preparations ........................................182 
 
FIGURE 4.2: Liposome Content Release on the Basis of Temperature.......................183 
 
FIGURE 4.3: Light Based Release of Liposome Contents...........................................185 
 
FIGURE 4.4: Light and Fluorescence Photographs of Liposome Preparations ...........186 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  
 
 

14

LIST OF TABLES 
 
 
TABLE 1.1: Plasmon Resonant Nanoparticles for Use in Various Optical Biomedical 
Imaging Applications......................................................................................................41 
 
TABLE 1.2: Imaging Modality Comparison ..................................................................48 
 
TABLE 3.1: Enhancement of OCT Signal From Gold-Coated Liposomes .................162 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



    
 
 

15

ABSTRACT 

 

Advanced optical imaging techniques are emerging as useful ways to screen 

tissues for the presence of cancer.  Plasmon resonant nanoparticles have unique optical 

properties that make them ideal for use as optical contrast agents.  The capacity of these 

particles to serve a multifunctional role dependent on their composition and the intensity 

of incident light enables them to serve as diagnostic tools and to provide the therapeutic 

capability of photo-thermal energy conversion or the controlled release of an 

encapsulated agent.  Likewise, the ability to degrade into components of a clearable size 

may enable the clinical translation of these types of particles.   

These properties were demonstrated by means of experiments in the support of 

three specific aims.  The first specific aim was to determine whether the unique and 

tunable optical properties of nanorods lend them to generate signal in advanced optical 

imaging techniques, and that nanorods can facilitate photo-thermal conversion.  The 

second specific aim was to show that liposomes can serve as a scaffold for the support of 

an array of gold nanodots to generate a structure that exhibit tunable plasmon resonant 

characteristics and a resultant ability to generate signal in optical imaging techniques 

while having the capability to degrade into inert particles of a size that can be readily 

cleared from the body via the kidney.  The final specific aim was to determine whether 

the gold-coated liposomes of the second specific aim can serve as system for light-based 

delivery of an encapsulated agent in addition to its role as an optical contrast agent and its 

biodegradation capacity. 



    
 
 

16

Plasmon resonant nanorods and plasmon resonant gold-coated liposomes were 

generated by reducing free gold from solution onto surfactant coated seed particles and 

phospholipid liposomes, respectively.  Both structures demonstrated the ability to 

generate signal in optical coherence tomography and in multi-photon confocal 

microscopy images.  Nanorods in high intensity light demonstrate a capacity to mediate 

photo-thermal energy conversion.  While, in similar conditions, gold-coated liposomes 

are shown to release their contents.  Gold-coated liposomes are also shown to degrade to 

bioinert components of a size reasonable for rapid renal clearance using either surfactant 

or enzyme.   
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I:  INTRODUCTION 

 

Overview 

The overall goal of this research was to develop plasmon resonant nanoparticles 

as contrast agents for optical imaging and photo-therapy applications.  Two types of 

particles, gold nanorods and gold-coated liposomes, were generated and characterized in 

optical coherence tomography and multi-photon microscopy based on their potential to 

serve as signal generators in several optical imaging techniques.  In addition, these 

particles have been shown to demonstrate unique properties upon the application of high 

intensity light that varies depending on their composition, including the capability to 

convert light into thermal energy and to release encapsulated contents.  Lastly, much of 

this dissertation involves the development of a new class of plasmon resonant 

nanoparticles, which provides similar optical properties of other agents while also being 

able to degrade into smaller particles. This research in particular composes the 

groundwork upon which plasmon resonant particles may eventually be translated to 

clinical development and used as contrast and therapeutic agents to serve in the 

identification and treatment of a wealth of maladies, the most critical of which is cancer. 

 

Advanced Imaging Techniques 

Medical imaging is undergoing dramatic growth with respect to the development 

of new protocols, techniques, and even modalities.  With the ability to perform analysis 

and scans of tissues for maladies without breaking the skin, as in the case of MRI 
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(Reinsberg et al. 2007) and CT (Kaneco et al. 1996), the door is opened to the possibility 

of complete tissue interrogation without need for further analysis.  Eventual 

developments of these modalities will provide the astute examiner this capacity with the 

proper type of scan and use of markers, greatly simplifying the identification of 

neoplasia.  Even at the present, when it becomes necessary for a first hand analysis and 

observation of a disease site, endoscopes are used to provide a minimally invasive 

intrusion into the body, whether into joints, cavities, or large vasculature (Tajiri et al. 

2002).   

Based on their strengths, specialty imaging modalities are being developed for the 

identification of disease states.  For example, magnetic resonance imaging provides 

images of all parts of the body, and is not impeded by bone like CT or X-ray.  MRI has 

high soft-tissue contrast, useful for detecting irregularity in organs like the brain (Holland 

et al. 1986).  Its fundamental limitation is spatial resolution; the current state of the art for 

MR systems has a real-world resolution of about 1 mm.  This is caused by the limited 

amounts of signal provided by individual voxels; longer integration times and stronger 

magnetic fields can lead to higher resolutions, but the patient must remain still for 

excessively long amounts of time.  Even without attempting to attain ultra-high 

resolution, image capture is relatively slow, requiring the patient to remain still for 

minutes at a time. Thin cross sections representing intensity maps of the state of various 

tissues are generated by this process that are sensitive to the density of water and 

relaxation times (return to alignment with main gradient after perturbation) of different 

tissues. 
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One of the ultimate goals in medical imaging is the development of a means to 

label and identify specific chemical species, otherwise known as molecular imaging.  

This technology not only can aid in the characterization of cell-level functionality as a 

research tool, but it also holds the promise of identifying neoplasias at an early stage 

depending on known physiological irregularity of abnormal tissues (Aaron et al. 2007).  

These may include the monitoring of tissue morphologies, patterns of cell growth, and 

nucleic abnormality for positive identification.  Optical imaging techniques have become 

quite promising in their capability to image and classify tissues based on their low level 

of interaction with tissues, resolution, and ability to be administered in situ in a 

minimally-invasive manner. 

 

Optical Imaging 

Optical Coherence Tomography is a relatively new imaging modality that uses 

near infrared broadband light sources to scan tissues.  These systems offer cross sectional 

images with resolution on the order of single microns and a depth of penetration of one to  

two millimeters.  It generates signal based on the presence of refractive index mismatches 

within the imaged volume which generate scattering events.  Thus hyperintense regions 

of OCT images represent highly scattering portions, and high levels of direct backscatter 

of light within the sampled volume.  The coherence point is scanned through the tissue 

axially by changing the length of a reference arm, such that when a scattering event 

occurs it generates a signal through constructive interference from the combined sample 

and reference arms (Barton et al. 2004b). The sample arm can be configured in several 
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ways: either as an endoscope, through a microscope objective, or as an in-air system, 

allowing for relief of the imaged tissue from the optics.  The resolution, depth of 

penetration and ability to be administered via an endoscope makes this modality ideal for 

examining tissues lining or adjacent to body cavities, or laproscopically to examine 

organs in the peritoneal and abdomino-pelvic cavity.  While OCT provides the resolution 

necessary to identify cellular-level structures, it suffers in its lack of depth of penetration.  

Tissues are inherently opaque to many wavelengths of light, making interrogation at any 

significant depth a challenge, in fact this limits the depth of penetration and successful 

imaging to approximately 2 mm (Korde et al. 2007).  This is caused by the native optical 

properties of tissues, and the variance in the scattering properties of different types of 

tissues gives rise to contrast within an image.   

Confocal microscopy utilizes a unique configuration of a conventional 

microscope to only focus and accept light at a specific point in the sample.  This is 

accomplished by using a pinhole in a conjugate optical plane to reject light that is not on 

the plane of interest and focusing this light to a point in the sample through a microscope 

objective.  As only a single pixel is measured at a time, this point must be rastered across 

the sample by a pair of galvanometer-manipulated mirrors to compile an image from the 

data of individual points (White et al. 1987).  The confocal microscope can be used in a 

standard transmission mode, with multi-laser illumination in confocal mode or in a multi-

photon configuration, allowing the user much freedom in experimental design and choice 

of fluorophores.   
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The multi-photon mode of the confocal microscope is of interest, as in this case it 

introduces femtosecond pulses of high intensity laser light that can excite a fluorescent 

molecule with incident light that is at twice the wavelength of its nominal excitation 

peak. Confining light in time and space results in the ability to excite fluorophores using 

two or more low-energy simultaneously absorbed photons achieving the previously 

mentioned excitation.  The benefits to this mode of imaging include the ease of filtering  

out excitation light since it is further from the emission peak, the excitation light is 

frequently in the near infrared offering low phototoxicity, improved depth of penetration, 

out of plane light rejection, and lastly that the confocal effect can be achieved without a 

pinhole as fine focus point required for 2-p process (Kirkpatrick et al. 2007).  The high-

energy light necessary to facilitate multi-photon imaging generates peculiar reactions 

with roughened surfaces (Boyd et al. 1986) and with plasmon resonant nanoparticles.  

The particles tend to luminesce as an inherent property with sufficient light energy.  This 

property has been described as sequential one-photon absorption to generate an electron-

hole pair in the sp conduction band and d band respectively.  Photoluminescence results 

from recombination of this pair near the Fermi surface near the X and L symmetry points. 

The band of emission for gold nanoparticles excited at 780 nm results in a broad emission 

from 450 nm to 750 nm, with peaks at 560 nm and 650 nm corresponding to the L and X 

points respectively, which is in accordance with the calculated band structure of gold 

(Imura et al. 2005). 

While confocal microscopy has traditionally been used as a laboratory technique, 

several groups are developing endoscopes to image tissues in situ for high resolution 
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optical imaging (Udovich et al. 2007; Barhoum et al. 2005).  The out of focus light 

rejection capability of confocal and multi-photon imaging leads to sub-cellular levels of 

resolution without biopsy and sectioning: providing the bulk of the functions of histology 

without the need to excise tissue.  The similarity between these characterization 

techniques, however, is that the myriad of stains available are toxic to live cells and, 

therefore, cannot be used in vivo.  To overcome this, non-toxic dyes must be generated 

that can provide additional contrast, have the capacity to target or stain specific tissues, 

and eventually be cleared by natural means from living organisms. 

Laser induced breakdown (LIB) is similar to dielectric breakdown in that when 

sufficient radiation is present, a plasma is formed for an instant while such high energies 

are confined within time and space.  Nanoparticles, as is the case examined here, can be 

facilitators of LIB, as supported by the research presented here and elsewhere (Huang et 

al. 2006).  The formation of plasma is a highly energetic event, which may be useful for 

therapeutic applications in which nanoparticles of gold can mediate this process, and 

limit the delivery of energy to regions containing nanoparticles. 

 

The Need for Optical Contrast Agents 

There is a need for optical contrast agents for light-based tissue imaging 

modalities.  Several radio-opaque dyes exist, are certified for in vivo use and return 

valuable results in X-ray and CT.  Likewise, paramagnetic particles like gadolinium and 

iron oxide are used in magnetic resonance imaging.  In the realm of optical imaging, 

there are few fluorescent dyes (Indocyanine green for example) which are approved for in 
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vivo use.  The very nature of fluorescence generates very high contrast with the use of 

exogenous dyes since the sensed wavelength is different than the excitation wavelength.  

This is of little help though in other imaging techniques, like OCT, that rely on scattered 

light to provide signal.  In that particular case, an agent which modifies the scattering 

properties of a sample will be capable of improving the contrast.   

Due to their unique optical properties, plasmon resonant nanoparticles are coming 

to the forefront as agents for modifying the signal in images.  This type of particle has 

several unique characteristics that make them ideal for enhancing the images of tissues: 

they are of a size amenable to intravenous administration, have wavelength-tunable 

optical characteristics, and are generally composed of bioinert materials.  For these 

reasons, gold is often the material of choice since it provides excellent in vivo stability 

and bioinert character with tunable plasmon resonance in the near infrared: a range of 

light ideal for the interrogation of tissues at depth.    

The goal for the development of contrast agents for OCT is to improve the image 

to the degree that this non-invasive technique can provide the same information as 

biopsy, in situ, without the need to remove, section, and stain tissues.  If additional 

information could be provided in images, such as a means to delineate diseased from 

healthy tissues, the functionality may approach the positive identification possible with 

stained tissues in histological techniques.  Stains typically are targeted, either by design 

or natively, to specific elements contained within the tissue sample.  This stain 

information provides the pathologist with clues as to the nature of the stained tissues.  
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Thus targeted contrast agents in optical imaging is the analog to stains in histological 

analysis. 

Contrast agents developed for OCT generally fall into two types: those which 

increase signal (Lee et al. 2003; Agrawal et al. 2006), and those which reduce signal 

(Chen et al. 2007; Oldenburg et al. 2007).  The differences in optical properties between 

these agents are what predispose them to the modification of the signal for increased or 

decreased intensity in the imaged volume.  The nature of optical coherence tomography is 

that it is sensitive to backscatter, so volumes with high scattering levels have a high initial 

intensity, and a high rate of signal decrease with increasing depth.  Regions that are 

highly absorbing also have high rates of signal attenuation with depth; however they lack 

the high initial signal proximal to the light source.   Regions with low anisotropy have a 

higher probability of backscatter and as such have high signal and relatively low 

attenuation.  

 

Targeting 

Intravenously administrated contrast agents can perform a role even without 

specific targeting.  The rapid growth encountered in tumors generates poorly organized 

vasculature: often with dead ends and leaks (Brown and Giaccia 1998; Carmeliet and Jain 

2000).  This leaky vasculature allows for a form of passive targeting, where particles in 

the blood are likely to settle.  Other tissues that allow for passive targeting are those that 

are typically responsible for removing foreign objects from the body, like the liver, 

kidneys, spleen, and lymph nodes (Rudolph et al. 1991).    
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Active targeting of specific tissues requires a functionality or marker 

representative of and unique to the targeted bulk tissues and greatly improves the 

pharmacokinetics and biodistribution of the agent (Allen and Cullis 2004).  Receptors 

residing in the membrane of cells can be relatively specific to particular tissue types.  In 

the event of neoplastic growth, these distinct membrane receptors are often produced by 

cancerous cells in large quantities, usually in response to a metabolic need.  One example 

of a marker is HER2, a receptor tyrosine kinase and member of the EGFR family, is often 

observed in abundance in breast, ovarian, and stomach cancer (Zhou and Hung 2003).  

This marker and others similar to it can be used as tags which can assist in the 

identification of malignant tissues.  Reporting agents can be conjugated to an antibody or 

ligand with high binding affinity to the marker of choice, thereby labeling the tissue with 

a measurable factor.  Further specificity can be imparted if the cancer type is known to 

over-express multiple types of targetable receptors.  

 

The Ideal Contrast Agent 

In combining the strengths, limitations, and requirements for optical contrast 

agents, a model for the ideal optical contrast agent can be constructed.  For the purposes 

of biomedical imaging, the device should be non-toxic and bioinert to prevent the 

formation of dangerous byproducts.  Particles must either be of such a small size that they 

can be cleared though the kidney in a reasonable amount of time or be degradable to such 

a size that clearance is possible.  These requirements will serve to make these agents 
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amenable to in vivo use, as well as to render them allowable by governing bodies for 

biomedical devices like the Food and Drug Administration (FDA) and TÜV. 

These agents must also be capable of providing a sufficient improvement in 

imaging and labeling to justify their cost, while minimizing harm to the imaged 

organism.  Additionally, the capacity to target these agents specifically to tissues of 

choice to serve as reporters of the presence of a particular cell type confers the 

capabilities of histology to optical imaging techniques without the need for biopsy or 

excision.  The ability to serve some therapeutic role, such as administration of local 

heating through mediated photothermal conversion, or the delivery of an encapsulated 

medication adds a new dimension to the use of nanoscopic contrast agents.  This would 

allow for verification of proper location of therapeutic agents before their activation or to 

provide imaging capability and therapeutic activity on the same visit, perhaps with only a 

single injection.    The capacity to serve as light-mediated release capsules poses unique 

opportunity for minimizing systemic side effects. 
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The Interaction of Electromagnetic Radiation and Solid Materials 

Understanding the origins of plasmon resonance requires a discussion in the 

nature of the interaction of light waves with solid materials.  This interaction and the end 

result as they relate to the fate of the incident light are highly dependent on the material 

properties of the solid or particle.  

Maxwell’s equations are a collection of four partial differential equations which 

describe the properties of electronic and magnetic fields, their interaction, and origins in 

charge density and current density respectively.  These are shown in terms of free charge 

and current as Equations 1.1, 1.2, 1.3 and 1.4, which relate to the distribution of electric 

charge to the resultant electrical field, magnetic divergence is equal to zero (a dipole must 

exist), Faraday’s basic law of electromagnetic interaction, and the relationship between  a 

current flowing through a wire and the magnetic field it generates.    
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Waves of electromagnetic radiation (light) self-propagate in space and through materials 

depending on the properties of the materials and their state of transparency to the 

wavelength of the incident light.  James Clerk Maxwell derived an equation modeling the 
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behavior of electromagnetic waves from the previously discussed set of equations which 

bear his name.  He described light as an interrelated pair of electric and magnetic fields 

that oscillate orthogonally to the direction of travel and to each other.  These paired fields 

propagate at the speed of light transversely to the direction of travel; the speed of light in 

a medium relates the frequency of light to its wavelength.  The dielectric constant 

describes the interaction of light with a material and the susceptibility to the formation of 

an electrical flux as a result.  The dielectric constant is the square of the complex 

refractive index.  While nominally labeled a constant, the dielectric function of a material 

actually varies with wavelength and is of complex character: having both real and 

imaginary parts. Low variance in the dielectric function of a material indicates that it will 

have a low chromatic dispersion. 

The refractive index of a material relates the speed of light within one medium to 

the speed of light in a vacuum.  Artifacts arise from the movement of light from one 

medium to the next if they have differing refractive indices.  These are utilized in lens 

design to bend and focus light into a desired pattern and the variance of the refractive 

index with wavelength is responsible for familiar chromatic dispersion effect that is seen 

when polychromatic light is sent through a prism.   

The refractive index can be used to model the refraction of light that occurs at the 

interface of two media.  The redirection of the incident light wave depends on the 

difference in magnitude between the refractive indices of the materials on either side of 

the interface.  This activity can be predicted by Snell’s law (Equation 1.5): 
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2211 sinsin θθ nn =       (1.5) 

 

Where n1 and n2 are the refractive indices for each medium, with θ1 and θ2 being the 

angle of measure between a line normal to the plane of the interface and the path of the 

light.  This principle is used in the measurement of material refractive indices, and in lens 

design.  Likewise the critical angle where total internal reflection is achieved can be 

predicted for light moving from a medium with higher refractive index to one with a 

lower refractive index. 

 

Scattering, Absorbance and Extinction 

Knowing the refractive index, the scattering, absorbance and extinction properties 

of a material can be calculated.  The index describes the interaction of light at an 

interface, both with respect to real and imaginary (or phase) response.  The phase 

response of a material primarily defines the absorptive properties, and the real portion of 

the index effects the scattering response to incident light.  The extinction of a given 

sample is the sum of the light scattered and absorbed, as indicated in Equation 1.6. 

 

ABSSCAEXT σσσ +=      (1.6) 

 

Where σ is a measure of the particle cross section corresponding to the type of 

interaction.  The amount of light interacting in a process can be calculated from the Beer-
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Lambert law which relates a loss of light intensity measured as through a sample.  This 

law is represented in Equations 1.7, and 1.8, for scattering and absorption, respectively. 

 

))exp(1(0 lNII SCASCA σ−−=Δ       (1.7) 

 

))exp(1(0 lNII ABSABS σ−−=Δ       (1.8) 

 

Where ΔI is a measure of the loss of intensity relative to the initial input I0, N is the 

number density of particles in a given volume, σ is a measure of the cross section for a 

specific type of interaction of an individual particle, and l is the path length of the light 

through a sample.  Therefore, as the number of particles, the thickness of the sample, or 

the cross section of individual particles increase, there is a greater loss of light intensity 

due to scattering and absorption.  Scattering can be described as a redirection of the light 

incident upon a particle, while absorption is a loss of light energy, typically in the form of 

a conversion to heat. 

 

Scattering Properties of Materials 

The scattering properties of bulk materials can be described by μS, the scattering 

coefficient and g, the anisotropy or measure of the directionality of the scattered light 

relative to the incident light.  μS is a measure of how likely a scattering event is on a per-

length basis.  The inverse of the scattering coefficient is the mean free path of a photon in 

the medium.  The anisotropy factor, g, is defined as the average cosine of the angle 
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between the scattered light and its original direction.  By this definition, this factor has a 

range of -1 to 1, with larger values indicating preferential forward scattering and as g 

becomes negative, backscatter is the prevalent mode.  These parameters can provide 

some indication of how materials will behave with respect to scattering when illuminated. 

 

The Mie Solution 

Gustav Mie’s solution to Maxwell’s equations (Mie 1908) describes the optical 

absorption and scattering of light by a particle and specifically was generated to model 

optical extinction. This is the quantitative interpretation of the qualitative colors observed 

by Faraday in his suspensions of colloidal gold.  Using appropriate boundary conditions 

and approximated the particles as spheres, and by modeling in spherical coordinates 

(Kreibig and Vollmer 1995) this solution was obtained.  Mie’s solution relies on the 

dielectric properties of the particle’s constituent material, properties of the surrounding 

medium, and a size parameter indicating the relationship between the wavelength of 

incident light and the diameter of the particle.  For particles much smaller than the 

wavelength of light, the Mie solution yields similar results to the Rayleigh approximation 

as discussed later.   

Mie’s solution for the cross section of the respective aspects of optical interaction 

are infinite series functions as shown below in Equations 1.9 and 1.10.  From these, the 

absorption cross section can be calculated as indicated in Equation 1.6. 
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The scattering and extinction cross sections are dependent on k, the wave vector.  L, the 

product of the divergence operator and a scalar function.  aL and bL are complex functions 

which include the relative refractive indices (particle to medium), the size parameter, and 

a pair of Riccati-Bessel cylindrical functions.   

 

Rayleigh Scattering 

Rayleigh scattering describes a specific case: the elastic scattering characteristics 

of spherical particles which are much smaller than the wavelength of incident 

electromagnetic radiation.  This approximation is a special case of Mie’s solution as it 

reduces to the first term in Mie’s expansion.  The approximation is straightforward and of 

the form shown in Equation 1.11: 
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Where d is the diameter of the particle, with incident light of wavelength λ, and m, the 

relative refractive index of the particle to medium.  This equation suggests several means 
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of improving the scattering properties of a particle.  It is readily evident that the scattering 

level can be improved either by exciting with a shorter wavelength or by increasing the 

size of particle.  Of particular interest however is the parameter m: since the dielectric 

functions of metals can contain complex values, there lies a possibility of generating a 

negative value when the refractive index is squared thereby minimizing the denominator 

and driving up the scattering cross section.  Indeed, solving for m with the denominator 

m2+2 set equal to zero indicates that a particle with the imaginary part of the refractive 

index equal to 1.88i, and the real portion is 0, will enable this condition (in water).  This 

condition is approximately realized in gold for wavelengths near 530 nm where a strong 

plasmon resonance band exists.  This example demonstrates the origin of plasmon 

resonance; the corresponding light frequency where these conditions are met is known as 

the Fröhlich frequency.  Fröhlich bears this honor from his expression for the frequency 

of polarization oscillation due to lattice vibrations in small dielectric crystals (Bohren and 

Huffman 1998). 

As the dielectric functions vary from one material to the next, most metals will 

not demonstrate plasmon resonance, and for those that do (gold, silver, and a few other 

transition metals), the wavelength at which resonance is achieved varies.  In plasmon 

resonant conditions, the combination of the proper wavelength of light and the specific 

refractive index requirement as described above establishes oscillating dipoles within the 

particle. The dipoles are driven by the oscillating nature of the incident light which, after 

all, is electromagnetic radiation and can influence the behavior of electrons. 
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Size and Shape Effects 

Properties of small clusters can vary greatly from bulk materials bearing the same 

composition.  This is especially true in the case of plasmon resonance, where any surface 

activity similar to plasmon resonance is damped out by the bulk.  As such the generation 

of plasmon resonance is limited to nano-scale layers and particles.   

The size and shape of a plasmon resonant nanostructure can greatly affect the 

resonance condition.  As demonstrated by Turkevich, spheroidal particles generate 

resonances that red-shift and broaden with increased particle size (Turkevich et al. 1951).  

Initially, the extinction maxima increases as the physical cross section of the particles 

increase, though once the diameter grows beyond 40 nm, significant losses in plasmon 

resonance intensity of the particle become apparent.  In this manner, the resonant 

frequency the can be tuned through a narrow range, but not without significant 

drawbacks.  Increased size results in poor colloidal stability as gravity overcomes any 

charge repulsion and the particles settle out.  Also, as mentioned, peak extinction drops 

and broadens.  For these reasons, particle size as a means of tuning is often avoided, and 

in its place, the modification of shape becomes a suitable replacement. 

Since plasmon resonance is a surface phenomenon which exists solely on the 

nanoscale, as particle sizes increase, there will be a degradation in the capacity to 

generate surface plasmons.  The loss comes in the form of dipole dampening or 

relaxation.  With small clusters of polarizable material, establishing a dipole is simple 

relative to a large sample.  Larger particles’ dipoles are driven to random orientation by 

thermal buffeting (Bohren and Huffman 1998). The presence of large numbers of dipoles 
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in larger particles strengthens the dampening “force” restoring the collection of dipoles to 

their random state, reducing the conditions which allow plasmon resonance.  In this light 

there is a practical limit to the size of particles which will demonstrate plasmon 

resonance, and while not a rigid threshold, it is one means of separating the properties of 

small clusters of atoms and bulk material. 

Modeling the behavior of non-spherical particles is intrinsically more challenging 

as the level of symmetry has decreased and orientation relative to the incident light 

becomes a factor.  As a result, no single model has appropriately characterized the 

resonance behavior of these types of structures.  Since the particles of interest are 

relatively tiny, modifications to the Rayleigh approximation can be made to adjust the 

model to describe shapes including spheres, ellipsoids, and infinite cylinders.  Depending 

on the shape factor or aspect ratio chosen in this model, the response of the particle is 

provided when its long axis is either aligned, or orthogonal to the incoming light.  In 

particular, “mode splitting” becomes evident, in which there can be multiple modes of 

resonance depending on the orientation of the particle relative to the light source (Bohren 

and Huffman 1998).  If Maxwell’s equations are solved with appropriately chosen 

boundary conditions for shape and refractive index, the optical properties of particles of 

any shape can be generated as shown by Mie.  For more complicated shapes, numerical 

solutions can be attained through approximations, as demonstrated in the previously 

described models of Kerker and Rayleigh.   
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Coupled Plasmons 

To this point, the interaction of individual particles with incident light has been 

discussed.  When plasmon resonant particles come into close proximity, their resonance 

properties change.  In this case the coupled plasmons, are influenced by the nearby 

nanoparticles and develop a state of retardation, much like the relaxation observed in 

larger particles as described earlier.  However, plasmon coupling can either enhance 

previously existing resonances, shift the resonance peak, or generate additional 

resonances (Kottmann and Martin 2001).  Local fields generated by resonating particles 

are known to extend at least 100 Å into the surrounding medium.  Thus, when particles 

are within a range of 150 Å they begin to interact and modify each other’s resonance 

properties. (Aravind et al. 1981).   

From this interaction, which requires proximity but not necessarily contact, 

networks of plasmon resonant particles can influence each other in such a way as to 

generate a material with properties different than would be observed with a bulk material, 

though mildly different than a suspension of individual particles.  The most interesting 

property of these types of materials is their tunable resonance frequency through the 

consistent modification of the separation of individual nanoparticles.  A notable example 

of this was demonstrated by coating individual gold nanospheres with a thickness of 

silica.  The thickness of this silica was consistent for a given suspension, but suspensions 

with larger or smaller average layer thicknesses exhibited different optical properties 

depending on the separation of particles.  Indeed, the different resonances of the 
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preparations made for a directly observable display of color: tunable by changing the 

separation of the plasmon resonant particles (Ung et al. 2001). 

The effective dielectric properties of heterogenous systems first described by 

Maxwell Garnett (Maxwell Garnett 1904).  While it is known that the optical properties 

of a two-component bulk material may be modified by varying the concentration of one 

component relative to the other, this theory provides a means to quantitatively estimate 

the effective dielectric constant of the material.  The average dielectric constant for the 

effective medium is described by the following Equation 1.12, which modifies the 

existing dielectric constant of the material based on the density of (assumed) spherical 

particles and their dielectric constant. 
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Where ε is the dielectric constant of the inclusions (nanoparticles), εM is the dielectric 

constant of the medium, and f is the volume fraction of inclusions.  Thus, by modifying 

the number or density of inclusions in a volume, the dielectric constant and refractive 

index can be tuned to generate a region of desired refractive index.  This assumes that the 

particles are small and evenly distributed throughout the medium. 

With the means to modify the refractive index of a material by changing the 

number density of a secondary particle, the tuning of resonances of plasmonic particles 
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becomes straightforward.  This characteristic is observed in the initial stages of silica 

nanoshell growth, wherein the plasmon resonance maximum will shift toward longer 

wavelengths with the addition of gold until a confluent layer of gold is achieved.  Once 

the gold is continuous however, the peak will blue shift with additional gold as predicted 

(Kerker and Blatchford 1982). 
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Plasmon Resonant Nanoparticles 

Evidence of the synthesis of plasmon resonant gold nanostructures date back to 

the 4th century.  The Lycurgus cup is one of the earliest known examples which, is 

composed of nanoparticles of gold embedded into glass to provide varying optical 

properties depending on the location of the observer and the source of light (Harden 

1987).  More recent embodiments of these particles were generated in a controlled 

environment by Michael Faraday by reducing ionic gold with phosphorus (Faraday 

1857), and by Turkevich by boiling ionic gold with sodium citrate (Turkevich et al. 

1951).  Several modern methods exist for the generation of gold nanoparticles, the goal of 

the process is often to generate a uniform population to maximize their optical properties.  

Due to these highly controlled techniques, either chemical (Jana et al. 2001; Perez-Juste 

et al. 2004), electrical (Reetz and Helbig 1994; Yu et al. 1997), or a combination of both, 

not only can a uniform population be produced, but the optical properties can be finely 

tuned by varying the process to develop desired shape and the resultant property.  In the 

realm of nanostructures, size and shape are the factors most directly associated with the 

ability to tune optical properties due to the nature of plasmon resonance.  The presence of 

plasmon resonance greatly enhances the optical properties of the particle.  In particular, 

the scattering and absorbance characteristics are significantly altered for the particle near 

its resonance maxima. 

Plasmon resonance is a collective oscillation of electrons.  When an 

electromagnetic wave is incident upon the particle, the light, which contains oscillating 

electronic and magnetic fields, influences the movement of electrons, establishing an 
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oscillating electronic dipole.  The wavelength of incident light must be matched to that of 

the plasmon in order to excite it.   

This resonance leads to unique optical properties, most importantly modifying the 

scattering, absorption, and directionality of scattering of incident light.  If the relationship 

between the properties of the particle and the wavelength of incident light is correct the 

oscillation will reach a resonance condition in which significant changes to the optical 

properties are realized.  By changing the physical dimensions of a nanoparticle, the 

wavelength of light at which this resonance takes place is varied.  So by changing 

parameters of synthesis, the optical properties of nanoparticles can be tuned to a desired 

wavelength of light as necessary.  

Particles of this type are ideal for medical imaging applications not only because 

of their small size and ability to interact with light but also because of the history of 

applications in science that surface plasmon resonance has made possible.  Given the 

known power of such analytical techniques, the drive to translate this technology to in 

vivo applications is present.  There are several fields in medicine in which these colloidal 

particles could potentially contribute; this work focuses on the field of diagnostic and 

therapeutic possibilities as they relate to optical imaging techniques.   

A variety of plasmon resonant structures currently being investigated for medical 

imaging and therapy (as shown in Table 1.1) including nanorods and the nanoshells.  

Nanorods are all very similar, while there are several embodiments of nanoshells using 

several fabrication techniquesand materials.  Nanorods are commonly grown either with  



    
 
 

41

Table 1.1: Plasmon Resonant Nanoparticles for Use in Various Optical Biomedical 
Imaging Applications. (El-Sayed et al. 2005; Kumar et al. 2007; Barton et al. 2004a; 

Jackson and Halas 2004; Chen et al. 2005; Troutman et al. 2007; Oldenburg et al. 2006; 
Troutman et al. 2008) 

 

Gold Nanoparticle Morphology Size (nm) Imaging Application 

Nanosphere solid sphere 35, 20 
Darkfield Reflectance 

Microspcopy 

Nanoshell shell on silica core 140, 112 OCT, SERS 

Nanocage hollow cube 36 OCT 

Nanorod solid cylinder 70, 44 OCT 

Gold-coated liposome nanodots on liposome 63 OCT 
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an electrical method or by a seed-mediated growth process.  The electrical process is 

known to generate uniform populations of well-shaped nanorods, though the chemical 

method is simpler, uses easily acquired chemicals and can be tuned by taking advantage 

of the limiting reactant process that determines the ultimate length of nanorods.   

The arrangement of solid metal nano-crystals is not the only means to generate 

and control plasmon resonance.  Another computational model of scattering was 

developed for a system of concentric spheres with layers of different materials (Kerker 

and Blatchford 1982).  This description of metallic outer shells indicates their ability to 

exhibit plasmon resonance and be tuned based on physical dimensions, and the dielectric 

constants of the core, shell, and medium.  For example, this system describes the ratio of 

scattering to absorption of a particle that can be tuned by changing the size of the particle.  

Likewise, by varying the ratio of shell thickness to particle diameter the wavelength at 

which plasmon resonance takes place can be tuned from the red end of the visible 

spectrum into the near infrared (Oldenburg et al. 1999).  As the initial outer layer of 

metal is deposited, the plasmon resonance maximum initially red shifts.  Once the outer 

layer reaches continuity, the plasmon resonance maxima shifts back toward the blue.  The 

initial stage can be described by Maxwell Garnett effective medium theory where the 

density of independent particles on the surface will contribute to a collective plasmonic 

effect leading to the differing nature than confluent layers. 

There are other embodiments of this design using various core materials, 

including polystyrene (Shi et al. 2005).  Nanoshells respond similarly to dimensional 

changes as do nanorods, with one advantage: they can be wavelength tuned and albedo 
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tuned to continuously vary their interaction with incident light from total absorption to 

total scattering by changing the overall diameter of the particle and by varying the 

thickness of the outer shell relative to the core diameter.  Nanoshell structures share a 

common feature of rigidity, that is the particle is either an independent solid shell, or a 

solid shell with a solid core that, in either case, was not designed to dissolve.  This has 

real ramifications for the eventual translation to in vivo medical imaging in humans.  It is 

currently required by the FDA that contrast generating dyes used in the circulation must 

have controlled clearance from the body.  Recent investigations with quantum dot 

materials of various sizes have found the threshold of rapid clearance of blood-borne 

particles to be near 6 nm in diameter (Choi et al. 2007).  In contrast, the size of these 

rigid plasmonic structures is generally greater than 60 nm, necessitated by tuning in the 

desired range of optical properties.  While not entirely precluding these structures from in 

vivo medical imaging, this severely limits their ability to translate to circulation-based 

clinical imaging as indicated by the Food and Drug Administration.   

The alternative to these rigid structures is to develop nanoshells that will degrade 

to a clearable size in vivo.  This requires a scaffold degradable to a clearable size to serve 

as the core, as well as a thin outer shell of material with minimum thickness or a 

collection of discrete particles to limit the interference with the degradation process.  

Ideally, a discontinuous layer on the surface of the biodegradable scaffold would be able 

to express plasmon resonance.  Indeed, discrete particles can have influence in nearby 

particles (Aaron et al. 2007; Jain and El-Sayed 2007a; Ung et al. 2001) resulting in 

similar properties as that of solid shells.  This behavior can be described by the effective 
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medium theory which describes the interactions on a nanoscale that two interdispersed 

media can yield a blending of physical properties that is tunable based on the relative 

density of particles within the media (Maxwell Garnett 1904). 
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Carcinoma 

As previously mentioned, the primary focus of this work has been to develop a 

means to identify and treat early-stage cancerous tissues.  This is motivated by the 

prevalence of the disease and the improvement in prognosis that comes as a result of 

early discovery and treatment.   

A large percentage of all cancers are carcinomas: growths that arise from 

epithelial tissues.  Early detection of such cancers is key to improving the likelihood of 

survival of the victim.  Cancer is the second-leading cause of death in the US, claims one 

in four lives.  In 2007, there were nearly 1.5 million new diagnosed cases and an 

estimated 560,000 deaths due to cancer in the US alone (American Cancer Society, 

2007).  Survival rates have improved 32 % over the course of a 20 year period with the 

advent of more frequent examinations, diagnosis and treatment of cancer at earlier stages 

(Fraumeni et al. 2006).  Since there is significant benefit from early diagnosis and 

treatment, additional means to accurately identify early stages of malignant growth are 

highly desirable.  The challenge lies in the fact that cancer arises from cells which are 

very similar to normal cells yet have sustained damage to their DNA, meaning that 

proper identification and differentiation between diseased and healthy cells in vivo poses 

a challenge.  Biopsy and pathologic analysis is the most effective method of discerning 

the malignancy of abnormal tissues. As this is an invasive and painful procedure, the 

benefits of frequent checkups are often outweighed by the desire for personal comfort, 

not to mention the adverse effects of invasive procedures.  Indeed, while some techniques 

exist to monitor the body for abnormal growths, the patient often does not present with 
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symptoms until the disease has reached an advanced stage.  Developing a simple and 

pain-free means of diagnosing early stages of cancer will help reduce the mortality rate 

and simplify treatment as patients will be more likely to participate in screening if it does 

not involve a painful procedure. Identification of cancer before it progresses beyond the 

initial stages yields significant improvement in the prognosis of the patient. Far more 

simple means of eradication can be performed as well, when not dealing with a large 

tumor or metastatic mass: local excision, chemotherapy, or radiation treatments can treat 

small masses or early growth.   

 

Diagnosis 

Screening techniques can involve a variety of procedures, including visual 

observation, palpitation, endoscopy, radiographic techniques, blood chemistry analysis, 

and biopsy.  Patients will likely exhibit symptoms related to the presence of a 

malignancy, depending on its stage.  Minimally invasive imaging approaches are more 

convenient than most other monitoring techniques; by offering the patient relative 

comfort this allows for improved compliance and more frequent examinations.  With 

improved and frequent observation, the probability of early-stage detection improves, and 

as discussed previously, early detection improves the likelihood of survival.  Imaging for 

this purpose is typically traditional radiographic (X-ray or computed tomography), where 

the density difference between cancerous and normal tissues provides some indication of 

the presence and location of tumors.  Likewise, differences observed in the magnetic 

relaxation properties or density of water of adjacent tissues may provide an indication of 
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neoplasia in magnetic resonance imaging (MRI) scans.  These images can be improved 

with the use of contrast agents specific to the mode of imaging.  In most cases, an 

intravenous agent is administered to observe where blood flow is expected, but for some 

unobservable reason not evident or collected in a particular region.  An emerging 

technology, positron emission tomography (PET), uses radioactive labels as a contrast-

dependent imaging system that emits positrons that are collected by specialized cameras 

upon decay.  Glucose-based labels can be used in this modality as indicators of the 

metabolic state of tissues and by that means indicate the presence of neoplasia based on 

its high metabolic activity.  These techniques are limited to detection at the tissue level, 

where detection would be possible only after some growth of the tumor has already 

occurred, improvement in survival could be realized with detection methods that can 

specifically identify malignancy on the cellular level.  One limitation to the size of 

malignancies these techniques can identify is spatial resolution; which is dependent on 

cumulative dose of radiation, time, or both.  Even with higher resolution images from 

these modalities, the metabolic or blood flow indicators of tumor activity do not arise 

until significant growth has already taken place.  Table 1.2 compares the properties of 

some common imaging modalities, including the depth of penetration, resolution, and 

time to complete a scan.  

 

Treatment 

 There are several means by which a patient diagnosed with cancer can be treated. 
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 Table 1.2: Imaging Modality Comparison.  Various imaging modalities, their respective 
resolutions, depth of penetration into tissues, and time to complete a scan for diagnostic 

imaging in humans.  (Massoud and Gambhir 2003; Gillies 2002; Weissleder and 
Ntziachristos 2003; Weissleder and Pittet 2008) 

 

Modality Resolution Depth Time 

MRI mm meters minutes 

CT mm meters minutes 

Ultrasound 50 μm cm <1 second 

PET mm meters minutes 

OCT 5 μm mm seconds to minutes 

Confocal μm 500 μm seconds 
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Simple excision is an obvious solution; the removal of the afflicted tissue is the most 

direct cure.  However, this technique is limited, as an excess of the surrounding, healthy 

tissues often must be taken to ensure that all of the cancerous tissue is removed and 

prevent remission.  This bears the obvious risks of not removing the entire tumor, 

likewise, excision of tumors from sensitive or critical tissues becomes dangerous.  

Radiotherapy is another classical treatment, which uses either bombardment of the tumor 

site with an external source of radiation, or more recently the insertion of radioactive 

species into the tumor site to directly dose the tumor.  Advances in the administration of 

radiation in the recent past have reduced the total exposure to the patient, while 

increasing the dose to the desired site.  These include the implanted radioactive species as 

well as improved collimation by changing the shape of the beam and multi-angle 

irradiation from external sources.   

Chemotherapy is another well known treatment which uses intravenous 

administration of anti-proliferative agents.  These drugs inhibit the generation of new 

cells, a hallmark and means of cancer progression.  Unfortunately these medicines, which 

are essentially poisons, have significant side effects on normal tissues which regularly 

undergo cell-turnover: the gastrointestinal tract, hair follicles, etc.  Significant effort has 

been placed into the development of targeted drug delivery and a similar approach in 

which the chemical is retained in a capsule until reaching targeted tissues and released.  

The hope is to retain the power of these chemicals to combat the growth of tumors, while 

limiting systemic effects and improving the therapeutic window.   
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While there is no true vaccine to prevent cancer, the correlation of cervical cancer 

incidence in patients with the human papilloma virus (HPV) has led to the recent 

development of an HPV vaccine with the aim of preventing the acquisition of the virus. 

The solutions presented thus far to diagnose and treat cancer are inadequate.  The 

possibility of portions of malignant cells remaining in the body after therapy is 

significant.  This can either be due to ineffective or insufficient removal, treatment, or 

unidentified metastasis.  The result of this is remission, in which the patient is again 

required to endure the painful process of therapy.  In most cases, prior history of cancer 

requires frequent examinations to check for remission, and any new growths. 

The ideal treatment for this disease must primarily be effective, efficient, and 

specific, minimizing the occurrence of side effects.  That is, it must provide a complete 

elimination of the tumor in a minimum number of treatment events or types of treatment 

required.  Other benefits to the advancement of treatment will come of the form that the 

therapy will be largely pain free to the patient, with a minimum of side effects with the 

main yield the improved quality of life.  Lastly, the rapid identification and treatment will 

serve to the benefit of the patient, if at all possible combining these two events into a 

single office visit.  To achieve this, a cancer detection system would include a means to 

immediately treat the growth once it is detected.  Also this method would provide 

indication that the therapeutic agent is properly targeted and located at the tumor site 

before it is activated.  These requirements can be met by generating contrast agents that 

can serve in both a diagnostic and therapeutic capacity.  This necessitates the 

development of an agent which is targeted not just to the tissue of interest, but also to 
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markers of cancer, such as the over-expression of specific receptors in the plasma 

membrane of the cell: providing enhanced selectivity and minimizing effects on normal 

tissues. 
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Summary and Aims of the Dissertation 

The prevalence of carcinoma of various epithelial tissues continues to be a major 

health concern since it affects a large fraction of the population.  The advancement of 

medical technologies for the imaging of tissues and classification will lead to earlier and 

more accurate identification of malignant sites and thus improve prognosis for a great 

number of patients.  With enhanced spatial resolution, optical techniques are a valuable 

option for detecting cancer at its earliest stages.  Optical contrast agents designed to 

increase the yield of information from images and possibly include functional 

information by indicating flow or labeling targeted compounds, may lead to a more 

reliable means of positive identification of early stage neoplasia. 

The optical properties of plasmon resonant nanoparticles naturally lead them to 

applications as contrast agents in optical imaging techniques.  This is not only due to their 

unique scattering and absorbing properties, but also their size, requisite upon the 

limitations of plasmon resonance, is within the range useful for intravenous delivery.  

However the lack of degradability and means to be cleared from the body potentially 

limits their use in humans.  For this reason, a significant portion of this research was 

devoted to the development of multifunctional aspects of existing gold nanoparticles, as 

well as the development of multifunctional plasmon resonant nanoparticles that are 

completely bioinert and biodegradable.  

The overall hypothesis of this research is that plasmon resonant particles can 

serve a multifunctional role as optical contrast agents for imaging, in addition to the 

ability to serve as mediators of light-based therapies including drug delivery, and that 
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such particles can be made to degrade to a size clearable by the kidney.  This hypothesis 

was tested by research performed in support of three specific aims.  The first specific aim 

was to show that the unique and tunable optical properties of nanorods lend them to a role 

as contrast agents in advanced optical imaging techniques, and demonstrate that nanorods 

could mediate photo-thermal conversion and subsequent delivery of this energy to a 

system.  The second specific aim was to show that liposomes serving as a scaffold for the 

support of an array of gold nanodots exhibit tunable plasmon resonant characteristics and 

resultant ability to generate signal in optical imaging techniques while having the 

capability to degrade into inert particles of a size that can be readily cleared from the 

body via the kidney.  The final specific aim was to show that the gold-coated liposome of 

the second specific aim can serve as system for light-based delivery of an encapsulated 

agent in addition to its role as an optical contrast agent and its biodegradation capacity.  

The following chapters present and discuss the findings of the experiments performed to 

support these aims. 
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II:  NANORODS AS OPTICAL CONTRAST AND PHOTOTHERMAL 

CONVERSION AGENTS 

 

INTRODUCTION 

The reduction of plasmon resonant nanoparticles of gold has been developed over 

centuries.  The oldest remaining example of plasmon resonant particles of gold is the 

Lycurgus cup, which has been dated to the 4th century AD.  It is an artistic piece that 

exhibits different color in transmission than when light is reflected, owing this unique 

characteristic to the gold and silver nanoparticles embedded in the glass from which the 

goblet was constructed (Harden 1987).  

The next significant event was the development of colloidal suspensions of gold 

nanoparticles in water.  Michael Faraday, the astute British inventor and scientist reported 

the ability to form solutions with unique colors by incorporating gold dissolved into 

water with acids then reducing the solution back to the solid state with phosphorus.  

These suspensions had distinctly different properties than that of the bulk material, which 

were discussed in his Bakerian lecture.  Within this report he declared that: “known 

phenomena seemed to indicate that a mere variation in the size of particles gave rise to a 

variety of resultant colors” (Faraday 1857).   

With the rise of better tools for characterization of nano-scale objects, John 

Turkevich developed several methods to generate colloidal suspensions, or in his terms: 

sols. One of the simpler techniques he used to generate gold nanospheres is easily 

reproduced, containing only two ingredients, the ionic gold in solution and a weak 
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reducing and capping agent: sodium citrate (Turkevich et al. 1951).  The stability and 

uniformity of his sample have made his procedures indispensable in modern nano-

technology and research, where these suspensions are useful as a known standard for 

comparison. 

There are several methods for generating nanorods; the most common techniques 

include electrical processes and chemical reductions.  The applications for these particles 

involve everything from metamaterials to molecular markers, enhancement of Raman 

spectroscopy and biomedical imaging.  The unique properties of nanoparticles come from 

their size.  Size enables interactions with energy that would otherwise not occur in bulk 

material.  The activity of oscillating plasmons is damped in thicker samples and the 

effects of a surface plasmon are not evident. 

It is important to recognize the difference between ionic gold and metallic gold, 

namely that there is a difference in the valence state of the individual atoms.  Gold ions, 

as a result of having a charge, are soluble in water.  Metallic states of these atoms on the 

other hand have no charge, and are not soluble in water.  While most metallic salts (ionic 

compounds) behave in this way, there are a few exceptions.  Precipitates are formed 

when an insoluble compound is formed from reactions between soluble salts, or when an 

ion is reduced to its metallic state.  Both electrical and chemical means of producing 

nanorods take advantage of converting ionic gold to its metallic state, though this is 

achieved through different means.   

In the case of chemical reduction, an additional compound is introduced into the 

solution which behaves as an electron donor.  Since gold, as is the case with all metals, is 
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positively charged in its ionic state, acceptance of electrons will reduce the oxidation 

level and bring the atom closer to the metallic state.  Upon achieving full reduction to the 

metallic state, the gold atom will precipitate out of solution. When this occurs, metallic 

gold atoms cluster together to reduce the free energy of the solution.  The size of these 

clusters depends on the strength of the reducing agent used.  Stronger agents will reduce 

more rapidly, and as diffusion will be limited by time, smaller clusters will be formed.  

Likewise with weaker reducing agents, as there is more time to for gold atoms to diffuse, 

larger particles will be formed.  Thus, the strength of the reducing agent is a critical 

choice in the formation of nanoparticles.   

Electrical reduction is similar to the chemical process.  The difference is that 

instead of electron exchange from one atom to another, the donated electrons are sourced 

from a flow of current.  An electrochemical cell contains two electrodes, where current is 

passed through a solution from one of these electrodes to the other.  The anode is 

sacrificial: as current flows toward the cathode from the anode, the anode looses electrons 

to the current source, and (given sufficient current) loses metal ions to the solution.  

These ions are reunited with electrons at the cathode, where reduction takes place.  By 

immersing the entire electrochemical cell into a sonicating bath, the ions being reduced 

are prevented from binding epitaxially to the surface of the cathode.  This technique was 

first used to form nanoparticles made of palladium (Reetz and Helbig 1994), and then 

was later adapted to allow for the generation of gold nanorods (Yu et al. 1997).   

Both of these reduction systems require some means to direct the growth of the 

nanoparticles into the desired rod-like shape.  Most methods use a surfactant to direct 
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nanorod growth.  Surfactants are small amphiphilic molecules with a polar head-group 

and a single (non-polar) acyl chain.  In aqueous suspension surfactants form micelles: 

small spheres with hydrophobic cores.  This process is driven by the hydrophobic effect 

and protects the hydrophobic tails of the surfactant molecules from the water.   A number 

of different micelle shapes can be formed which is dependant on the geometry of the 

surfactant molecule.  Common micelle shapes include: spherical, rod-shaped, disc, 

bilayer, and reverse phase.  For the direction of growth of nanoparticles, surfactants are 

specifically chosen to generate the desired final shape.    

The seed-mediated approach to nanorod synthesis is a means to control the aspect 

ratio of nanorods by a limiting reactant process based on nucleation and growth.  A weak 

reducing agent is chosen such that ionic gold is slowly reduced into existing gold 

particles (seeds) epitaxially.  In the presence of existing gold nanoparticles with an excess 

of reducing agent, ionic gold will reduce onto the particles, causing them to grow until no 

gold in the ionic state exists.  If there is a lesser number of nucleation sites (metallic gold 

nanoparticles), larger particles in lower quantity will result.  Likewise, with a greater 

number of nucleation sites more numerous, but smaller particles result for the same 

quantity of ionic gold.  This behavior mimics the freezing mechanics of crystalline solids:  

A liquid undergoing a transition to solid state will begin to crystallize with a small cluster 

of oriented atoms; the number of sites of this crystallization, or nucleation, is directly 

dependent on the rate at which the sample is cooled.  The resulting grain size after 

complete freezing is dependent on the number of nucleation sites: more rapid cooling 

promotes generation of nucleation sites resulting in smaller grains.  In addition to the 
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nucleation and growth model for analysis, a fast transition through the freezing point is 

analogous to using a stronger reducing agent in initial seed formation. 

Tuning the wavelength of the extinction maxima of nanorod suspensions by this 

method is performed by varying the ratio of the number of seed particles to the amount of 

ionic gold to be reduced in the growth phase.  The common technique involves two 

stages of reduction to achieve the desired population.  Seed particles are formed by 

directly reducing ionic gold in the presence of a strong reducing agent, sodium 

borohydride, as well as a capping agent to maintain uniformity of the population, 

trisodium citrate.  From that point, these seed particles are introduced into a growth 

solution containing ionic gold, a weak reducing agent, and the surfactant to direct the 

growth of particles.  Variations on this procedure involve the use of organic compounds 

to modify the directing surfactant (Jana et al. 2001), refinement of reagent concentrations 

(Perez-Juste et al. 2004) and capping agents to limit the size of nanorods and improve 

uniformity (Oldenburg et al. 2007).   

 

Plasmon Resonance in Nanorods 

As previously discussed, plasmon resonance is the effect of oscillating coupled 

dipoles in thin metals that are generated by the electro-magnetic influence of incident 

light.  In the case of nanorods, their physical dimensions influence this effect and 

generate extinction peaks based on the length of the particle in the longitudinal axis and 

the transverse radius.  By modifying these dimensions, the spectral characteristics can be 

tuned: by increasing the length of a nanorod the resonance band attributed to the 
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longitudinal axis moves further into the infrared.  The emission spectra of nanorod 

suspensions can be modeled, and their longitudinal extinction characteristics predicted 

based on their dimensions (Link et al. 1999). The width of the resonance peak is directly 

proportional to the size distribution of population; it has been demonstrated that single 

nanorods have a very narrow resonance peak (Qiu et al. 2007).   In a high-yield nanorod 

synthesis, the transverse resonance peak is weaker than the longitudinal resonance peak.   

The wavelength of the transverse peak of nanorods is also common to that of spherical 

particles.  For this reason, comparing the peak heights of the transverse and longitudinal 

extinction as well as the width of the longitudinal extinction peak provides some insight 

into the quality of the reduction process as distinguished by the uniformity of the 

population.     

The presence of plasmon resonance alone does not make nanorods ideal for 

optical imaging, however the scattering and absorbing characteristics that arise as a result 

of plasmon resonance does.  Plasmon resonant structures will vary albedo depending on 

the shape and construction of individual particles and the size and shape distribution of 

such populations in solution.  Even in the case of nanorods, the difference between 

truncation with a capping agent (Oldenburg et al. 2007), and allowing for completion of 

growth without such an agent (Troutman et al. 2007) results in the difference between 

rods that preferentially absorb and those that scatter respectively. The only differences 

between the noted nanorod structures are their diameters and the dumbbell-like shape that 

results from capping during the growth phase.  In either case, whether scattering or 

absorbing, nanorods can serve as contrast agents in imaging systems like OCT; contrast 
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may be improved either by increasing or decreasing the signal of selected regions.  If 

targeted to separate tissues and used in conjunction, these two, very similar particles 

could provide significantly enhanced contrast and improvement of OCT images. 

 

Other Applications of Nanorods 

Gold nanoparticles are being developed for catalysts, metamaterials, molecular 

markers for imaging, as well as for enhancement of Raman signal, and as metamaterials.  

The unique properties of gold make it amenable to several applications.  The refractive 

index that allows for plasmon resonance makes it ideal for unique optical functions.  The 

following discussion is not exhaustive, there are many other fields of research in the 

development of applications for gold nanoparticles, however this should provide some 

idea of the breadth of fields to which they can be applied. 

Specifically, in the case of catalysts, gold nanoparticles supported on the surface 

of titanium dioxide have demonstrated the ability to improve the rate of conversion of 

carbon monoxide to carbon dioxide (Sayo et al. 1999).  In a similar situation, the 

decomposition of N2O was shown with improvement by reducing the necessary catalysis 

temperature over that of existing materials and enhanced performance in less than 

optimal conditions (Yan et al. 2002).  The ability to identify specific molecules with 

markers is a critical pursuit, as it would aid in many research fields, including an example 

of molecular imaging that by targeting EGFR with fluorescently tagged nanoparticles can 

be used to identify cancer (Aaron et al. 2007).   
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Gold nanoparticles are also being developed for use in metamaterials, a new class 

of composite that exhibits properties not found in nature.  These materials derive their 

bulk properties from their nano-scale structure; this enables the generation of materials 

with negative refractive indices, which may eventually revolutionize optical design.  One 

direction of research is to modify the density of gold nanoparticles in various dispersions 

to generate a medium with the ability to tune the refractive index (Kubo et al. 2007).  

Another technique focuses of the ability to arrange nanoparticles of different size and 

type together into superlattices simulating the arrangement of crystalline lattices with the 

goal of divining nano-composite materials with new and unique properties (Shevchenko 

et al. 2006) 

Raman spectroscopy is a means of identifying compounds based on their response 

to excitation with a laser and examination of the emission spectrum to provide a unique 

signature based on the vibrational and rotational interaction between bonded atoms.  It is 

very sensitive to small changes in the presence and absence of bonded materials and as 

such, is utilized to monitor the binding of molecules to a surface.  Surface roughening has 

been used as a mechanism to improve signal with SERS, but additional gains have been 

observed by using an array of gold nanorods (Tian et al. 2002), or nanoparticle 

aggregates (Moskovits 2005).  Not all molecular interaction occurs on interfaces, and 

some takes place on biological membranes.  Some research into Raman techniques that 

utilize gold nanoparticles to improve the signal of molecules in solution.  For example, 

nanorods encapsulated in silica act as labels detectable by Raman spectroscopy (Wang et 

al. 2008).  Nanorods can also be used as molecular markers for the presence of the 
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epidermal growth factor receptor (EGFR), an overexpressed marker for several cancer 

types, with binding monitored through darkfield microscopy or Raman spectroscopy 

(Huang et al. 2007).  

 

Laser Induced Breakdown   

Laser induced breakdown involves the use of high-intensity, tightly-focused laser 

pulse to excite a sample to the point that it ablates a very small quantity of material.  Any 

phase of matter can be characterized by laser induced breakdown spectroscopy (LIBS), a 

technique that takes advantage of the spectral information contained in light emitted by 

the material illuminated in a manner sufficient to perform a physical breakdown.  There 

is a small time-window where this spectral information specific to the elements of the 

illuminated compound can be derived from the plasma formed as a result of the 

breakdown.   

 

The threshold irradiance for inciting laser induced breakdown is described in Equation 

2.1 (Phipps and Dreyfus 1993).   Where I is the threshold irradiance in Watts / cm2, and τ 

is the delivery window (or pulse duration) in seconds.    

 

2
4104

cm
sWI •≥τ    (2.1) 
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MATERIALS AND METHODS 

Turkevich Sol Production 

This procedure begins by preparing gold and sodium citrate solutions, and results 

in the generation of 20 nm gold spheres.  The gold solution consists of 95 mL of filtered 

DI H2O and 5 mg of ionic gold, roughly equating to 10 mg of HAuCl4.  This is placed 

into a 250 mL erlenmeyer flask with a ground taper fitting that mates with the reflux 

condenser.  This preparation is stirred with a large glass-coated stir bar and heated to 

boiling.  Meanwhile the condenser, kept cool with ice-chilled water from the circulating 

bath, prevents the solution from losing volume caused by the boil. Once boiling, a 5 mL 

solution containing 0.5 g sodium citrate is added to the flask.  Boiling is continued for at 

least fifteen minutes, during which the color of the solution progresses from purple to red 

and through a transitional wine-like color between.  After the solution reaches a deep red, 

the solution is removed from heat and stored once cool. 

 

Nanorod Procedure Development 

Initial experimentation with nanorods followed the procedures as described in 

previous research (Jana et al. 2001).  This method was a seed mediated growth technique.  

The procedure begins with the generation of a seed solution composed of 20 mL of DI 

H2O with 250 μM HAuCl4 and 250 μM trisodium citrate to which 600 μL of 10 mM ice-

cold sodium borohydride was added and stirred for 30 seconds.  Following this step, the 

solution was allowed to rest for 4 hours before using.  The growth solution consisted of 

250 μM of HAuCl4 in 100 mL of H2O to which 3 g of cetyl trimethyl ammonium 
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bromide (CTAB), 1.5 mL cyclohexane, and 2.0 mL acetone were added.  The solution 

was heated to allow the CTAB to dissolve, then cooled to room temperature.  Various 

quantities of seed, ranging from 10 to 1000 μL, were added to vials containing 10 mL of 

growth solution followed by 500 μL quantities of ascorbic acid. 

The second technique for nanorod generation was one that also was a seed 

mediated technique (Perez-Juste et al. 2004) that involved no organic solvents.  Seed 

generation involved a reduction of 125 μM HAuCl4 in the presence of 250 μM sodium 

citrate in water with 300 μL of ice-cold 10 mM sodium borohydride.  While seed 

reduction was similar to the previous procedure, this additionally involved a heating step 

where the seed solution was maintained between 40 and 45 ºC for 15 minutes in an effort 

to drive off the non-reacted sodium borohydride then was allowed to cool to room 

temperature.  Growth solution was composed of 125 μM HAuCl4 and 8 mM CTAB, 

heated to solublize the CTAB.  Reduction was performed by adding 25 μL of 100 mM 

ascorbic acid to each 10 mL vial of growth solution, then by adding various quantities of 

seed solution, from 10 to 500 μL. 

 

Determination of Proper Citrate Quantity in Seed Generation 

Sodium borohydride was prepared at 10 mM in 10 mL of filtered DI H2O and 

placed in the freezer.  Sodium citrate was prepared at 100 mM in 10 mL of H2O.  Gold 

chloride in 20 mL of H2O at a concentration of 125 μM the basis for each solution to 

which various quantities of sodium citrate were added while on a stirplate, being stirred 

with a glass-coated stir bar.  Following the addition of citrate, a 300 μL quantity of ice-
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cold sodium borohydride was added to the solution either before or after the heating step.  

The entire flask was heated and maintained at temperatures between 45 and 50 ºC for 15 

minutes before they were removed from heat.  Subsequently, extinction spectra were 

taken to compare prepared solutions. 

 

Nanorod Synthesis – Final Procedure 

Seed Production 

To begin, 125 μM chloroauric acid (HAuCl4) is dissolved into 20 mL filtered 

deionized water.  This preparation is mixed in a small beaker or flask on a heatable stir 

plate.  The mixture should be stirred briskly with a glass-coated stir bar, however 

cavitation should be prevented.  A 25 μL quantity of 100 mM freshly made trisodium 

citrate (other citrates have not proven as effective) is added in.  This concentration of 

citrate has been optimized for best results during the growth phase as described in the 

citrate quantity section.  Several minutes following the addition of citrate increase the 

temperature of the preparation to 45 ºC and add 0.3 mL of 10 mM sodium borohydride.  

It is necessary for the borohydride to be added ice cold, the best way to ensure this is to 

prepare the borohydride solution ahead of time and place it in the freezer until frozen, and 

then allow it to thaw completely under observation.  Once the last of the ice dissolves, 

then borohydride solution can be successfully measured and added to the stirred gold-

citrate preparation. 

Immediately upon addition of borohydride to the solution it will change to a deep 

purple.  At this point it is necessary to maintain the temperature of the seed preparation at 
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45-50 ºC for 15 minutes to complete the reaction, reduce all of the gold present, and 

minimize excess borohydride.  Then the solution is allowed to cool and is stored at room 

temperature.   

 

Nanorod Growth 

Any desired quantity of growth solution can be prepared, if large quantities of a 

certain wavelength range are desired, more can be used, the typical batch size of growth 

solution is between 100 and 400 mL.  Prepare such a quantity of 125 μM chloroauric acid 

so that roughly 20 mL more than required for growth solution is available.  CTAB is 

added to generate a concentration of 8 mM in an Erlenmeyer flask that is nominally twice 

as large as the batch prepared.  Upon addition of CTAB, a deep orange color will evolve 

from the formerly colorless or pale yellow mixture.  From the point of addition of CTAB, 

it is absolutely critical that care is taken to avoid the generation of bubbles in the growth 

solution.  This is necessary to supersaturate the growth solution.  The quantity of CTAB 

added to the growth solution requires heating in order to go into solution.  The best 

method for this is to seal the top of the flask with parafilm and place it into the oven set 

for 45º C.  The flask will take some time to gain heat dependent on the volume of growth 

solution.  Every five minutes or so the flask should be removed and rotated while tilted to 

gently stir the flakes of CTAB that remain undissolved.  If the flask is heated too quickly 

or not stirred frequently enough, the CTAB flakes will not enter solution and instead 

form a sludge on the bottom of the flask making the process of dissolution even more 

challenging, often requiring manipulation with a spatula.  Once the CTAB is completely 
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in a super-saturated solution-state it is removed from the oven and distributed in 10 mL 

aliquots to scintillation vials.  This transfer must be performed quickly and yet, gently; 

again bubble formation and particularly the generation of bubbles in the scintillation vials 

used for the growth phase will not form uniform solutions of nanorods.  The best tool for 

transfer is the pipet-aid with a 10 mL glass pipette tip, the solution should be taken up 

with care to avoid drawing air bubbles through the solution in the pipette.  Likewise, 

when the pipette is slowly evacuated into the scintillation vial it should be aimed and 

nearly touching the side of the vial, and care should be taken to prevent expelling air 

from the bottom of the pipette when it is within the vial.  Loaded vials are then 

introduced to the pre-cooled Peltier incubator at 19º C.  After approximately an hour, 

depending on the number of vials, the individual vials should be close to reaching the 

preset incubation temperature.  This point can be estimated by handling the vials, which 

should feel cool to the touch.  Again it is necessary to check the solutions frequently 

during this phase as allowing the super-saturated solution to rest at 19º C for too long will 

result in the precipitation of large CTAB crystals and low nanorod yield.  The 

satisfactorily-cooled growth solution is removed from the incubator in groups of 4-10 

vials at a time.  Each vial is administered 25 μL of 100 mM ascorbic acid made earlier in 

the day, capped, then smoothly inverted and brought upright (or gently swirled) to mix 

while preventing the formation of bubbles.  Inversion of vials will often generate a single 

bubble on the mouth of the vial that must be removed before addition of seed.  Each vial 

is then provided with the prescribed amount of gold seed to generate the desired 

resonance wavelength (from 1 to 1000 μL), capped then inverted again and returned to 
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the incubator overnight.  The incubator must be kept closed as much as possible during 

this process to minimize the temperature increase in the incubator and vials must be 

handled quickly to prevent them from excessive heating as well.  After vials are retuned 

to the incubator, they are allowed to sit overnight, though growth is likely to be complete 

in less than an hour.  A small crust of CTAB crystals will form on the bottom of these 

vials if they are stored in the incubator.  This can be dissolved back in solution by moving 

the rods back to room temperature, a short incubation in the lab oven at 45º C, or by 

placing in warm water. 

 

Preparation for Electron Microscopy 

The preparation method stems from a common procedure, but due to the limited 

quantities of concentrated nanorod suspensions, was modified in an effort to reduce the 

waste of material.  The nanorod suspension to be examined must be centrifuged into a 

pellet; generally 1000 g for 5 minutes is sufficient to form a pellet of nanorods, while 

higher speeds may be necessary for smaller particles.  As much supernatant is removed as 

possible without disturbing the pellet.  The pellet is then resuspended in 200 - 500 μL of 

fresh DI H2O.  A 100 μL droplet of DI H2O is transferred by pipette into a well on a 

hydrophobic (Teflon) plate.  A thin chemical-vapor deposited sheet of carbon is 

transferred from the surface of a mica support to the surface of the water droplet by 

gently immersing the mica below the surface of the droplet.  A copper TEM grid, either 

200 or 300 mesh, is used to support the carbon sheet by immersing it into the droplet, 

then raising it back through the surface of the water from under the carbon.  The grid is 
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dried by dragging an edge along filter paper, then allowed to completely dry under 

ambient convection.  At this point, a 2 – 4 μL droplet of the concentrated nanorod 

suspension is placed onto the grid and also allowed to dry by convection.  All 

transmission electron microscopy (TEM) images were taken on film with a JEOL 100CX 

TEM, at 60 kV.  Film was developed into negatives and then scanned with an Epson 

Perfection 4180 negative scanner to generate digital images. 

 

Improving the Population Distribution 

Two techniques were attempted to generate monodisperse populations by 

attempting to filter out smaller nanoparticles: diafiltration and electrophoresis.  A low 

volume diafiltration setup was used, composed of a small cartridges manufactured by 

Spectrum with a clearance size of 400 kD and surface area of 11 cm2; a reservoir; silicone 

tubing; and a Heidolph Pumpdrive 5101 peristaltic pump for circulation.  Nanorods were 

cycled slowly at full concentration against deionized H2O.  Several variations on this 

experiment were performed.  For example, the dialysis was attempted without any 

parallel solution, to attempt to dialyze against air.  Another variation on the experiment 

was to modulate the pressure in the across the membrane by restricting flow on the outlet 

side of the diafiltration cartridge. 

Electrophoresis of nanorods was thought to be a possibility for sorting nanorods 

on the basis of size just as it serves that role for proteins.  Polyacrylamide gels were 

formed in concentrations from 4 to 10%, gels of lower density were attempted, however 

none of them took a set.  PBS or a similar saline solution is used to provide conductivity 
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in the solution.  40 % bis-acrylamide was added to the solution in an appropriate quantity 

to generate the desired gel concentration; for example in a preparation to have a 10 mL 

total volume, 1 mL of 40% bis-acrylamide generated a gel with a 4 % concentration.  

Following addition of bis-acrylamide, the gel was degassed under vacuum.  Then, 125 μL 

of ammonium persulfate at a concentration of 1 g per mL was added to this solution.  

Lastly, 25 μL of TEMED was included into the mixture before it was swirled and then 

immediately transferred to the plates to be cast.  

The plates were moved with gel in place, as cast, into the electrophoresis 

chamber, which was then filled with the same electrolyte solution that was used to 

generate the gel.  Nanorods were introduced to wells of their respective gels via pipette 

and the potential in reversed orientation to the standard arrangement was applied.  

Various voltage levels were used as the experiment progressed, ranging as high as 300 V. 

 

Characterization of Nanorod Suspensions with the Integrating Sphere 

Nanorods suspensions were concentrated as described in preparation for electron 

microscopy.  The diffuse reflectance accessory, an integrating sphere attachment, was 

used in conjunction with the Cary 5E spectrophotometer.  Nanorod suspensions were 

loaded into a cuvette with a 200 μm thickness and a visible width and height of at least 

19mm.  Scans of the total transmission, scattered transmission and total reflection were 

recorded over a range of wavelengths in the near infrared.  Values from these traces 

corresponding to the plasmon resonance maxima of the nanorod suspension were 
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documented and used to calculate the scattering characteristics of the suspension with an 

inverse adding-doubling calculator (Prahl et al. 1993). 

 

OCT Signal Generated with Nanorods  

Phantom Generation 

Polyacrylamide phantoms were generated with a process similar to that of the gels 

used for electrophoretic separation as described above, however polystyrene spheres were 

added to the solution to generate intrinsic scattering that could be tuned based on the 

density of particles.  The quantity of polystyrene beads necessary to generate a given 

scattering level as well of the size of bead necessary to generate the desired anisotropy of 

0.9 were calculated using a Mie-scattering calculator (van Staveren et al. 1991).  The 

resultant size of bead was dependent on the wavelength range used, so a target 

wavelength of 900 nm was chosen and a diameter of 1.0 μm generated an anisotropy 

value of 0.89. This was close enough to the desired value to match the anisotropy of 

tissue when suspended in aqueous solutions.  The concentration of polystyrene spheres 

was dependent on the level of scattering desired, for example, a concentration of one 

sphere per 120 μm3 would yield a scattering coefficient (μs) of 100 cm-1.  Diluting the 

spheres further would allow for lower scattering coefficients, and were often used in 

preparations with scattering coefficients from 10-100 cm-1.  These tissue phantoms were 

cast using the same procedures as the acrylamide gels used for electrophoresis, though 

acrylamide concentrations ranged from 5-15 %, and polystyrene spheres were added 

immediately after the degassing step.  Small voids (1 μL) were cast into the gels by 
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adhering a 200 μm thick piece of vinyl tape to the casting plate. These voids were used to 

retain the contrast agent when layers of the tissue phantom were stacked.  In this way, the 

effect of depth on signal could be examined, and a model for examining a sub-dermal 

collection of contrast agent developed.   

 

OCT System and Imaging 

OCT imaging was performed on a system built in the lab with two 

superluminescent-diodes as sources that together had a center wavelength of 890 nm and 

a bandwidth of 150 nm.  This system generates an image resolution of 6 μm axially and 

14 μm laterally.  The arrangement of this system has been previously described (Barton et 

al. 2004b).  Scans were performed and cross-sectional images generated with a depth of 2 

mm and the length varied depending on the size of the imaged sample.  Before imaging, 

nanorod suspensions were concentrated by centrifugation to 50x their original 

concentration. 

Small quantities of nanorod suspensions were loaded into the void of one of the 

polyacrylamide slabs, and a second slab was placed over the top of the void to form the 

complete tissue phantom.  These phantoms were placed on a glass slide and which was 

mounted in the beam path of the OCT.  The slide was tilted slightly to prevent saturation 

of the detector and other image artifacts caused by specular reflections from the interface 

between the tissue phantom and air.  As the imaged voxels are rectangular in physical 

space, but displayed as square after imaging, the aspect ratio of scanned images often 
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appeared to be stretched.  Images were re-scaled to correct the aspect ratio of the image 

to match the imaged sample.    

 

Differential Imaging 

The 890 nm OCT system was arranged to image with any of three configurations 

of its superluminescent diodes: either with both sources on, or with either of the sources 

off.  These changes were made in order to attempt a new differential imaging technique.   

Nanorods were imaged as previously described; however images were paired to show 

identical fields, with the first image providing illumination with both sources, and the 

second image with the on-resonance source turned off.  The pixel intensities of the 

second image were subtracted from the first and then scaled.  

 

Multi-Photon Imaging 

In preparation for multi-photon imaging of nanorod suspensions, tissue phantoms 

were generated in a fashion similar to that of those used for comparison in OCT imaging.  

All experiments were performed on a Zeiss 510 NLO system coupled to a Mira 900 

(Coherent) Ti:sapphire laser for multi-photon applications.  The laser was operated in a 

mode-locked configuration generating 100 fs pulse trains at 80 MHz.  For imaging of 

nanorods, laser power was kept below 1 mW average power, while thermal ablation was 

performed in the range of 10-80 mW.  In all multi-photon imaging experiments the 

longitudinal plasmon resonance peak of the nanorod suspensions used were tuned to the 

range of 750-820 nm, the range in which the laser used for multi-photon imaging could 
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be readily tuned.  All imaging and damage experiments were performed with the laser 

tuned to the wavelength of the longitudinal plasmon resonance maxima.  Nanorod 

suspensions in the as-prepared condition were concentrated 50 X by centrifugation, 

removal of supernatant, and re-suspension in 200 μL of filtered de-ionized H2O. 

Imaging with phantoms was performed by placing a small slab (1 cm2) of the 

phantom on a microscope slide and a 20 μL quantity of the concentrated nanorod 

preparation was transferred via pipette onto the surface of the phantom to form a thin an 

evenly-distributed layer.  Then a glass cover slip was placed on the surface of the 

phantom and immersion oil added between the cover slip and the Zeiss 40X 1.3 NA oil-

immersion objective.  The luminescence was collected with the adjustable-range LSM 

510 Meta detector over a broad wavelength range (400-650 nm). 

Two types of cells were used for the imaging of targeted nanorods, both were 

HCT-116 colon cancer cells.  One of these cell lines had been transfected with gene 

vectors to express both green fluorescent protein (GFP) as well as δ-opioid receptor.  The 

other cell type was transfected with red fluorescent protein (RFP).  In this way, the 

presence of the δ-opioid receptor could be determined by verifying whether the cell 

exhibits green or red fluorescence.    These fluorescent protein labels were visualized in 

multi-photon imaging by exciting at 488 nm for the GFP and 543 nm for the RFP, which 

had emission in the wavelength ranges of 500-530 nm and 560-600 nm respectively.  

Image scans to identify cells were separate from the imaging of nanorods, as the latter 

was imaged with excitation in the range of 750-820 nm.   
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Nanorods were targeted to the δ-opioid receptor expressing cells by linking 

deltorphin to their surface.  This ligand was attached to a 5000 MW chain of polyethylene 

glycol, with a thiol terminus for binding to the gold nanorods in suspension.  For 

attachment, nanorod suspensions were centrifuged at 15000 g for 10 minutes, supernatant 

removed and the pellet resuspended in 100 μL of the supernantant and 100 μL of  a 

deltorphin-PEG-SH solution with a concentration of 2.3 mg / mL in 0.5% acetic acid.  

The solution was again centrifuged for 20 minutes at 2500 g, and then the supernatant 

was again removed except for 100 μL in which the pellet was again resuspended.  
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RESULTS AND DISCUSSION 

Nanorod Procedure Development 

Problems encountered in initial experiments with the seed-mediated growth of 

nanorods led to several refinements in the final procedure.  For example, there was no 

step to account for excess borohydride that may reside in the seed preparation that was 

added to the growth solution.   As a result of this, the seed solution immediately reduced 

additional gold to the surface of the seeds upon entering the growth solution.  This would 

not have been a problem, except that sodium borohydride is a significantly stronger 

reducing agent than the ascorbic acid traditionally used in the growth phase.  The speed 

with which the present borohydride would reduce the growth solution would result in the 

increase of diversity of the final population of nanorods, resulting in an excessive 

population of spheroidal particles.  Also, the addition of organic solvents to the growth 

solution caused several ill effects.  The stability of the micelle was disturbed by these 

additions of cyclohexane and acetone.  While this solution would still generate nanorods, 

they were non-uniform, existing not as the smooth and straight nanorods of the more 

refined procedures, but rather lumpy and globular as seen in Figure 2.1a.  An additional 

effect of the inclusion of these organic solvents was their ability to break down the 

surfactant micelle in the center of a growing nanorod, allowing for additional growth to 

extend outward from the center of the nanorod.  This generated interesting nanoparticle 

morphologies that can be best described as “spikey-balls” with a single, broad resonance 

maxima as shown in Figure 2.1b and c.    
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Figure 2.1:  Early attempts at nanorod formation. (a) TEM image of lumpy 
nanorods formed with early growth techniques.  (b) TEM image of common “spikey-

ball” nanoparticle morphology, generated while attempting to make higher-aspect ratio 
nanorods.  (c) A representative extinction spectrum of a suspension of particles of the 

type shown in (b), large broad resonance bands have multiple peaks from common 
geometries.  (d) Despite the lack of uniformity, particles of this type generated impressive 

displays of tunability in the visible range.  Marker bars represent 100 nm. 
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It goes without further discussion that this initial series of experiments were not 

satisfactory for generating consistent or pleasing results, and as such other methods of 

nanorod synthesis were explored. 

The second technique for nanorod generation was one that also was a seed 

mediated technique (Perez-Juste et al. 2004) that did not involve organic solvents.  This 

generated nanorods that were more consistent with smooth edges.  A significant benefit 

of this procedure is the shelf-life of its seed solution, which proved to be useful after as 

many as six months when properly prepared.  The spectra of the rods generated by this 

procedure were still indicating a high spherical particle concentration as the transverse 

peak was often as much as twice as intense as the longitudinal peak as seen in Figure 2.2.  

This finding was verified through electron microscopy.  Unfortunately, it was apparent 

that this process also had its faults.  The primary limitation on nanorod yield in this 

process was the fact that it was not temperature controlled.  Early experiments with this 

process were performed in a laboratory where it was frequently warmer than 26 ºC.  

Since temperature was not known to be a factor in the growth phase of nanorods 

production, production faced a significant roadblock until temperature was identified as a 

limitation on yield.  As a result of identifying the problem, an incubator was acquired, 

allowing for the determination of optimized temperature.  

The real problem with elevated temperature was the decreased saturation state of 

CTAB during reduction.  The surfactant must be introduced into the growth solution 
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Figure 2.2:  Improved Nanorod Method Spectra.  The generation of more uniform 

nanorods resulted in spectra that could be clearly represented by resonance contributions 
from the transverse and longitudinal aspects of the nanorods.  The peak caused by 

transverse resonance for the most part remained centered at 530 nm, while longitudinal 
resonances were tuned into the near infrared by generating higher aspect ratio (longer) 
nanorods.  The yield of these uniform rods was generally poor, as spherical particles 

contribute to excessively high transverse resonance peaks. 
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above its solubility limit and then the solution heated until it accepts the CTAB.  After 

this process it is necessary to reduce the temperature to the point that the solution will 

become supersaturated with the surfactant.  The optimum temperature for this reduction 

step was found to be 19 ºC, where the process could be completed just prior to the 

formation of CTAB crystals in each of the vials, maximizing the potential growth.   

Another considerable fault of this procedure is the lack of optimization of sodium 

citrate quantity during seed stage reduction.   This was a significant problem that also 

limited yield and required a separate series of experiments which are detailed in the 

citrate quantity determination section. 

Lastly, this procedure does not indicate the sensitivity of growth solution to the 

presence of bubbles.  Since there is a high concentration of surfactant in the vials in 

which the growth phase takes place, without very careful handling and transfer 

techniques, bubbles are likely to form.  This proves detrimental to the formation of 

nanorods however, and as a result must be prevented.  A technique to stir the vials after 

the inclusion of ascorbic acid, and again after the addition of seed solution is to cap and 

gently invert the vial and smoothly return it to the upright position.  When these 

additional cautions and modifications to the procedure are used the yield is significantly 

greater, as can be observed by the spectral results seen in Figure 2.3. 

 

Determination of Proper Citrate Quantity in Seed Generation 

The existing protocols for the generation of nanorods had room for optimization. 
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Figure 2.3:  Extinction Spectra from Final Nanorod Synthesis Procedure.  By this 

method, transverse peaks with greater intensity than the transverse peaks, indicating a 
higher yield of nanorods and fewer spherical particles.  The seed quantity used for these 

suspensions are as follows: 6 μL (circle), 8 μL (x), 15 μL (+), 20 μL (square), 30 μL 
(diamond), 40 μL (inverted triangle), 50 μL (triangle).  Longer nanorods are generated 
with successively smaller seed quantities resulting in transverse resonance peaks that 

simultaneously broaden and shift further into the near infrared. 
 

Troutman, T. S.; Barton, J. K.; Romanowski, M.  (2007)  Optical coherence tomography 
with plasmon resonant nanoparticles of gold.  Optics Letters.  32, 1438-1440.  

Reproduced with permission. 
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Over the course of two years working on the procedure, many seed preparations had been 

made with varying results.  It was found that the quality of the seed solution used had the 

greatest impact on the final yield of gold nanorods, rather than the events that followed in 

the growth phase.  This was confirmed when two simultaneous growth procedures were 

performed by two researchers each using two vials of seed that had been generated 

individually, then each were used to from nanorods with the same growth solution and 

procedure.  An example from the spectral results obtained in these experiments is shown 

in Figure 2.4. 

There are few experimental parameters that can be controlled easily with this 

procedure, namely: the concentrations of citrate and borohydride, as well as the 

temperature and duration of the heating cycle that follows reduction. Gold ion 

concentration is an independent variable, to which the concentration of sodium 

borohydride must be appropriately adjusted.  It is considered independent, as changing it 

will only modify the density of particles in the final seed solution.  

The heating stage of the synthesis of seed particles is limited by the equipment.  

In initial iterations of seed production, the temperature of the solution was monitored on a 

hot-plate with the assistance of a thermometer, requiring the constant observation of the 

researcher.  With the addition of a temperature-controlled stir plate, this requirement has 

not changed as the plate has a tendency to overshoot the ideal range due to the small 

volume of the heated sample (20 mL).  It has not been discerned what range the heating 

must be retained in, or the effects of going beyond this range.  It is hard to think that the 
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Figure 2.4:  Seed Quality Impact on Final Spectra.  Extinction spectra of 

nanorods made with high quality seed (gray), and poor quality seed (black).  The use of 
poor quality seed to generate nanorods results in lower longitudinal peak extinction 

levels, general peak broadening, and higher off-peak extinction levels. 
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morphology of the already-formed nanoparticles could change with this treatment as the 

Turkevich protocol involves boiling and reflux of the solution in the formation of 

particles.  This step is intended to drive out the excess of sodium borohydride from 

solution to prevent it from reducing part of the growth solution once the seed is added to 

it.  Therefore, it should not matter beyond reduction what concentration of sodium 

borohydride was used so long as it was sufficient to reduce all of the ionic gold and it was 

entirely removed by the heating step.  In either case, the quality of this step is dependent 

on the researcher to achieve and maintain a reasonable temperature of the preparation for 

the prescribed time. 

For the reasons mentioned above, it was decided that modifying the concentration 

of sodium citrate may be the key to more consistently generating higher-yield nanorod 

preparations.  Indeed the preparation of seed by this method while varying the citrate 

concentration and the solution temperature at which sodium borohydride is added 

generated a variety of spectra as seen in Figure 2.5.  The resulting growth phase that 

resulted from these preparations and experience with seed that did and did not yield good 

nanorod solutions indicated that the seed preparation with the highest resonance peak 

would produce the highest yield of nanorods.  From this experiment, the citrate quantity 

used in the production of seed was reduced to the quantity suggested in the established 

procedure.  In addition, it was observed that by heating the solution to 45 ºC before the 

addition of sodium borohydride also improved yield.       

It is hypothesized that the negative effect of extra citrate in the seed solution is 
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Figure 2.5:  Spectra from Various Seed Formulations.  Seed quality can be measured by 
maximizing extinction peak height.  Comparison of extinction spectra with known good 

example can provide an indication as to the quality of the seed preparation.  Several 
variations on preparation were made to optimize seed yield.  Seed known to have poor 

quality (black), Other curves represent experimental variation: Original recipe, 50 μL of 
100 mM sodium citrate (blue); seed prepared without sodium citrate, NaBH4 added to a 
solution warmed to 45 ºC (green); 15 μL of 100 mM sodium citrate (orange); 25 μL of 
100 mM sodium citrate (brown); seed prepared with 25 μL of 100 mM sodium citrate, 

NaBH4 added to a solution warmed to 45 ºC (red). 

 



   
 
 

86

that it may remain in solution until the growth phase and limit the growth of nanorods.  

As sodium citrate is a reducing agent as well as a capping agent, this may inhibit the full 

growth of nanorods, capping them in spheroidal shapes.    

 

Turkevich Sol Production 

This procedure is taken directly from literature in which several techniques for reducing 

nanoparticles are reported.  After Faraday’s experiments, this was one of the next 

developed and well-documented procedures for reducing gold nanoparticles.  In addition, 

Turkevich also developed a very useful preparation technique for the viewing of 

nanoparticles on the transmission electron microscope. On occasion, it is necessary to 

generate 20 nm spherical gold particles as standards for comparison to other 

nanoparticles.  This allowed for verification of wavelength-specific phenomena, as the 

resonance peak for these particles was consistent and known to be around 530 nm.  A 

common spectral trace for this suspension is shown in Figure 2.6. 

 

Nanorod Synthesis – Final Procedure 

Seed Production 

The final color of the seed should be a somewhat deep red.  In comparison, seed 

that is overly-pale compared to previous seed preparations is an indicator that it will not 

be effective, this is evident when used in comparison against seed of poor quality via  
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Figure 2.6:  Turkevich Sol Spectrum.  Extinction spectrum of gold nanospheres 
generated by means of the Turkevich citrate-sol method.  These 20 nm particles exhibit a 

strong uniform peak near 520 nm. 
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extinction spectroscopy.  Seed may be stored at room temperature and has generally been 

shown to have a useful life greater than 6 months, assuming it is known to generate 

exceptional growth results. 

Since the concentration of gold is the same for the seed and growth solutions, the 

savvy researcher will realize that the measurement of chloroauric acid can be performed 

only once simplifying the process since only minute quantities of this compound are 

necessary.  This is also beneficial because gold chloride is hygroscopic; minimizing 

exposure of the chemical to the environment will prevent water absorption, thereby 

minimizing measurement error.  It is suggested that borohydride be prepared the day of 

reduction to maximize potency. 

Seed is formed in 20 mL quantities since it is the smallest possible quantity that 

can practically be stirred with glass-coated stir-bars.  Thermostatically controlled stir 

plates are useful, but they also require forethought and anticipation of overshoot, so it is 

necessary to use a temperature setting well below the target.  If a Teflon-coated thermal 

probe is available it is more accurate than the surface temperature sensor, ensure however 

that there is no contact between the sensor and the stir bar.   Glass-coated stir bars are 

fragile and must be handled with care.  As they are made of borosilicate glass they will 

resist thermal shock, but mechanical impact or collision with the flask while rotating will 

often cause them to break open.  When such damage occurs, the stir-bar can be repaired 

by a competent glass shop or one skilled in the art of scientific glassblowing. 
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Growth Phase 

Color in the vials of nanorod suspensions develops in tandem with nanorod 

growth over the course of about an hour.  The common pitfalls of this procedure have 

been described in previous sections and in the description of the experiment.  When 

fabricating on the nanoscale, seemingly small variations will have a large impact in the 

final result.  Consistency and awareness of the important factors for each stage of 

generation is critical to favorable results. 

Upon completion of the experiment, all of the vials should appear the same color, 

as the tunable peak is in the near infrared, and the transverse peak in the visible range is 

not tunable.  This does not hold true when unusually large seed quantities are used to 

generate nanorods with resonances in the red end of the visible spectrum.  Though color 

may be consistent, evidence of scattering is more apparent with solutions containing 

longer nanorods (lower seed quantity) as is apparent to the eye by the appearance of a 

bronze color.  Extinction spectra of a series of ideal nanorod suspensions are shown in 

Figure 2.3. 

Before centrifugation or taking spectra of nanorods, any CTAB crystals that have 

precipitated out of solution must be dissolved back into solution by heating in warm 

water or by incubation in the oven at a reasonable temperature and the vial swirled to 

ensure the nanorod population is evenly dispersed in the vial.  Nanorods can be stored at 

room temperature and have been observed to have minimal changes in spectra for at least 

6 months.  As mentioned before, the three critical factors for maximizing nanorod yield is 

that fine temperature control must be exercised during the growth phase, good seed must 
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be generated, and bubbles must not be formed in the seed solution.  This preparation is 

the one used for all subsequently described experiments. 

 

Improving the Population Distribution 

There is great value in having a mono-disperse population with respect to 

nanoparticles.  In the realm of research, it allows for the isolation of characteristics as 

stemming from a single type of particle rather than some type of inter-particle interaction 

or a property of the particle not under study.  The logic behind the diafiltration process 

was to filter smaller nanoparticles through the perforated membrane and into a waste 

solution while retaining those particles that were too large to pass through the membrane.  

However, no positive result ever came of these techniques.  In initial stages, some traces 

of solution were observed to pass across the membrane of the diafiltration cartridge, 

however as the process progressed, this flow often slowed to the degree that no flow was 

evident.  The filtered solution was not observed to contain any color that would confirm 

the filtration of nanoparticles out of the original solution.  It is believed that particles 

became lodged in the membrane, reducing its capacity to filter and eventually restricting 

it completely, without having filtered out the smaller particles.  Over the course of several 

attempts, it was recognized that diafiltration was not successful in the available 

embodiment, and as such was abandoned for attempts with other techniques. 

Electrophoresis was also performed to attempt to separate nanoparticles based on 

their size.  The common use for electrophoresis is to separate proteins based on their size 

and charge.  Proteins are drawn through a gel of a fairly consistent network density.  
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Since all functional proteins of the same type have the same size and chemical 

composition, they flow at equal rates through the porous gel.  Gels are cast in a special 

apparatus for this purpose.  Proteins generally carry a negative charge, since negative 

amino acids are more commonly encoded than positive ones.   By placing proteins in a 

well on the same side of the gel as a negative electrode, and a positive electrode on the 

opposite side of the gel, proteins can be driven through the gel at a rate proportional to 

the applied potential.  This allows for the separation of differently-sized proteins along 

the gel, and if standards are used, the size of the protein can be estimated, and removed 

from the gel for further characterization.  In this manner we hoped to replicate the process 

using nanorods in the place of proteins, reversing however, the charges on the electrodes, 

as the surface charge on nanorods is positive.   

The process of electrophoresis to separate nanorods on the basis of size also met 

with negative results.  Upon establishing the potential and introducing the nanorod 

suspensions, they were observed to have collected at the bottom of their respective wells, 

as was expected based on the direction they were driven by voltage.  The collection of 

rods at the bottom of each well gradually decreased until no rods were visible.  This was 

an expected part of the process, and it was assumed that these particles had begun to 

move through the gel, however no evidence of the presence of nanorods in the gel was 

present.  It was never apparent where the nanorods actually went when they left the well.  

For these reasons this technique of separation of gold nanoparticles based on their size 

was also abandoned after several attempts. 
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Polyacrylamide Phantom Generation and OCT imaging 

The tissue phantom performed quite well when used to image nanorods with 

OCT.  It served to encapsulate the nanorod suspension as well as to simulate the 

scattering level of tissue.  The configuration of the tissue phantom, with a void that could 

contain 1 μL of the contrast agent allowed for imaging an encapsulated volume 

surrounded by a semi-solid scattering medium simulating the scattering level of tissue.  

An image of these phantoms containing nanorod suspensions as a means of generating 

signal in OCT imaging is shown in Figure 2.7.   

It is apparent that significant signal is generated from nanorod suspensions in OCT 

images where the resonant frequency of the suspension is tuned to match the source.  

Very little signal is evident in the void of the phantom when it is loaded with water.  This 

is to be expected, however it is useful to compare the scattering level and characteristics 

of the tissue phantom to what is essentially a blank, or baseline, sample.  Speckle is a 

feature of OCT, and is very observable in the phantom.  Vertical lines that appear on 

OCT images are evidence of at least one saturation event occurring along that vertical 

line.  These become increasingly apparent on images which contain the nanorod 

suspensions, this is due to the fact that initial images were taken with tissue phantoms 

containing water and the detector was appropriately adjusted to image such a sample. 

Subsequent images when nanorod preparations were introduced exhibited significantly 

higher scattering levels to the degree that the detector was saturated.  It was more 

important to capture the images with the same settings than to have artifact-free images.  

This effect was accounted for in future experiments. 
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Figure 2.7: OCT Imaging of Nanorods in Tissue Phantoms.  OCT images showing 

nanorod signal in tissue phantoms having a scattering coefficient (μS) of 30 cm-1.  Void 
contents in each image from top to bottom: water, nanorods not matched to the OCT 
source, nanorods matched to the OCT source.  Vertical streaking occurs in scans with 

saturation events. 
 

Troutman, T. S.; Barton, J. K.; Romanowski, M.  (2007)  Optical coherence tomography 
with plasmon resonant nanoparticles of gold.  Optics Letters.  32, 1438-1440.  

Reproduced with permission. 
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A great increase in the scattering signal in the bulk region of the suspension 

relative to the tissue phantom indicates some of the capacity of nanorods to generate 

signal in OCT.  This was especially true in the case of nanorod suspensions whose 

resonance maxima were coordinated to the wavelength of the system’s diode sources.  

The increase in intensity between the on-resonant and off-resonant rods indicates that the 

scattering properties and resultant increases in signal in images are dependent on the 

coincidence of the resonance peak with the imaging wavelength.  Therefore, by matching 

the plasmon resonance maxima to the source output of the device, signal returned from 

the contrast agents can be maximized. 

In the images of tissue phantoms, the attenuation due to scattering is evident; as 

depth increases in scattering regions, signal drops off, as less light is able to penetrate 

through the medium and coherence cannot be maintained.  However similar attenuation is 

not evident in the image where the nanorod suspensions are present within the void of the 

phantom.  The signal from the void appears to be the same intensity throughout, and in 

addition, the regions below this void still return signal, indicating that even though there 

is a region of intense scattering in the void, light still is able to reach and return from the 

region below the void.  In most cases with OCT imaging, a highly scattering region will 

initially have a high signal level, but will cause significant attenuation, often occluding 

any imaging of the space below it.  Optical absorption is also is evident as attenuation, or 

the decrease of signal with increased imaging depth. The reason that nanorods do not 

exhibit this loss characteristic is related to the nature of their scattering and the way that 

the OCT system receives signal from the sample.   

 



   
 
 

95

OCT contrast is determined on the basis of backscatter, even though a sample 

may be highly scattering, it is only the light that is backscattered into the optics that is 

recorded.  The two parameters that describe the scattering properties of a sample, μs and 

g, were described earlier.  While μs can be used to describe the number of scattering 

events expected in a given volume, the anisotropy (g) describes the nature of this 

scattering with respect to its directionality in reference to the of incident light.  Recall that 

the tissue phantom was designed to have a μs of 30 cm-1, and an anisotropy of 0.89.  The 

ability to attenuate light is proportional to the extinction coefficient of a sample; the 

extinction coefficient (μe) being the sum of the scattering coefficient (μs) and the 

absorption coefficient (μa).  No dyes were added to the tissue phantom to modify its 

absorption characteristics, so a minimal contribution of μa to the attenuation is expected.  

This means that the attenuation in the tissue phantom is almost entirely due to scattering.  

Since minimal attenuation occurred in the region representing the void containing the 

contrast agent, it then follows that the scattering coefficient is at or below the level of the 

tissue phantom at 30 cm-1.  Indeed, characterization of nanorod suspensions with an 

integrating sphere to monitor their scattering and absorption characteristics indicates that 

at the concentration used, they have an extinction coefficient of 9.8 cm-1. 

The signal improvement in OCT is, therefore, most likely a consequence of the 

anisotropy of scattering from the nanorod suspension.  Since light that generates signal in 

OCT must be collected by the same optics that deliver incident light, backscatter is of 

utmost importance.  With a numerical aperture of 0.1, reflected light must be scattered at 

an angle between 174º and 186º with respect to the original direction of the beam.  Since 
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the definition of anisotropy is the average cosine of the scatter angle, higher anisotropies 

represent forward scattering, and lower values indicate a higher likelihood of backscatter 

with a range of 1 to -1.  As the quantity of scattering from the contrast agent is lower than 

that of the tissue phantom, the directionality must be the factor that enables it to improve 

signal.  Indeed, characterization of these nanorod suspensions with an integrating sphere 

reveals an anisotropy is -0.0362, indicating that these suspensions preferentially 

backscatter, explaining their capacity to generate signal in OCT.    

The above analysis describes the behavior of nanorod suspensions in bulk, 

however, in the intended use as an in vivo OCT contrast agent, its behavior on interfaces, 

like cell membranes, is far more important.  The real value of nanorods is their capacity 

to indicate the presence of a boundary where none was indicated by imaging without 

them.  The ability to perform this task in selective regions of the images is what gives rise 

to additional contrast: the relative difference in intensity between light and dark regions 

of an image.  The ability of nanorods to serve in this capacity is quite evident, especially 

in light of the images shown here.  The interface between the two layers of the tissue 

phantom is not evident when the void contains water; however in the case of the on-

resonant nanorod suspension the boundary is well-marked, with significantly higher 

signal than that of the surrounding phantom.   

 

Differential Imaging 

In this technique the narrow plasmon resonance of the nanorod suspension, if 

properly tuned, will provide greater signal response to one of the light sources and not the 
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other.  The logic for this type of imaging comes from the experiment showing that 

nanorod suspensions with plasmon resonances beyond the wavelength range of the light 

from the superluminescent diodes used in OCT exhibited lower signal levels than those 

where the resonance maximum was tuned to match the output of the diodes. Tissue 

properties vary slowly in the near infrared (700-1300 nm) relative to plasmon resonant 

nanoparticles which may exhibit drastically different properties depending on whether 

they were interrogated with light on or off the resonance peak.   

This approach was met with some success; the difference in signal between the 

void containing the contrast agent and the background of the tissue phantom was 

increased by performing this method.  This is due to the capacity of the technique to 

remove a significant portion of the signal that originates in the tissue phantom.  The 

results of this process can be seen in Figure 2.8, where tissue phantoms were used in a 

similar arrangement as in the OCT imaging section to demonstrate the improvement in 

signal realized with differential imaging. 

As much improvement as was observed using this method, there are many ways in which 

the location of the contrast agent could be further enhanced with an even higher signal 

relative to the background.  In the preferred state, as shown in Figure 2.9, the 

background would be removed almost entirely, leaving only a slight indication of 

landmarks in tissue.   

The improvements in this technique lie within both the hardware and imaged 

sample.  It is important to note that the system was not designed to record images of this 

nature, rather that it was quickly reconfigured to serve this role.  This is evident, as  
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Figure 2.8:  Differential OCT Imaging.  OCT images (left) and plot profiles averaged 
over the width of the contrast agent void (right), demonstrating differential imaging.  

From top to bottom: Two source illumination, off-peak illumination, differential image 
(off-peak subtracted from two-source).  Differential imaging allows for the reduction of 

background intensity relative to signal from the contrast agent but tends to generate 
higher contrast noise. 
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Figure 2.9:  Differential Imaging.  (a) Envisioned results made possible by differential 
imaging, by subtracting out the background acquired in an off-resonance image, signal 

from the contrast agent relative to the background tissue is maximized.  (b) Spectral 
characteristics of the two SLD sources used in OCT (black), with an overlay of the 

longitudinal resonance peak of nanorods tuned to match the long-wavelength source 
(gray). The mechanism of differential imaging, relies on the fact that more signal will be 
generated by a source matched to the resonance of the imaged nanorod suspension than 

an off-peak source and that over the wavelength range imaged there is little difference in 
optical properties of the background (tissue). 
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results show a difference in image intensity for each source that did not allow for 

complete subtraction of the background.  In addition, the speckle inherent in OCT 

systems contributes to additional noise within the final image since speckle events most 

likely will not overlap from one image to the next.  When images containing speckle are 

subtracted from each other, the background may generally decrease, however speckle 

often intensifies, generating high contrast noise. 

These problems are further aggravated by the choice of materials used to generate 

the tissue phantom.  The phantoms generally contain greater than 85% water and exhibit 

a dimensional change measurable on the scale at which OCT images are recorded over 

the time that is required to acquire two sequential images (roughly a minute for each).  

This change is attributed to the evaporation of water from the phantom and has several 

effects that serve to the detriment of differential imaging.  First, the changes in dimension 

result in a lack of overlap of edges, so where edges should be erased entirely by 

differential imaging, instead they stand out with even greater intensity in subtracted 

images.  Second, the speckle pattern changes with the movement, resulting in a 

significant increase in the intensity of noise in the subtracted images.  Both of these 

effects are evident in the subtracted image in Figure 2.8.  The presence of edges can 

actually benefit the location of the agent by serving as landmarks; however the increase 

of speckle intensity is detrimental to the increase in signal from nanorods relative to 

background noise.   

There are several ways in which the motion problems could readily be solved.  A 

phantom with a more rigid structure could be employed such that no changes in 
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dimension are observed on the timescale used.  Averaging multiple scans is not an option, 

since motion artifacts would compound.  Though a faster OCT system could be 

employed: if the temporal displacement between images is minimized, no movement 

would be visible.  In all, the use of this system was beneficial, as it made apparent the 

issue of motion that would likely arise during in vivo imaging using such techniques.  

Living tissues are liable to shift positions during the time required to capture an image on 

this timescale, making a faster capture time a more useful solution than phantom 

improvement.  As higher speed OCT systems already exist, the use of one of these 

devices would surely improve the results in this study by minimizing the signal in edges 

and speckle. The best option would be to develop a method that uses interlaced scans.  By 

taking successive, oversampled a-scans and alternating between two sources, the time 

between where a given region is scanned with the different wavelengths is absolutely 

minimized.  Another alternative would be to image with two systems in tandem, with 

independent optics for each in an endoscope configuration, or coupled through the same 

final optics for an in-air system.  Concurrent scanning of the same region with different 

wavelengths has its limitations, namely that there may be crosstalk or interference 

between the two channels, especially if coupled through the same optics.  Source-

switched interlaced scans face the problem of additional scan time introduced by the time 

it takes to switch the sources and synchronization of such switching to the start of each a-

scan.  

There are additional ways in which this technique could be improved.  There is 

still a significant overlap between the plasmon resonance of a nanorod suspension tuned 
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to one of the sources and the off-resonance source.  This could be corrected by spreading 

the sources further apart in wavelength, or by narrowing the size range of a population of 

nanorods.  Spreading the sources further apart would be counter-productive as the tissue 

properties may begin to change significantly in too broad of a range.  Narrowing the 

breadth of the size distribution of the population is therefore the preferred method to 

improving the difference in the signal in the two images.    

There is a fundamental limitation to the differential imaging technique.  As 

mentioned above, using only one of the two superluminescent diodes limits the useful 

resolution of the image, and this is quickly apparent when images with both sources and a 

single source are compared.  However, if a broader wavelength range for each of the two 

sources is employed to improve the image quality to the level which was present before 

the used of individual sources the properties of the tissue will begin to differ over that 

broad range of wavelengths, lessening the effects of subtraction.  So even if the 

improvement in image intensity and contrast is improved with the use of differential 

imaging, it will likely come at the cost of image quality. 

These experiments have established the proof of the concept that, indeed, 

subtraction of images taken with sources having different wavelength ranges in the 

presence of a contrast agent that provides selective signal to one of these sources can 

further improve the signal of the contrast agent relative to the background.  As discussed, 

there are many directions for improvement in both the imaging systems, techniques, and 

the nature of the contrast agent that may make this process a viable clinical imaging 

technique.   

 



   
 
 

103

 

Multi-Photon Imaging 

It is important to note that the research performed with nanorods was a 

collaborative work between three students, each contributing according to their expertise.  

My contribution to the project was the production of nanorods for the experiments, 

assistance with the multi-photon imaging portion, phantom preparation as well as the 

concept and assistance with nanorod-mediated damage. Kvar Black’s contributions 

include the attachment of targeting ligands to the surface of nanorods as well as providing 

the cell lines which were responsive to the ligand used.  Ned Kirkpatrick provided his 

expertise with multi-photon microscopy. 

Initial experiments were designed to determine whether there was observable 

luminescence from nanorods and location of the emission maxima and profile.  Indeed, 

with low energy light, multiphoton upconversion was observed to be localized to the 

presence of nanorods in the field of view.  The luminescence from nanorods, non-

specifically bound to cells, is shown in Figure 2.10, a false color image with nanorods 

appearing in green.  To prepare for imaging, nanorod suspensions were generated with 

resonances tuned to the useful wavelength range of the laser, then the laser was tuned to 

illuminate the sample exactly on the longitudinal resonance peak of the nanorod 

suspension.  The origins of the source of emission is not expected to arise from the 

enhancement of local fluorophores adjacent to individual nanorods, but rather the best 

explanation is that the energy from multiple photons is capable of electron-hole 

generation in the excitation phase, relaxation, and emission of radiation upon  
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Figure 2.10:  Luminescence of Nanorods Under High Intensity Focused Light.  Nanorods 

are illuminated on their transverse resonance peak (near 800 nm), and upconvert the 
energy of multiple photons to emit a single photon of higher energy. (a) Nanorods 
passively coordinated to the surface of cells for imaging.  (b) Emission spectrum of 

nanorods when illuminated at the same wavelength as their transverse resonance maxima. 
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recombination (Imura et al. 2005) as mentioned in the previously.  Since the process 

generates higher-energy photons than are used to excite the sample, this process involves 

some upconversion with multiple photons.  

With the same arrangement of nanorods on the surface of the phantom, higher 

energies of the laser (1-10 mW) accomplished what appeared to be a bleaching effect on 

the nanorod population.  For this reason, imaging was limited to a laser output of less 

than 1% of the maximum available (<1 mW).  The high energy response of nanorods on 

the phantom were also examined.  The nanorod-coated tissue phantom was exposed to 

higher levels of laser power with multiple iterations.  There were several indications of 

the conversion of light energy to thermal energy in this process: a crater in the phantom 

was formed as a result, as well as the displacement of the nanorods on the surface, and 

evolution of gas bubbles.  A crater formed by this process is shown in Figure 2.11, where 

the luminescence from gold nanorods reveals the new landscape of the tissue phantom.  

The threshold of this activity was found to be approximately 10 mW average power when 

configured in a similar arrangement as that used for imaging, the exception being the 

increase in laser power and a series of four scans of the region of interest was used.  No 

response was observed when the phantom without nanorods was illuminated under the 

same conditions, up to the maximum output of the laser.  This indicated that the transfer 

of energy into thermal energy is mediated by the presence of the nanorods under the 

high-intensity illumination.    

A possible explanation for the damage observed by illuminating nanorods with 

high energy light in multi-photon microscopy can be attributed to laser induced 
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Figure 2.11:  Nanorod Mediated Damage to Tissue Phantom.  Nanorods supported on the 

surface of a tissue phantom provide luminescence and outline a crater formed when a 
square region (5 μm X 5 μm) of rods are illuminated with >10 mW average power.  A 
depth cross-section represented by the green line is shown at the top of the image.  No 

crater was formed on the tissue phantom when nanorods were not present at illumination 
intensities up to 80 mW.  Marker bar represents 10 μm. 

 
Black, K. C.; Kirkpatrick, N. D.; Troutman, T. S.; Xu, L.; Vagner, J.; Gillies, R. J.; 

Barton, J. K.; Utzinger, U.; Romanowski, M.  (2008)  Gold nanorods targeted to delta 
opioid receptor: plasmon-resonant contrast and photothermal agents.  Molecular Imaging.  

7, 50-57.  Reproduced with permission. 
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breakdown.  The mechanical and thermal effects observed are consistent with the 

generation of plasma, though the time-resolution of the microscope is not sufficient to 

capture this effect.  Thermal impact is evident from the generation of steam bubbles that 

eventually receded back into the solution (not shown), and mechanical damage from the 

crater formed during the process which may have been the result of rapid expansion of 

the region on the surface of the phantom.  Though the threshold for LIB is more than 

three orders of magnitude higher than attained at the maximum power level of the laser 

( 25.2
cm

sW  vs. 2
4104

cm
sW

• ). 

This type of particle may be useful as a biological label for the molecular imaging 

of targeted receptors on the surfaces of cells, and perhaps even a means to deliver 

mediated photo-induced thermal therapy.  For these reasons, we undertook imaging of 

cells with nanorods targeted to their membranes by means of the δ-opioid receptor that 

they were modified to produce.  Cell imaging was performed in a manner similar to that 

of the phantom imaging, except that the cells were either grown in a 6-well plate, or on a 

glass slide that was used in a heated immersion stage, and a dipping objective was used 

on the laser-scanning microscope.  The cells used in these experiments were an 

established model system as described in the experimental section with the non-native 

receptor incorporated to minimize the possibility of the receptors to which the ligand may 

bind on the receptor-negative cell line.  Thus, the only true difference between the two 

cell lines used is the presence of the receptor and the fluorescent proteins for 
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identification, rather than other cell-systems, where an entirely different cell line may be 

required to demonstrate that the binding was specific to the targeted receptor. 

These cell systems were imaged with a 40X dipping objective in the media that 

they were grown in.  Both cell types were grown in a common well so that they could be 

imaged and characterized simultaneously.  This was a significant benefit that was 

realized because of the labeled cell system; the control for the experiments was usually 

within the same imaged field.   

Using the deltorphin – δ-opioid receptor system, the ability to target 

functionalized gold nanorods was demonstrated.  This was apparent by the fact that there 

was a significant portion of nanorods present on the GFP labeled cells expressing the δ-

opioid receptor.  Likewise, the presence of cells lacking the δ-opioid receptor (as a 

control) exhibited little, if any, appearance of nanorods bound to their surfaces.  For this 

portion of the experiment, a 30 μL quantity of nanorod suspension prepared and 

concentrated as described in the experimental section were incubated with the cells at 37º 

C for two hours then rinsed with media.  This eliminated the possibility that the nanorods 

had just settled onto the surface of the cells.  Images representative of the binding of 

nanorods to these cell types are shown in Figure 2.12a and b.  Figure 2.12c indicates the 

preferential binding of nanorods to the surface of the cells that they are targeted to and 

not to the receptor-negative cells when quantified over 6 fields including a total of 858 

cells.    

As nanorods have the capacity to mediate the infliction of thermal damage in 

multiple experiments below the power threshold for laser induced breakdown, the use as 
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Figure 2.12: Selective Binding of Targeted Nanorods.  (a) Nanoparticles (yellow) 

with deltorphin on their surface bind preferentially to cells expressing the delta-opioid 
receptor (green).  (b) Limited adhesion of targeted nanorods (yellow) to cells not 

expressing the delta-opioid receptor (red).  (c) Quantification of selective binding of 
targeted nanorods to these respective cell types over six full fields and 858 cells. 

 
Black, K. C.; Kirkpatrick, N. D.; Troutman, T. S.; Xu, L.; Vagner, J.; Gillies, R. J.; 

Barton, J. K.; Utzinger, U.; Romanowski, M.  (2008)  Gold nanorods targeted to delta 
opioid receptor: plasmon-resonant contrast and photothermal agents.  Molecular Imaging.  

7, 50-57.  Reproduced with permission. 
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a therapeutic agent is possible (Stauffer 2005).  In addition, the capacity to target these 

contrast agents to specific cells based on their expression of a known surface receptor, 

makes them ideal for use in photo-thermal therapy applications.  To test this capability, 

targeted rods, as used in the previous experiment, were coordinated to the δ-opioid 

receptor expressing cells and illuminated with focused high-energy light.  The ability of 

nanorods to transfer heat to the cells was sufficient to kill them.  This was verified by 

adding 0.5% trypan blue to the medium; the uptake of which is known to be facilitated by 

cell death.  Due to the fact that the uptake of trypan blue was delayed by several minutes, 

immediate perforation was ruled out in favor of actual cell death caused by damages 

incited by coinciding high-intensity light and the presence of nanorods.  Indeed the 

presence of non-receptor-expressing cells allowed for a control experiment performed in 

tandem with the nanorod mediated damage.  This entire experiment is shown in Figure 

2.13, where subsequent frames reveal the uptake of trypan blue (dark cells) over the 

course of several minutes after illumination.  Also, as trypan blue was removed from the 

solution, the flow revealed that the cells labeled with the dye had lost adhesion to the 

plate, further indicating their demise.  It is evident from these images that damage was 

limited to the cells to which nanorods had been targeted and the region which was 

uniformly illuminated at high laser power.  The power threshold for this behavior was 

found to be approximately 10 mW at a pixel dwell time of 6.4 μs when used in 

conjunction with this system. 

This technique, if refined, could yield significant improvements in the ability to 

selectively kill off cells based on the presence of a specific receptor or protein on their  
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Figure 2.13:  Nanorod Targeting and Mediated Cell Death.  (a) Nanorods targeted to the 
delta-opioid receptor bind preferentially to cells expressing this receptor in the upper left 
corner of the image, while few are present on the cells in the lower portion of the image.  
The green and red boxes (representing regions of delta-opioid positive and negative cells 

respectively) were illuminated with high energy light (> 10 mW) in the presence of 
trypan blue, an indicator of cell death. (b) 5 minute time point, some targeted cells begin 

to darken with trypan uptake.  (c) 10 minute time point, most of the targeted cells are 
darkened by trypan indicating their demise. 

 
Black, K. C.; Kirkpatrick, N. D.; Troutman, T. S.; Xu, L.; Vagner, J.; Gillies, R. J.; 

Barton, J. K.; Utzinger, U.; Romanowski, M.  (2008)  Gold nanorods targeted to delta 
opioid receptor: plasmon-resonant contrast and photothermal agents.  Molecular Imaging.  

7, 50-57.  Reproduced with permission. 
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surface.  Since nanorods mediate the damage, illumination without the presence of 

nanorods will not lead to cell damage.  Likewise, the presence of nanorods alone has not 

been observed to produce evidence of cell death.  Together however, inflicting damage 

and death upon cells is relatively simple and selective.  The specificity of this action is 

significantly improved by high-affinity targeting systems to bind the nanorods to cells of 

interest, as well as the high level of control of the region which is illuminated by the 

high-intensity light.  No determination of the concentration of nanorods necessary to 

incite cell death was made though there is likely some critical concentration that allows 

enough perforation events such that the cell cannot recover.   
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CONCLUSIONS 

As demonstrated, considerable effort was put into developing a nanorod 

suspension procedure that was both easily repeatable, and consistently generated higher 

yield.  The two main hurdles were the temperature control to generate a supersaturated 

CTAB condition in the growth solution during reduction in the growth phase, and the 

refinement of the procedures for generating seed to maximize yield.  Once these 

challenges were overcome, the practical uses of gold nanorods as contrast agents were 

demonstrated. 

The modality of primary interest, OCT, is being developed into a clinically useful 

technique.  As its resolution is not fine enough to resolve individual cells or sub-cellular 

features like organelles, it is being developed for monitoring the structure of tissues.  Its 

strengths and limitations make it ideal for the examination of skin and epithelial tissues.  

Since these are the types of tissues from which carcinoma arises, it is natural to apply it in 

unique and creative ways to identify the initial stages of neoplasia.  Presently, increases 

in the attenuation of light by tissues and physical thickening of cell layers are indicators 

of such growth.  If a tumor could be specifically marked by a contrast agent that increases 

the signal from the region of interest, another means of positive identification could be 

established.  This work is a demonstration of the ability of gold nanorods to be targeted to 

cells as well as their capacity to provide significant increases of signal in OCT images.  

With further development this work could serve as the basis for developing a contrast 

agent that could allow this positive verification to occur in tissues, improving the 

sensitivity of testing methods with the possibility of making earlier diagnoses. 
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This function of nanorods is further bolstered by their wavelength-specific 

scattering properties. This ability allows for the use of differential imaging, which can 

improve the signal to background ratio to a degree that enables additional sensitivity in 

the identification of malignancies and their boundaries.  Furthermore, the longitudinal 

plasmon resonance can be tuned to match any source between 530 nm and the near 

infrared. 

The luminescence of gold nanorods adds to their utility, making them useful as 

contrast agents in multi-photon microscopy. The low energies at which they can 

luminesce lends them to an application as biomarkers that require light energies far below 

the level likely to cause damage to cells when imaged in this capacity.  This gains a new 

significance in the field of multi-photon imaging when the reality of a confocal 

endoscope is considered.  Indeed an endoscopic application of a confocal system capable 

of multi-photon imaging would allow for the translation of this work to an in vivo setting, 

allowing for labeled detection of specific cell membrane receptors and, if desired, the 

ability to cause death of labeled cells.  
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III.  GOLD-COATED LIPOSOMES AS BIODEGRADABLE CONTRAST 

AGENTS 

 

INTRODUCTION 

Liposomes were discovered while Alec Bangham was imaging phospholipids 

using negative stain techniques on a transmission electron microscope.  He observed that 

membranes of vesicles formed by lipids were similar to the membranes of cells.   As a 

result, Bangham proposed the lipid membrane as a useful model for cell membranes 

(Bangham and Horne 1964).  Liposomes are spherical vesicles that are composed of an 

aqueous compartment bounded by a lipid bilayer membrane. The membrane is held 

together by the hydrophobic effect, which drives the aggregation of hydrophobic 

molecules, reducing their exposure to water and minimizing the free energy of the 

system.    Liposomes are a special case of this effect in that their ordered structure most 

often requires arrangement by manipulation rather than chance.  The lipids that together 

compose liposomes are the same or very similar to those that comprise the membranes of 

eukaryotic cells.  Because of this, lipids can be isolated from natural sources and used to 

generate liposomes, or they can be constructed by synthetic means to have a more 

uniform structure.  Both types of these preparations are commercially available from 

suppliers such as Avanti Polar Lipids.  
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Lipids 

Phospholipids are the building blocks of liposomes: amphiphilic molecules with 

polar head-groups and a pair of fatty acyl tails.  The hub of a lipid molecule is glycerol, to 

which the acyl tails are attached via ester bonds.  The functional head-group is attached to 

the phosphate by means of an ether bond.  The properties of the lipids and thus the 

structures that they form in groups are defined by the structure and functionality of these 

individual components.  For example:  the acyl tails can be saturated or unsaturated, long 

or short, equal or of different lengths.  These attributes affect properties of the membrane 

including the mobility of lipids, membrane rigidity, minimum bending radius, and the 

crystal-transition temperature.  Head-groups have an additional role, they are the 

functional end of the molecule, and being hydrophilic, are exposed to the aqueous 

environment.  A variety of polar functional groups can fill the role of the head group, due 

to their functionality, these can interact to form bonds beyond the membrane and 

therefore serve as anchors in the membrane forming linkages to nearly any molecule or 

ligand.  Head-groups can range from inert to reactive and, depending on their physical 

size and charge, will displace a specific area.  The physical dimensions of a molecule and 

the relationship of the head-group area to the tail area and length will define what type of 

structure the lipids can form, their minimum radius, etc.  With lipids having similar head 

and tail group areas, the most favorable formation is a bilayer or sheet structure in which 

lipid molecules align in a doubled plane: head-groups exposed to water, and tails joined 

together.  A liposome is the spheroidal embodiment of this bilayer structure wrapped 

around an encapsulated volume.  
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Lipid Types 

As mentioned above, there are a variety of lipid compositions.  The common core 

of lipid molecules are the phosphate group and the glycerol.  Different polar head-groups 

can be attached to the phosphate; for the purposes of this discussion, phoshpatidylcholine 

(PC), and phosphatidylethanolamine (PE) are of primary interest.  Diagrams showing the 

chemical structure of lipids containing these head-groups can be seen in Figure 3.1.   

Phosphatidylcholine is a very stable head-group and is the most common head-

group in biological membranes.  The choline moiety bears similarity to an amine, with 

methyl groups in lieu of hydrogen atoms.  Similarly to an amine, the nitrogen core of the 

choline can attract a proton, and in the process carry a positive charge.  This charge is 

offset by the deprotonation of the phosphate group in the backbone of the molecule which 

will then carry a negative charge and the lipid will have a zero net charge.  This is also 

the case for phosphatidylethanolamine, which, as its name suggests, is terminated by an 

exposed amine on the end of an ethanol molecule.  The hydroxyl group no longer remains 

but was reduced to form the link to the phosphate of the lipid.  The exposed amine of this 

head-group leads to some additional functionality: namely beyond the carrying of charge 

mentioned above, this moiety can serve as a link to a myriad of additional molecules that 

serve a variety of functions:  Long chains of poly-ethylene glycol (PEG) can be attached 

to the liposome this way, providing a strong inhibition to binding by preventing the active 

molecules present in the surface of the liposome from coming into contact with other 

surfaces.  PE can also be used to attach fluorescent markers on the membrane to monitor 

the location of liposomes or to retain ligands of cell-membrane receptors in order to   
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                                                                            (a) 

                                                                                                 
                                                                             (b) 

 
Figure 3.1:  Commonly Used Lipids in the Formation of Gold-Coated Liposomes. (a) 

dipalmitoylphosphatidylcholine, and (b) the phosphatidylethanolamine head-group. 
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target cells with that specific expression.  In each of these cases, the amine functionality 

provides a link to a lipid anchored in the membrane of the liposome. 

 

Changes in pH 

As a liposome encounters different pH conditions in its environment, its lipids 

respond by gaining or losing protons from their head-groups.  A decrease in pH is a 

measure of the increase of protons in a solution.  As the proton concentration increases, 

there is an increased probability that individual protons will seek out electronegative 

atoms like oxygen and nitrogen to bind rather than remain in solution.  Likewise, as pH 

increases and proton concentration drops, any hydrogen atoms bound to functional 

groups will be driven back into solution.  For acidic groups, a high pH value results in the 

deprotonation of the functional group and in its place establishes a negative charge.  

Likewise for basic functional groups, low pH will result in protonation and subsequent 

negative charge.   

While the binding of a single proton may not seem to have a significant effect, the 

quantity of lipids that compose the membrane and the number of liposomes in a 

suspension must be considered.  The most significant impact of change in the protonation 

state of the head-group is the modulation of head group area.  Head-groups are not just 

sterically limited in order to maintain their spacing from neighbors, as in the case of the 

acyl-chains, they also use charge repulsion.  If neighboring lipids share a common 

charge, they will repel each other.  If one of those charges is lost the repulsion of 

neighbors is decreased and lipids are allowed to encroach on the non-charged head-
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group, resulting in a net decrease in head-group area.  Since, the acyl tails have not 

changed their shape, this results in a change in ratio of head to tail group area.  Should 

such activity take place on a broad scale, the stability of liposomes is reduced, as the 

retention of the bilayer structure is dependant on specific relationships between head and 

tail group area. 

Another effect of changing the protonation state as driven by pH is that it makes 

additional functionality possible.  By exposing a reactive site through deprotonation, or 

generating a charge through protonation, the liposome surface is more active, making it 

more likely to bind or interact with the local environment of the liposome.  These 

changes brought about by mere protons can have a significant impact; however it is 

important to remember that these changes are gradual in a population since members of 

the population will change their protonation state over a range of pH values.   

 

Formation of Liposomes 

A common way to generate liposomes is by sonication.  The sonication technique 

can either be performed within a sonicating bath, or with a probe immersed into a 

solution of lipids.  Both of these techniques introduce high-energy, high frequency 

mechanical agitation to the lipid suspension.  A major drawback of using a probe to 

introduce ultrasound into the suspension is that the probe or a sleeve covering the probe 

must be in direct contact with the sample, which may introduce impurities.  When a 

sonicating bath is used the lipid suspension can be retained in glassware, keeping it 
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isolated.  In both cases it is common to use an inert gas to shield the suspension from the 

environment, another source of impurities (New 1990).   

A second means of generating liposomes from dispersed lipids is by extrusion.  In 

this case, high pressure inert gas is used to drive lipid bilayer sheets through a porous 

membrane.  A special device is used for this technique, appropriately named an extruder.  

The extruder provides several layers of support for the disposable perforated 

polycarbonate membrane.  The perforations of the membrane are specifically sized and 

will generate liposomes of a size that is similar to that of the liposomes it will produce.  

The body of the extruder serves as a reservoir for the suspended bilayer sheets and is 

water jacketed so that it can be heated and retained above the phase transition 

temperature of the lipids used.  The main benefit of extrusion over sonication with regard 

to liposome formation is that the size distribution of the population is narrower (Hope et 

al. 1986).  However this technique requires introducing the lipids to the chamber and 

ambient environment, either of which can be a source of contamination (New 1990). It is 

also necessary to introduce lipids to the extruder in bilayer sheets, requiring additional 

preparation steps to attain this morphology.   

 

Encapsulation and Dialysis 

Since liposomes are capsules capable of containing a different solution in their 

core than the external environment, they have the potential for additional functionality.  

Encapsulation is a feature of the formation of vesicles from bilayers where a fraction of 

the solution is captured in the internal space.  Loading of liposomes and changing the 
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external environment without losing stability is a critical procedure.  Since the solution 

that the lipids were suspended in will be trapped within the newly formed liposomes, this 

solution must be prepared according to the desired effect, but also with consideration to 

the environments to which they will be exposed.   

This process usually entails some active agent contained within the liposome that 

is not wanted in the external environment.  The item encapsulated by extrusion and 

subsequently removed by dialysis is usually a dye, drug, or reporter of liposome leakage.  

The process of dialysis requires the preparation of a solution similar to that of the internal 

environment, but that is without the dye, drug, or reporter.  This solution must also be of 

similar ionic character to the encapsulated volume in order to prevent excessive osmotic 

pressure across the membrane of liposomes in the suspension.  The simplest means of 

accomplishing this is to generate solutions of equal osmolarity.  For liposomes to be used 

for in vivo applications, it is necessary to dialyze against a solution that is physiologically 

compatible depending on the route of administration.  For example, in the case of 

intravenous dosing, the solution must be compatible with the whole blood of the patient 

and similar enough to the encapsulated volume within the liposomes to prevent 

immediate release or damage to the host.  This requires the forethought not only in the 

preparation of the solution used in dialysis, but also for the encapsulated solution.  The 

efficiency of removal of molecules from the external fraction of the liposome suspension 

depends on the relative volumes of the dialysis solution and the liposome suspension: the 

greater the dialysis solution volume, and the smaller the liposome suspension volume, the 
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greater the dilution of agents in the non-encapsulated volume.  Fewer dialysis stages are 

necessary for higher efficiency dilutions.   

Dialysis is performed by placing the liposome suspension in a clamp-sealed semi-

permeable membrane tubing.  This tubing is then immersed into a stirred bath containing 

the dialysis solution and allowed to circulate for several hours.  If additional dilution of 

active agent is necessary, the tube is moved to a batch of fresh dialysis solution.  The 

semi-permeable membrane should be sized appropriately to allow passage of small 

molecules and ions, while preventing the movement of liposomes across the boundary.  

The time of each dialysis cycle should be appropriately long enough to allow for the 

equalization of permeable solutes across the dialysis membrane. 

 

Applications of Liposomes 

The hollow aqueous core of liposomes enables their primary use in medical 

technology: as capsules for containing medicinal agents.  Because of the capability of 

these micro- or even nano-scopic capsules to serve as delivery agents, they have been 

extensively developed for use as controlled release mediators and targeted delivery 

systems for therapies ranging from chemotherapy (Medina et al. 2004) to gene transfer 

vectors (Mannino and Gouldfogerite 1988; Pleyer and Dannowski 2002) and agents for 

inhibiting cell growth (Papahadjopoulos et al. 1974).  There are many means of inciting 

the release of contents from liposomes including pH (Greidziak et al. 1992), chemical 

(Shum et al. 2001), enzyme (Jorgensen et al. 2002), ultraviolet light (Paasonen et al. 

2007), and temperature (Kono et al. 1994; Qiu and Park 2001).  
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As discussed earlier, the capacity of liposomes to either be passively or actively 

targeted makes them useful for the specific delivery of contents or labeling of regions of 

tissues.  Liposomes most often interact with the monocyte phagocyte system (New 1990), 

though they are also known to extravasate in tissues with leaky vasculature, namely 

neoplasmic regions.  Active targeting can be enabled by attaching a ligand or molecule to 

the surface of the liposome, the folate receptor is a common target as it is highly over 

expressed in several cancers (Gabizon et al. 2006). 

 

Basis for Investigation of Plasmon Resonant Liposomes as Optical Contrast Agents 

The concept of a liposome-based plasmon resonant structure stems from the 

aforementioned concentric spheres model (Kerker and Blatchford 1982).  The scattering 

properties of a particle much smaller than the wavelength of light can be significantly 

enhanced by producing dielectric spheres supporting shells of metals which meet the 

criterion for plasmon resonance. 

There are several embodiments of the metal shell on a dielectric core, ranging 

from spheres of solid silica (Oldenburg et al. 1999), polystyrene (Shi et al. 2005), and 

hollow cores (Schwartzberg et al. 2006).  Each of these procedures generate plasmon 

resonant particles, but they do little to address the concern of particle size and lack of 

degradability.  As particle sizes grow larger, they either take longer to clear, or are 

filtered, trapped and retained in the body.  There is a study in which a mouse model is 

administered particles of this type resulting in filtration by the liver and spleen, with a 

 



   
 
 

125

retention time greater than two weeks (James et al. 2007).  Beyond the fact that these 

particles are based on solid cores, they also have continuous rigid outer shells.      

The Food and Drug Administration requires that exposure to intravenous 

diagnostic and therapeutic agents be minimized, necessitating a means for non-

metabolized agents to be readily cleared from the body.  As indicated in a recent study, 

particles in the range of single nanometers can be cleared through the kidneys with a 

sharp drop in clearance rate as the diameter approaches 10 nm (Choi et al. 2007).  This 

explains the slow clearance rate of nanoshell-type structures, often with diameters in 

excess of 100 nm, therefore limiting their clinical applicability as a reporting agent and 

therapeutic device in human applications. 

Considerable effort has been put into the development of these types of particles 

in order to make them effective contrast agents, with tunable plasmon resonance in the 

near infrared, as well as the ability to tune albedo.  Beyond this, they have the capability 

to induce damage to cells they are adjacent to by means of photo-thermal ablation, and in 

animals with tumors, an increase in survivability with treatment (Gobin et al. 2007).  

Now that the applications for this particle type are fully developed, a means to improve 

their clearance from the body is necessary.   

Size reduction, at first, appears to be the key to improving clearance rates; 

however the optical properties of nanoshells are directly related to their size.  By limiting 

the size of nanoshells, the window of usable wavelengths would be reduced, if usable 

plasmon resonance could be generated out of such a particle.  Instead, if the entire 

assembly was composed of biodegradable components, or could be broken down 
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eventually in the in vivo environment to a size that enables rapid clearance, the value of 

these particles can be retained as contrast agents for optical imaging techniques, 

mediators of cell-damage, and improve their clearance rate by breaking down once their 

useful role is complete. 

An elegant solution to generate a biodegradable nanoshell is to start with a 

liposome.  Since this is essentially a biological structure, biocompatibility is practically 

assured, and by reducing gold onto the surface, nanoshell-like properties can be attained 

while remaining bio-inert.  In addition, the existence of an inner-capsule within the 

liposome may enable additional functionality by carrying a payload similar to their role 

in targeted drug-delivery.  Lastly, the requirement of rapid clearance after use is satisfied 

as the durability of the liposomes can be tuned by changing the lipid composition of the 

membrane to break down predictably once its useful life is complete. 

To generate a continuous solid outer layer of gold on the liposome would be 

counter-productive, as this structure will be rigid and non-degradable, resulting in the 

same issues with clearance as the other nanoshells.  Instead, ionic gold is directly reduced 

to the surface of the liposome to form discrete particles coordinated to individual lipids in 

the bilayer.  The mechanism of coordination occurs when negatively-charged polyatomic 

ions containing noble metal atoms are attracted and bound to positively-charged surface 

moieties, then reduced to a metallic state.  Once this process is complete, further ions can 

be reduced to the metals that are already bound.  This model was first described for the 

reduction of palladium ions onto the surface of polymers (Warshawsky and Upson 1989). 

 



   
 
 

127

Indeed, this system of discrete gold particles held in a fixed array has the capacity 

to generate plasmon resonance.  Fixed arrays of this type have been demonstrated by 

coating gold nanospheres with silica, to examine their behavior when equally spaced at 

different distances.  It was determined that by adjusting this spacing of an array of 

nanoparticles within a bulk material the location of the plasmon resonance peak could be 

modified (Ung et al. 2001).  The response of coupled plasmons was modeled indicating 

the expected response of plasmon resonance characteristics based on the spacing a 

plasmon pair (Jain et al. 2007).  This characteristic was also used to model and 

characterize the coupling of plasmons present and responsible for the tunability of 

plasmon resonance in nanoshells (Jain and El-Sayed 2007).   

Based on these findings, an array of discrete particles formed on the surface of a 

liposome to generate plasmon resonance was not only a possibility, but also an additional 

means of tuning the resonance of such structures. This satisfies the ultimate goal of 

plasmon resonance in particles degradable to a size amenable to renal clearance, making 

a large step toward translating plasmon resonant particles to clinical administration and in 

vivo applications.   

 

Previous Metallization of Liposomes 

There are past examples of methods and purposes of the metallization or metallic 

particle interaction with liposomes.  One of the earliest developments was the direct 

chemical reduction of palladium to the surface of lipid vesicles with dimethylamine-

borane (Ferrar et al. 1988).  In this case, precious metal ions were bound and reduced 
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onto the vesicle bilayer, then electroless plating solutions and techniques were used to 

reduce large quantities of palladium, nickel, cobalt, or copper to the bound palladium.  

These preparations offered much greater stability in suspension than the formation of 

independent metal colloids. 

Another approach to the metallization of liposomes is the coordination of 

functional headgroups (dipalmitoylphosphatidylethanolamine) to previously-formed gold 

nanoparticles with diameters of 8 or 14 Å that were functionalized with sulfo-N-

hydroxysuccinimide (Hainfeld et al. 1999).  These lipids were used to form vesicles that 

exhibited equally-spaced arrays of gold on their surfaces.  The proposed use of this type 

of structure was for the labeling of biological membranes for the goal of monitoring lipid 

trafficking, though the only method discussed for detecting their presence was electron 

microscopy. 

The most recent effort to integrate metals with lipids was the demonstration of 

controlled release of encapsulated contents with light (Paasonen et al. 2007).   Incident 

ultraviolet light is converted to heat when absorbed by gold nanoparticles.  This heat 

raises the temperature of the liposome suspension over the course of 30 minutes to the 

phase transition temperature, a range known to cause permeability of the membrane and 

allow leakage of contents.  A simple assay showing the release of concentrated calcein 

was sufficient to demonstrate this mechanism, though it does require illumination with 

short-wave UV (280 nm) light. Due to the time required to facilitate this release, it may 

not be feasible in vivo, as the temperature-regulating ability of mammals would prevent 
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the localized build-up of heat necessary for release, not to mention the detrimental effects 

of high energy UV-b photons. 
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MATERIALS AND METHODS 

Liposome Synthesis 

Appropriate amounts of desired lipids are combined into the same vial.  Lipids are 

supplied in either of two forms: as a powder or dispersed in chloroform.  If lipids 

suspended in chloroform are used, after mixing all lipids into the solution it must be dried 

by gentle stirring with N2 gas until a thick gel is formed.  Even if only powdered lipids 

are used, dispersion in chloroform will eventually make the process of dissolving them in 

water easier.  It is reasonable to prepare lipids in concentrations ranging from 1 to 60 mM 

concentrations, which depends on the application.  Generally, concentrated lipid 

preparations are helpful when loading them with dyes, and for the reduction of gold to the 

surface of liposomes, a 20mM concentration is ideal.  The vial containing the thick lipid-

chloroform gel is placed into the vacuum dessicator with the lid off, and in its place a 

kimwipe is retained with a rubber band.  The vapor trap should already be chilled when 

the vacuum pump is turned on.  A three-way valve in the vacuum line can be used to 

modulate a slow draw on the chamber until it is under the full force of the pump, then 

open the valve completely.  During this process it is possible to observe the bulk of the 

chloroform boiling off from the gel, at this point it will become evident whether enough 

of the chloroform was removed before the vacuum process as insufficient drying will 

cause the gel to pop and spatter during rapid chloroform evaporation.  The lipids should 

then be allowed to rest under vacuum overnight.  Upon retrieving the lipids the following 

day, the vacuum pump is vented to atmosphere before shutting it down.   
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Once the lipids are free of chloroform, they can be dispersed in an aqueous 

solution depending on the application.  Generally, the solution of choice is phosphate 

buffered saline.  Tris buffer titrated with HCl to pH 7.5 and a salt solution approximating 

the chlorides in PBS is used in solutions that contain calcium salts, as calcium ions are 

reduced by PBS.  Lipids often resist dissolution into aqueous solutions, but there are 

several means to facilitate the process: sonication, manual agitation or swirling, 

manipulation with a cleaned glass stir rod, heating above the transition temperature of the 

lipid, or any combination of these.   

Once the lipids are completely in solution, freeze and thaw cycles can be 

performed.  The solution must be transferred to a round bottom flask that is nominally 

greater than twice the volume of the preparation.  This flask is transferred between one 

bath containing solid CO2 in isopropanol until completely frozen and a temperature-

controlled bath set to 50º C until completely thawed for ten cycles to break up the lipid 

micelles and to form lipid bilayer sheets.   

After the freeze and thaw cycles, the lipid bilayers must be extruded into 

liposomes.  This is accomplished with a Lipex extruder, heated with circulation via 

tubing connections to the temperature controlled bath to 50º C, and the process of 

extrusion is driven by compressed N2.  Polycarbonate track-etched extrusion membranes 

are used in pairs, and successively smaller pore sizes until the desired liposome diameter 

is reached.  Usually, the process is begun with 200 nm membranes and the pore size is 

reduced by approximately 50% at a time.  Two membranes are placed in the extruder for 

redundancy in the event of a defective or torn membrane, each with their glossy side up 
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by convention.  At least five cycles are completed for each pore size to ensure uniformity 

of the sample.  Once formed, liposomes are stored at 4º C to maximize their useful 

lifetime by preventing fungal or microbial growth.   

If dyes were included in the aqueous solution, now the excess, un-encapsulated 

dye is dialyzed out of the solution.  Dialysis requires preparation of the same buffer 

solution that the liposomes reside in less any dye, compound, or active agent that is to be 

removed.  The osmolarity of the solution must be matched to that of the original solution 

to prevent high osmotic pressures across the membrane of the liposome.  This technique 

has been used to load the liposomes with dyes and salts for specific experiments and to 

remove them from the extra-vesicular space.  A semi-permeable membrane is loaded 

with the liposome preparation, capped with clamps, and placed into a large, covered 

beaker (2 L) containing the iso-osmotic solution.  The beaker is placed onto a stir plate 

and a magnetic stir bar is used to gently circulate the solution.  Dialysis times vary 

depending on the desired reduction in concentration, but generally, the external solution 

is changed once or twice, and all stages are completed in less than 24 hours. 

 

Gold Coating of Liposomes by Established Methods of Making Nanoshells 

Initial experiments involved the mimicking of established nanoshell production 

techniques, particularly that of gold reduction.  The method that was used as a model was 

previously described (Oldenburg et al. 1999).  The process begins with the generation of 

a precursor solution containing 6 mM NaOH, 1 mM 

tetrakis(hydroxymethyl)phosphonium chloride (THPC), and 1 mM HAuCl4 in 50 mL of 
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filtered deionized H2O.  Each ingredient is added from stock solutions individually while 

the water is stirred.  In addition, a second preparation known as K-gold was also made.  

This consisted of 3.6 mM potassium carbonate (K2CO3), 760 μM gold chloride (HAuCl4) 

in 50 mL of filtered deionized H2O.  This solution was allowed to mix on a stir plate for 

30 minutes after adding the solutes.  Lastly, a liposome preparation was made as 

described above at 5 mM lipid concentration, composed of 90 mol-percent DPPC and 10 

mol-percent DPPE.  To perform the coating process, 500 μL of DPPE liposomes were 

added to the 50 mL THPC solution and was allowed to rest for an hour before the entire 

solution was centrifuged for 45 minutes at 2500 RPM.  A significant pellet had formed, 

so supernatant was removed and the pellet resuspended in fresh filtered deionized H2O; 

and was again centrifuged at the same speed setting for 30 minutes.  While this second 

stage centrifugation was underway individual vials that would eventually consist of 

dilutions of THPC-Liposome and K-gold on the order of 1:1, 1:2, 1:4, 1:8, and 1:16, 

respectively, were prepared; each vial having a total solution volume of 10 mL.  After the 

liposome solution had run its course in the centrifuge, the supernatant was removed and 

again redispersed in water.  This solution was distributed to the vials as described above 

and 13.2 μL of ice-cold 50 mM sodium borohydride (NaBH4) was added to each vial for 

the final reduction step.   

 

Divining an Appropriate Reducing Agent 

Determination of the best reducing agent for preparing gold-coated liposomes was 

one of the first experiments necessary for the development of an experimental protocol.  
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This was performed by evaluating the response of gold ion (HAuCl4) to several common 

reducing agents in the presence of liposome preparations.  A liposome preparation 

consisting of 40 mM lipids, 10 mol-percent DOPE and 90 mol-percent DPPC was 

extruded to 200 nm, then diluted to 4 mM lipids with PBS and 5 mL aliquots of this 

liposome suspension was distributed into each of three vials.  The examined reducing 

agents were THPC, sodium borohydride, and ascorbic acid; each of these were prepared 

in individual solutions for easy addition to the liposome suspensions.  For sodium 

borohydride, 25 mg was dissolved in 20 mL DI H2O; THPC, 240 μL of an 80% solution 

in 10 mL DI H2O; and ascorbic acid, 176 mg in 10 mL. Gold was added to each vial in 

100 μL quantities of 50 mM HAuCl4 and swirled. For each reducing agent solution, 50 

μL was added to individual vials and subsequently were swirled.   

 

Concentration Dependent Reduction 

To verify whether increasing the concentration of lipids could prevent the 

formation of free gold particles, a simple experiment was established.  Vials containing 

the same lipid suspension and total lipid content, but each were at different 

concentrations.  Liposomes composed of 20 mM DPPC in PBS were distributed into vials 

in aliquots of 500 μL.  These suspensions were diluted out to a range of different lipid 

concentrations (0.5-16 mM) with PBS. Gold was added to each vial in 75 μL aliquots 

from a stock solution of 10 mM HAuCl4, followed by a gentle swirl and 25 μL of 50 mM 

ascorbic acid.   
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Once reduction was observed to be complete, each vial was diluted out to 0.5 mM 

lipids with PBS and extinction spectra were taken.  Then, all vials were treated with 500 

μL of 10 % Triton X-100 and allowed to incubate for an hour.  This treatment was meant 

to dissolve all liposomes present in the solution while not affecting free gold particles in 

order to demonstrate how much of the reduced gold was free in solution and how much 

of the gold had reduced to the surface of liposomes.  Extinction spectra were again taken 

of the Triton-treated suspensions. 

 

Developed Method of Liposome Reduction 

Typical reduction consists of μL quantities of 100 mM chloroauric acid added to 

1mL of 20mM lipids in liposomes of the desired diameter.  The vial is gently swirled 

until a milky-yellow uniform color appears, then the same quantity of 500 mM ascorbic 

acid is added, followed by a similar swirling action.  Reduction generally takes place in 

less than a minute, and the liposome preparation is ready to be used in its intended 

application.   

 

Liposome Dissolution 

The simplest means for dissolution of liposomes is by means of surfactant.  For 

this task we use the non-ionic surfactant, Triton X-100.  Liposomes were prepared as 

indicated above in PBS, and gold chloride was reduced at 20 mM lipid concentration to 

generate a plasmon resonance peak at 840 nm.  This preparation was then diluted to 5 

mM lipids and extinction spectra taken.  At this point, 1 mL of 10 % Triton X-100 was 
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added to the vial, and the preparation was allowed to incubate at 37º C for 2 hours before 

extinction spectra was taken again.  Samples of plain liposomes, gold-coated liposomes 

and Triton-dissolved gold-coated liposomes were retained for images, extinction spectra, 

and particle sizing. 

The other means of liposome breakdown involved the use of phospholipase A2 

(PLA2).  In this experiment we characterize the response of gold-coated liposomes to the 

influence of enzymatic compounds likely to be responsible for their breakdown in vivo.  

In particular it is known what the response of cell membranes and bare liposomes is to 

PLA2, however it is necessary to show whether the liposome, once coated, can undergo a 

similar breakdown. To demonstrate this, a 10 µL quantity of a >600 units/mL PLA2 

preparation was added to the vial containing a 5 mL quantity of 4 mM lipids gold-coated 

liposomes suspended in 100 mM Tris-HCl titrated to 7.5 pH, 127 mM NaCl and 10 mM 

CaCl2. Following the addition of PLA2 to the liposomes, they were incubated at 37º C for 

two hours.  Extinction spectra were taken before and after the treatment with PLA2.  

Samples of plain liposomes, gold-coated liposomes and PLA2-dissolved gold-coated 

liposomes were retained for images, to collect extinction spectra, and for particle sizing. 

 

Particle Sizing Experiments 

The samples generated from the degradation experiments were also used for 

particle sizing to determine the original size of the gold-coated liposomes, and the sizes 

of their degradation products.  A Brookhaven BI-200 SM goniometer with HeNe source, 

and BI8000 correlator (Brookhaven Instruments Corporation, Holtsville, NY) were used 
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to perform dynamic light scattering to determine the size of particles in solution.  This 

system was used to measure liposome diameter following reduction as well as the sizes of 

degradation products.  Intact liposome suspensions and degradation products were 

prepared as indicated for liposome dissolution.  All preparations were diluted in PBS to 

100 μM lipids before sizing. 

 

Optical Coherence Tomography Imaging of Liposomes  

For OCT imaging, four 1mL batches of liposomes composed entirely of DPPC 

were extruded to 50 nm at 20 mM lipids in PBS. Three of these were coated with gold by 

reducing 100 μL of 10 mM HAuCl4 with 75 μL of 50 mM ascorbic acid in their presence.  

These concentrations allowed for a resonant wavelength maxima near 900 nm.  Two of 

these reduced vials were slated to undergo degradation by surfactant and enzyme.  For 

surfactant mediated dissolution, 1 mL of Triton X-100 diluted to 10 % of original 

concentration with deionized H2O was added to the liposome preparation.  For the 

enzymatic breakdown of liposomes, 10 µL of a >600 unit/1 mL PLA2 preparation was 

added to the vial containing gold-coated liposomes in Tris-HCl and 10 mM CaCl2.  Both 

of these vials were incubated at 37 ºC for two hours to facilitate dissolution and 

degradation.  Following this processing, all four vials originally containing liposomes 

were diluted down to a total lipid concentration of 5 mM with PBS.  A fifth solution was 

prepared containing intralipid that was diluted to have the same percent-solution as that 

of a 5mM lipid preparation; the percent-solution of DPPC at 5 mM was found to be 

0.073%, or 18 µL of 20 % intralipid per mL of H2O.  Each of these solutions were drawn 
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into capillary tubes with a 1 mm outer diameter before imaging with the 890 nm OCT 

system.  OCT images were acquired of a 2 x 8 mm region containing the capillary tubes 

with a resolution of 1024 x 2000 pixels respectively and a detector gain setting of 1000.   

 

Imaging of Liposomes with the Transmission Electron Microscope 

Sample grids for the TEM were prepared by floating a thin vapor-deposited 

carbon sheet onto a 200 or 300 –mesh TEM grid from a 100 μL droplet of filtered 

deionized water.  The grid served to support the carbon which is thin enough to image 

through. Once the grid had dried, a 4 μL droplet of gold-coated liposome suspension at 

20 mM lipid concentration in the as prepared condition was applied to the grid and 

allowed to dry under gentle convection at ambient temperature.  This grid was then 

loaded into the column of a Jeol 100CX TEM.  Imaging was performed at 60 kV and 

images were captured onto film.  Following the necessary film processing, the negatives 

were scanned to generate a digital image using an Epson Perfection 4180 negative 

scanner and marker bars were applied based on physical measurement of landmarks on 

the negative. 

 

Imaging of Liposomes with the Field Emission Scanning Electron Microscope 

All SEM imaging and EDS of liposomes was performed on a Hitachi S-4800 

Field Emission Scanning Electron Microscope.  Solution preparation required liposome 

synthesis and reduction with an alternative buffer system or dialysis to achieve the same 

end, this prevented the formation of phosphate crystals during drying which would 
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obscure the liposomes at high magnification.  Samples were either prepared in the same 

manner as described for TEM imaging, or similarly evaporated from the surface of a 

polished silicon wafer chip both of these mounts were retained by a clip on a removable 

aluminum sample stage.  All imaging was performed at 15 kV, and recorded digitally 

from the microscope. 

 

Energy Dispersive X-ray Spectroscopy (EDS) Processing 

Liposomes were prepared in a manner similar to that indicated for FESEM 

imaging.  At 20 mM lipid concentration, a 4 μL drop of the liposome preparation was 

placed onto a carbon sheet supported by a 3 mm, 200-mesh copper TEM grid, and 

allowed to dry under drawn-air convection.  A suitable field was chosen for EDS and an 

image was taken before the analysis was performed at 25 kV.  An EDS map was 

generated after a 20 minute integration time which indicated the presence of gold and the 

level of coordination to the surface of the liposomes.   

 

Imaging Intact Liposomes 

A great deal more preparation was necessary to generate high-magnification 

images of intact liposomes.  The procedure for generating freeze dried liposomes for 

intact imaging in high-vacuum conditions was adapted from an earlier procedure 

(Hainfeld et al. 1999).  Liposomes are prepared as above with dialysis into a non-

buffered saline.  A 4 μL drop of the liposome preparation was placed onto a carbon sheet 

supported by a 3 mm, 200-mesh copper TEM grid.  At this point it was necessary to 
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rapidly freeze the liposome suspension before freeze drying could take place.  In order to 

freeze fast enough, nitrogen slush was prepared by drawing a vacuum on liquid nitrogen 

and allowing it to boil until it freezes entirely solid.  Once exposed to atmospheric 

pressure, the top layer of solid nitrogen returns to a liquid state at a lower temperature, 

but below this, a solid slush is retained.  The grid and liposome sample is quickly dipped 

and retained in the slush before being moved to a freeze dryer which maintains the 

sample on a platen at liquid nitrogen temperatures overnight while a vacuum is drawn 

and maintained on the sample.  This process allows for rapid quench freezing, where in 

the case of liquid nitrogen, bubbles can form around the sample, preventing a rapid 

quench.  By following this procedure, liposomes approximately retain their original 

shape, and can be imaged to verify if gold particles on the surface can be resolved.      

 

Liposome Response to pH Extremes 

To determine the response of gold-coated liposomes to pH extremes a batch was 

prepared in PBS as indicated above.  Three vials of 20 mM, 100 nm diameter DPPC 

liposomes were reduced using 16 μL of 100 mM HAuCl4 and 14 μL of 500 mM ascorbic 

acid, quickly developing a translucent blue color characteristic of this method.  Following 

reduction, all vials were diluted to 5 mM lipids with PBS.  One vial was retained as a 

control, while the others were treated with 1 mL of 10 M NaOH, and the other with 1 mL 

of 16.1 M HCl.  These concentrations were deemed sufficient to overpower the buffer 

solution the liposomes were suspended in. 
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RESULTS AND DISCUSSION 

Liposome Synthesis 

It is necessary to use an alternative buffer system when calcium salts are in the 

liposome solution, as it was found that PBS will reduce calcium ions in solution.  The 

ideal alternative to PBS in this case is a pH-balanced (7.5) preparation of Tris buffer.  

However, when Tris buffer is used additional NaCl must be added to the solution to allow 

for improved reduction characteristics as described later. 

After freeze and thaw cycles the solution will become more viscous at room 

temperature, as the lipids are formed into bilayer sheets.  If the solution is heated up to or 

beyond the transition temperature of the lipid, the viscosity will decrease as the bilayer 

sheets become more flexible.  Once these sheets are extruded into individual liposomes 

the suspension has a lower viscosity that is relatively independent of temperature.  The 

physical appearance of the lipid suspension changes slightly during extrusion cycles, the 

solution becomes slightly clearer, and has characteristic preferential blue-scattering and 

red transmission of sub-wavelength particles following the Rayleigh approximation for 

light scattering.  

The pressure and time required to complete an extrusion cycle is highly dependent 

on the composition of lipids used to generate the liposomes.  For example, including a 

small quantity of PEG-linked lipids to the suspension will lead to shorter extrusion times. 
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Gold Coating of Liposomes by Established Methods of Making Nanoshells  

While the methods used to create gold shells on the surface of silica spheres are 

robust and well developed, there was little to be said for attempting similar procedures on 

liposomes.  The results may not have generated liposomes coated with gold, but they did 

provide some direction for which processes would work, and which would damage 

liposomes to the point that they were no longer stable.   

Upon the addition of the gold salt solution to the initial THPC preparation it 

immediately changed to a dark brown-violet color. This is attributed to the reduction of 

ionic gold by THPC.  The K-gold solution on the other hand turned a deep blue color 

upon the addition of gold chloride.  The lipid preparation used in this experiment was 

calculated to have similar surface area to the silica spheres reported in the literature.  

After mixing the liposome preparation and THPC solution, and the initial centrifugation 

step that followed, a pellet was formed.  The formation of the pellet required nearly three 

times the time as that reported for the silica-based preparation, which was attributed to 

the significant density difference between silica and water that does not exist between 

lipids and water.  Indeed, lipids should be of an equal or lower density than water, 

meaning that some sort of coordination between the reduced gold and lipids must have 

been formed, allowing the liposomes to become more dense than water and be capable of 

being centrifuged out of solution.  Upon resuspension in filtered deionized H2O, the 

solution had turned a very deep purple color.  This brings up the fact that the stability of 

the colloidal suspension must have been improved or liposomes degraded as a result of 

the mixture of liposomes with the THPC solution as there has been limited success when 
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attempting to resuspend liposomes once a pellet had been formed. Often, after the gold-

coating process, centrifugation of liposomes can result in the formation of a thick paste of 

lipids that resists dispersion into water. Either this process allowed for successful 

centrifugation, or more likely the combination of strong bases and organic reducing 

agents that allow gold colloid to form also degrade the liposomes to the point that they 

were not collected in the pellet. 

Following the addition of sodium borohydride to the final reduction solutions, no 

apparent color change took place, whereas the literature describing the process described 

an immediate and drastic change (Oldenburg et al. 1999).  No change was observed in 

the final solutions over the course of two weeks and repeating the experiment achieved 

similar results.  It was determined that reduction of gold onto liposomes must be 

facilitated by some other means.  

 

Divining an Appropriate Reducing Agent 

This experiment was one of the first to follow coating of liposomes via the 

nanoshell procedure.  It was a means to determine several things: first, it was critical to 

find a reducing agent that would not compromise the structure of the liposome.  It was 

also necessary to use a reducing agent that would drive the reduction of gold onto the 

surface of the liposome rather than allow for free reduction in the solution that was 

independent of the liposomes.  The three reducing agents used in this experiment were 

chosen as they were readily available, already present in the lab, and their relative 

strengths known.  In retrospect it may be worth investigating the ability of sulfo-N-

 



   
 
 

144

hydroxysuccinimide to attach gold to the surface of liposomes, as it has been reported to 

perform such a role with other precious metals (Hainfeld et al. 1999).   

As expected, all vials presented a response to their respective reducing agents.  

The sodium borohydride vial immediately changed a uniform rosy violet color; THPC 

changed after 10 minutes to a purple, and the reduction performed by ascorbic acid was a 

blue-gray color.  Spectra from these original experiments are shown in Figure 3.2.  Here, 

it becomes apparent that in the case of sodium borohydride and THPC reduction that gold 

is reducing independently from the liposomes, as their peak at 530 nm: the point at which 

free gold nanospheres exhibit plasmon resonance.  The ascorbic acid vial on the other 

hand held some promise as the resonance in the near infrared range was an indicator of a 

larger plasmon resonant particle, with resonance similar to that demonstrated by 

nanoshells.  The ascorbic acid system also retained colloidal stability, indicating that 

large gold particles were not present and that most likely true plasmon resonant particles 

based on liposomes had been formed.  From this experiment, the procedure for gold-

coated liposome production was eventually derived. 

 

Concentration Dependent Reduction 

Soon after initial developments in the production of gold-coated liposomes, it was 

noted that while gold was being reduced onto the surface of liposomes, there was also 

some free reduction of independent gold particles that seemed to take place in 

experiments with lower lipid concentrations as was evident by a redness in the color of   
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Figure 3.2:  Divining an Appropriate Reducing Agent.  Extinction spectra used in 
divining an appropriate reducing agent for reduction of gold to the surface of liposomes.  

Gold reduced in the presence of liposomes with: (from darkest to lightest) Bare 
liposomes, THPC, sodium borohydride, ascorbic acid. 
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the solution and an additional peak near 530 nm in the spectrum.  Transmission electron 

microscopy verified this finding, as seen in Figure 3.3, where alongside the large bodies 

of liposomes, smaller solid gold spheres are apparent. 

Color difference in each of the vials was apparent to the eye, and even more so 

when the spectra were observed, as seen in Figure 3.4.  In addition to showing that the 

resonance shifted further to the infrared with higher lipid concentrations, additional 

evidence of the shift from free gold particles to liposomes with a change in lipid 

concentration is evident when Triton X-100 was added to the solutions to dissolve 

liposomes and eliminate the contribution of their plasmon resonance to the spectra.  The 

trend demonstrates that as the density of lipids becomes progressively higher, the 

presence of freely-reduced gold diminishes.  In this example, there is evidence of 

plasmon resonance remaining from gold nanospheres in the highest lipid concentration 

however, with triton dissolution of lipid concentrations of 20 mM and higher, no 

evidence of free gold particles exist. 

 

Developed Method of Liposome Reduction 

The successful reduction of gold onto the surface of liposomes varies based on 

lipid composition and the buffer solution in which the suspension resides.  First, it is 

absolutely necessary that the lipid concentration is 20 mM.  Initial experiments varying 

the concentration of lipids found that at 16 mM and below allowed for progressively 

increasing free-reduction of gold, that is: ionic gold was reduced into individual colloidal  
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Figure 3.3:  TEM Image of Early Gold-Coated Liposomes.  Transmission Electron 
Micrograph of an initial gold-coated liposome suspension.  Low lipid concentration (<20 
mM) results in the formation of small independent gold nanospheres (small dark masses) 

that are not coordinated to the surface of liposomes (large dark masses). Marker bar 
represents 100 nm. 
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Figure 3.4:  Concentration Dependent Reduction.  Reduction of gold onto the surface of 
liposomes at various lipid concentrations. (a) spectra of gold reduced onto lipid 

concentrations of: 0.5 mM (black), 1 mM (red), 2 mM (orange), 4 mM (green), 8 
mM(blue), 16 mM (brown)  (b) spectra from the same suspensions after incubation with 

Triton X-100 (c) vials containing suspensions of gold-coated liposomes prior to 
dissolution with increasing lipid concentration during reduction from left to right (d) the 
same vials following dissolution with Triton X-100.  The plasmon resonance peak and 
resultant color caused my the coordination of gold to the surface of liposomes is lost as 
the liposomal template is dissolved during incubation with Triton, while the resonance 

and color attributed to free gold particles is retained. 
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spheres rather than onto the surface of liposomes.  Likewise, at higher concentrations (40 

and 60 mM) it was observed that resonance extinction peak height suffered once it was 

diluted down to a comparative level.  It is also critical to use high-concentration reagents.  

Since small quantities of concentrated liposome solutions are usually used, if large 

quantities of solution containing gold chloride or ascorbic acid are added, it will 

significantly change the lipid concentration and result in less than optimal reduction. 

No specific quantities of gold chloride or ascorbic acid are reported in the 

methods section because of the varying nature of the process.  In order to obtain a 

resonance peak at a specific location requires iterations of reduction and examination of 

spectra.  Generally, a reasonable quantity of gold to begin with regardless of lipid 

composition is 16-20 µL of 100 mM gold chloride.   Every batch of liposomes, whether 

or not the lipid composition or solutions have changed requires this fine tuning.  

Generally, it has been observed that the less phosphatidylcholine head-groups in the lipid 

composition more ionic gold is required to achieve the same resonant wavelength in the 

near infrared.  For example, a 5 % substitution of DOPE-PEG 2000 in an otherwise all 

DPPC preparation will require nearly double the gold chloride quantity to attain the same 

resonant wavelength as a preparation entirely of DPPC.  Likewise for ascorbic acid 

addition: the quantity should be sufficient to attain full reduction of ionic gold.  No 

problems have been observed with adding excess ascorbic acid to the solution, however, 

if its quantity is insufficient not all of the ionic gold will be reduced and eventually it will 

form free gold particles in the solution and develop a red color.  For this reason ascorbic 

acid is prepared at five times the concentration of gold chloride and added in quantities 
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ranging from equal to that of gold ion to as much as double that quantity.  An ideal case 

of reduction of gold to the surface on 50 nm DPPC liposomes is presented in Figure 3.5  

Temperature differences do not seem to have an effect on the reduction in the case 

of liposomes, though this hypothesis was not directly tested there was no indication of 

variance in liposomes when the same procedure was followed in the range of 20-25 ºC.   

A development of interest in the reduction of gold onto liposomes was the fact that the 

concentration of salt in the solution during reduction had a significant impact on the 

location of reduction.  This effect was first noted in preparations with an alternative 

buffer, and without the presence of any salts.  PBS contains a healthy quantity of NaCl: 

more than 120 mM at 1x concentration.  So while PBS was used as a buffer system these 

effects were not evident, it was only discovered after an attempted reduction in Tris-HCl 

buffer, that resulted in significant red coloration indicating the formation of free gold.  

For solutions with low salt content, specifically NaCl, it was observed that free reduction 

of gold was more likely to occur than direct reduction to lipids.  This has been attributed 

to the effects of salt solution on the reduction of the electric double layer with increasing 

electrolyte concentration.  This is assumed to allow gold ions improved access to the 

surface of the liposome, thereby improving the chances of coordination with lipids prior 

to reduction. 

The tunability of liposomes has been found to be relatively independent of the 

liposome diameter compared to solid-shell structures; instead the plasmon resonance 

extinction band is tuned based on the quantity of gold reduced onto the liposomes in 
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Figure 3.5:  Gold-Coated Liposome Tunability.  The tunability of plasmon resonance 
with variable quantities of gold reduced onto the surface of liposomes having 50 nm 

diameter.  (a) Extinction spectra of liposomes with different quantities of reduced gold to 
shift the resonance peak into the near infrared.  [Au] from darkest to lightest: 0 mM, 4 
mM, 8 mM, 10 mM, 14 mM, 16 mM, 20 mM.  (b)  A selection of vials to demonstrate 

the colors from plasmon resonance in the series of liposomes shown in (a). 
 

Troutman, T. S.; Barton, J. K.; Romanowski, M.  (2008)  Biodegradable plasmon 
resonant nanoshells. Advanced Materials. 20, 2604-2608.  Copyright Wiley-VCH Verlag 

GmbH & Co. KGaA.  Reproduced with permission. 
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suspension.  For a given liposome preparation, the exposed surface area of lipids in 

suspension does not significantly change as liposome diameter varies.  For this reason, 

given the same concentration of lipids, the number of exposed lipids to accept the 

reduction of gold will be independent of liposome diameter, thus it follows that the 

density of gold on liposome surfaces will remain consistent as the vesicle diameter varies.  

This is directly verified when the same quantity of gold ion is reduced onto liposomes of 

different diameters and the same location of plasmon resonant maximum is retained for 

each sample and is demonstrated in Figure 3.6.  This is a critical benefit of liposomes, in 

that they are not strictly dependent on their size to control the location of plasmon 

resonant maxima, as is the case for other plasmon resonant particles.  The freedom to 

tailor size of liposomes allows for this characteristic to be used to modify its interaction 

with tissues in vivo.  Diameter will affect the duration liposomes will remain in 

circulation, the ability of liposomes to extravasate, and the targeting of liposomes by the 

immune system (New 1990).  Thus the behavior of liposomes can be tailored to the 

application, rather than limited by the desired spectral characteristics. 

 

Liposome Dissolution 

The beauty of using the liposome as a template for plasmon resonant structures is 

their ability to degrade.  The benefit of this property is that it may enable the use of 

plasmon resonant structures in vivo whereas in prior structures, the size necessary to 

generate resonance in the near infrared range would have inhibited their rapid clearance 

from the body via the kidneys.  The goals of this series of experiments was to verify that  
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Figure 3.6: Size Independent Tunability.  Gold-coated liposomes of different diameters 
can exhibit the same plasmon resonance peak wavelength: 50 nm (black), 100 nm (dark 

gray), and 200 nm (light gray).  Tuning can be performed independently of size by 
varying the quantity of gold reduced to the surface of the liposome. 
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gold-coated liposomes could be broken down, to show that plasmon resonance in this 

system is directly linked to the structure of the liposome, and to provide evidence of the 

size of the gold particles on the lipids.  For this, two methods of dissolution were chosen.   

One experiment used a conventional technique for dissolving liposomes in vitro, a 

surfactant introduced to the system breaks into the lipid bilayer membrane and thus 

drives the entire system form micelles.  Triton X-100 was chosen for this task as it is a 

common non-ionic surfactant used for such studies and it was readily available   The 

other method is enzymatic attack, an appropriate simulation of how lipids are recycled in 

vivo, and likely route of liposome breakdown.  PLA2, the enzyme used in this 

experiment, is present in most mammalian tissues, as well as in snake and bee venom.  

The capability of this compound, especially when concentrated, to break down cell 

membranes gives it the destructive power that is associated with these natural venoms.  

Though in smaller concentrations it provides the body with a means to break down and 

reuse components of cells that have undergone apoptosis.  This enzyme actively breaks 

down lipid molecules by cleaving at one of the ester bonds linking an acyl chain to the 

glycerol as shown in Figure 3.7.  Phospholipases require calcium ion in solution to 

facilitate the hydrolysis.  This required the use of a different buffer system for the PLA2 

experiment, as calcium ions are quickly reduced by the phosphate buffer system.  In its 

stead, HCl-balanced Tris buffer with added calcium and sodium salts was used. 

A 1 hour incubation of liposomes at 37º C with 1mL of 10 % Triton results in a 

complete removal of optical density from the solution that previously existed, indicating  
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Figure 3.7: Point of Attack of Phospholipase A2, as indicated by the red arrow.  Though 
DPPC is shown, the cleaved bond is consistent for all phospholipids: on the head group 

side of the phosphate. 
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the breakdown of scattering particles.  Gold-coated liposomes appear to be more stable 

than standard liposomes, as they require additional incubation time to allow for 

breakdown with Triton.  Curiously, if the treated solution is returned to 4º C for a long 

duration, some of the color associated with the plasmon resonance occurs.  This is 

attributed to the fact that under low-temperature conditions, it is more energetically 

favorable for the lipids to form liposomes or a bilayer structure than to remain in a 

micellar state.  The extinction traces, spectra and sizing results from the liposome 

dissolution experiment with Triton X-100 can be seen in Figure 3.8. 

Liposome degradation with PLA2 revealed similar traits to that of the Triton 

dissolution, namely that as a result of the breakdown of the liposome, plasmon resonance 

was lost.  The loss of plasmon resonance indicates not only that the structure of the 

liposome is necessary to support the array of particles, but also that the particles on the 

surface are of insufficient size to generate plasmon resonance when alone.  If independent 

particles of gold had the capability to support their own plasmon resonance, the solution 

would turn red upon the breakdown of the liposomal lattice.  Degradation with PLA2 

varied from that dissolution exhibited by the Triton treatment: while plasmon resonance 

was lost, the final solution was quite cloudy without any hue.  This white cloudiness is 

represented in Figure 3.9, which shows the extinction spectra of gold-coated liposomes, 

and the dissolution products of gold-coated liposomes.  This cloudiness is indicative of 

particles scattering in the solution.  It is hypothesized that these particles originate from 

the cleaved acyl-tails as a result of treatment with PLA2.  These hydrophobic tails would 

likely clump together driven by the hydrophobic effect in water-based solutions.  The  
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Figure 3.8:  Dissolution of Gold-Coated Liposomes with Triton X-100.  (a) From top 
trace to bottom: intact gold-coated liposomes, bare liposomes, dissolved gold-coated 
liposomes.  (b) From left to right, vials containing: bare liposomes, intact gold-coated 

liposomes, dissolved gold-coated liposomes.  (c) Dynamic light scattering data indicating 
the distribution of gold-coated liposome sizes in the suspension before treatment.  (d) 
Dynamic light scattering data indicating the size distribution of dissolution products 

when a gold-coated liposome suspension is incubated with Triton X-100. 
 

Troutman, T. S.; Barton, J. K.; Romanowski, M.  (2008)  Biodegradable plasmon 
resonant nanoshells. Advanced Materials. 20, 2604-2608.  Copyright Wiley-VCH Verlag 

GmbH & Co. KGaA.  Reproduced with permission. 
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Figure 3.9:  Degradation of Gold-Coated Liposomes with PLA2.  Extinction spectra 
indicating the degradation of gold-coated liposomes in the presence of phospholipase A2 
and Ca++.  The curve with the plasmon resonance peak is before treatment, while the flat 

line is the extinction spectrum following treatment with PLA2.  While plasmon resonance 
is lost in the sample, a uniform level of scattering is generated by the presence of 

agglomerated acyl tails of severed phospholipids. 
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formation of these fatty clumps would not be of great concern in vivo however, as this 

experiment used high concentrations of liposomes retained in a volume considerably 

smaller than human circulation.  In addition, the degradation rate was accelerated by 

using a concentration of PLA2 that is significantly higher than that found in vivo. 

 

Particle Sizing Experiments 

Liposome dissolution was characterized by dynamic light scattering particle sizing. This 

was to serve several purposes.  First, to demonstrate that gold-coated liposomes can be 

broken down via surfactant and enzymatic attack, as well as to indicate the size of such 

particles to determine if they are of a size that can be readily cleared from the 

bloodstream.   

Liposomes composed entirely of DPPC, extruded through a polycarbonate 

extrusion membrane with a 50 nm (nominal) pore size with gold reduced onto the surface 

resulted in plasmon resonant liposomes with an average of 63 nm diameter.  Liposome 

dissolution as performed with Triton X-100 yielded an average particle size of 5.7 nm; of 

note is that degradation products of plain liposomes dissolved with triton exhibit particle 

sizes of 5.5 nm. This means the addition of gold to the surface of liposomes increases the 

size of the micelles formed by its degradation products by only a marginal amount. 

The degradation performed with PLA2 did not return any usable results by 

dynamic light scattering.  The lack of data reinforces the findings reported in the 

liposome dissolution section, namely that large agglomerates of hydrophobic material 
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from cleaved lipids exist in the solution, of a size that is beyond the range measurable by 

the instrument. 

 

Liposomes as Signal Generators in OCT 

The most significant demonstration of gold-coated liposomes is their ability to 

generate signal in OCT by scattering light in a manner similar to that demonstrated with 

other plasmon resonant particles.  Without the capability to perform their primary 

function as a contrast agent, there is no benefit to the ability to degrade.  The arrangement 

chosen for this experiment was meant to simplify the comparison of the various solutions 

in an easily controlled and repeatable manner.  By combining all of the solutions in one 

image, no special attention has to be made to ensure that all images were captured with 

the same settings to eliminate any variance that may exist from one image to the next.  In 

the experiments with nanorods, flexible tissue phantoms provided scattering properties 

similar to tissues that allowed for the comparison of bulk material to these phantoms.  For 

the imaging of liposomes, capillary tubes were chosen for their consistency of dimension 

and the ability to image several tubes at the same time, to incorporate all solutions in the 

same scan.  An image of these tubes filled with Intralipid, bare liposomes, gold-coated 

liposomes, gold-coated liposomes treated with Triton, gold-coated liposomes treated with 

PLA2 and a PBS solution is shown in Figure 3.10. The calculated dB enhancement of 

gold-coated liposomes over all of these solutions can be found in Table 3.1.  All 

solutions for this image were diluted to 5 mM and the Intralipid was diluted to a similar 

concentration based on its original percent composition.  
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Figure 3.10:  OCT Image of Various Liposome Solutions within Capillary Tubes.  From 

left to right: Intralipid (at the same % concentration as lipids in other tubes), bare 
liposomes (4 mM lipids), gold-coated liposomes (4 mM lipids), gold-coated liposome 

degradation products (Triton X-100), gold-coated liposome degradation products 
(phospholipase A2), phosphate buffered saline. 

 
Troutman, T. S.; Barton, J. K.; Romanowski, M.  (2008)  Biodegradable plasmon 

resonant nanoshells. Advanced Materials. 20, 2604-2608.  Copyright Wiley-VCH Verlag 
GmbH & Co. KGaA.  Reproduced with permission. 
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Table 3.1: Enhancement of OCT Signal from Gold-Coated Liposomes.  dB increase of 
gold-coated liposomes (GCL) vs. other preparations as shown in Figure 3.10. Values 

based on the calculations found in Equation 3.1. 
 

Solution dB Enhacement 
0.073% Intralipid 2.7 
Bare Liposomes 7.2 

GCL with 10% Triton 9.1 
GCL with PLA2 9.1 

PBS 9.35 
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Image processing and analysis was initiated by correcting the image aspect ratio 

then analysis was performed with imageJ by selecting and measuring the average 

intensity of the region within each capillary tube of the cross-sectional image.  It was 

necessary to develop a means of consistent and accurate calculation of gain between 

regions in dB.  Images used for calculations are log-scale, and processed from an original 

8-bit image by taking the log value of each pixel then scaling it to fit the new 8-bit range.  

This means that the maximum value achieved after taking the log of the original pixel 

value would be log (255) = 2.407.  So to fill the range of the new log image, it had to be 

scaled by 255 / 2.407 = 105.96.  To revert the log image average values to non-log pixel 

intensities, each quantity must be divided by 105.96, then raised as the exponent of a 

power of 10  (10x).  This expression can be further simplified.  From this point, the dB 

calculation can be accurately performed without comparing logarithmic values.  See 

Equation 3.1 for the total dB enhancement calculation and its simplification, where A 

and B are the average intensities of regions within an image. 
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The ability of gold-coated liposomes to generate significant increases in signal is 

evident in each of these figures, especially in light of the relatively low concentration.  

Also worth noting is the lack of evidence of high absorbance as discussed in Chapter II.  
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The gold-coated liposomes are presumed to be of similar character as the nanorods in this 

respect, with low anisotropy values and preferentially scattering character.   

 

Imaging of Liposomes with the Field Emission Scanning Electron Microscope 

It is necessary to image gold-coated liposomes to verify that gold is indeed 

coordinated to their surface as well as to verify size and that the structure remains intact 

after reduction.  The high-vacuum environment of the Scanning Electron Microscope is 

detrimental to the structure of the liposome, as is evident in Figure 3.11.  The fragile 

structure collapses when subjected to the high vacuum load and the original shape and 

size of the liposome is no longer retained.  For this reason special processing was used 

when it was necessary to retain the shape of liposomes.   

 

Energy Dispersive X-ray Spectroscopy (EDS) Processing 

Since no care was taken to retain the shape of these liposomes, they assumed a 

spikey, imploded shape when imaged. This map is a good match to the previously imaged 

region: high densities of gold counts are present in the same locations as the liposomes, 

providing a qualitative indication of gold–lipid coordination.  Both the image and the 

EDS map can be seen in Figure 3.12.  The EDS map was necessary to demonstrate that 

gold has reduced and retained on the surface of the liposomes, as indicated by a good 

correlation between the location of the liposomes and the gold-rich regions as detected by 

the EDS sensor. 
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Figure 3.11:  FESEM Image of Gold-Coated Liposomes.  Field-emission scanning 
electron microscope image of 50 nm (extrusion pore size) gold-coated liposomes.  

Without a special freeze-drying processes, subjecting the fragile liposomes to the high 
vacuum conditions of the imaging chamber results in implosion as shown.  Marker bar 

represents 50 nm. 
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(a)                                                                         (b) 

 
Figure 3.12:  EDS Imaging.  (a) Field-emission scanning electron microscope image of 

gold-coated liposomes.  (b) an EDS map of the same field indicating the presence of gold 
and its location on the surface of the imaged liposomes.  Marker bars represent 50 nm. 

 
Troutman, T. S.; Barton, J. K.; Romanowski, M.  (2008)  Biodegradable plasmon 

resonant nanoshells. Advanced Materials. 20, 2604-2608.  Copyright Wiley-VCH Verlag 
GmbH & Co. KGaA.  Reproduced with permission. 
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Imaging Intact Liposomes 

The nitrogen-slush and freeze dry technique worked well for imaging liposomes 

in their original shape.  The main purpose of this imaging was to determine whether the 

gold reduced onto the surface of the liposome could be resolved at extremely high 

magnification.  The microscope was tuned to yield crisp images at its programmed 

magnification limits.  Images acquired by this method are shown in Figure 3.13. Despite 

with a well-functioning machine, extremely high (800 kX) magnification, and pixel 

resolution approaching 0.125 nm, no discernable discrete gold particles were evident.  

While there is some minor room vibration apparent in the image, the smooth surface of 

the liposome reveals no indication of the reduced particle size.   

It is worth observing that gold particle sizes of 14 Å are easily observable via electron 

microscopy at magnifications of approximately 500kx (Hainfeld et al. 1999).  Since no 

discrete particles were evident from our images of intact liposomes at 800kx it is assumed 

that our particles are significantly smaller, which is further reinforced by the dynamic 

light scattering findings. 

 

Liposome Response to pH Extremes 

Over the course of a week after treatment the control sample retained its original 

color and texture while the other vials changed curiously.  The vial treated with NaOH 

separated into a clear liquid and a clump of gummy, paste-like substance that retained the 

characteristic blue of gold-coated liposomes.  The HCl treated vial also became mostly a 

colorless liquid, but instead of forming a large clump like in the case of NaOH, small  
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(a)                                                                       (b) 

 
Figure 3.13:  FESEM Imaging of Intact Gold-Coated Liposomes.  High-magnification 

field-emission scanning electron microscope images of freeze-dried gold-coated 
liposomes.  Freeze drying maintains the morphology of the liposome and allows for 
closer observation to determine whether individual gold particles are resolvable on 

surface of gold-coated liposomes.  (a) Original magnification 200,000X, (b) original 
magnification 800,000X.  Marker bars represent 50 nm. 
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agglomerates visible to the naked eye developed.  The plasmon resonance that was 

retained in this sample for the long term was that of free gold particles, as was indicated 

by the characteristic red color, which is not present from mere dissolution of liposomes 

by other means.  This indicates that the treatment with NaOH, a basic compound, 

stabilizes the coordination of gold to the liposome; while HCl, an acidic compound, 

breaks down the link between gold and DPPC. However, since acidic attack with this 

high of a concentration has the capability to break down the structure of a liposome by 

hydrolysis rather than dissociation of gold. Though meanwhile, basic attack causes 

widespread agglomeration or destabilization of the colloidal suspension.  This points to 

the origin of the coordination of gold to the liposome once it is reduced.  Since the 

treatment with NaOH reduces the proton concentration in solution, this would reinforce 

the bond between gold and lipid, while simultaneously deprotonating the phosphate, 

causing a lack of net surface charge on the liposome and thus destabilizing the colloidal 

suspension in the form of aggregation. 
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CONCLUSIONS 

 

While metal and liposome combinations have previously been demonstrated in 

several embodiments, as of yet there has been no demonstration of plasmon resonance of 

a shell based on the liposome, or contrast generated as a result of it.  Additionally, there 

has been no effort in generating plasmon resonant particles that can readily be cleared 

from the body.  The development described here is a huge leap with respect to both of 

these fields, combining the attributes, benefits and functional uses of liposomes with 

those of the nanoshell.   

The experiments performed here demonstrate that this new structure is capable of 

generating significant contrast in OCT relative to bare liposomes and intralipid, as well as 

have the capacity to dissolve into particles of a size reasonable for rapid renal clearance, 

and that they can be degraded by a pathway known to exist in humans for the recycling of 

lipids.  EDS has verified that gold does reside on the surface of liposomes and in such a 

state exists as discrete particles that are of a size that is not resolvable, even with ultra-

high magnification FESEM imaging.  Dynamic light scattering has reinforced this 

finding, demonstrating that dissolution products of gold-coated liposomes are on average 

only 0.2 nm greater in diameter than the dissolution products of bare liposomes.  This 

indicates that degradation products with bound gold nanodots are within sizes reported to 

be readily cleared by means of renal filtration (Choi et al. 2007). 

The process for generating gold-coated liposomes has proven to be quite robust 

and for the most part optimized. The results have shown that the process is sensitive to 
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changes in solution with critical factors include, but are usually limited to: the presence 

of phosphatidylcholine, salt concentration, and the necessity of a buffered solution.  The 

capacity to tune the resonant wavelength of a liposome suspension independently of 

particle size allows for these contrast agents to be size-matched to the physiologic 

application and not restricted to a specific dimension in order to meet an optical 

requirement.   
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IV.  LIGHT INDUCED CONTENT RELEASE FROM GOLD-COATED 

LIPOSOMES 

 

INTRODUCTION 

While modern chemotherapeutic agents have demonstrated their positive effect on 

the reduction and elimination of cancerous tissues, the collateral damage imposed upon 

the other physiological systems and even the individual undergoing the treatment is a 

significant drawback to the chemical treatment of neoplasia.  Encapsulation and 

controlled release of substances of choice aims to reduce the systemic exposure and 

resultant organism-wide toxicity effects of chemotherapy agents while improving the 

therapeutic window.  The technique explored here offers the next step in the progression 

of light-mediated controlled release of contents from liposomes.  In this instance, the 

significant advantage is that encapsulated substances can be released from liposomes 

which can be imaged that are comprised of components that degrade to a size that is 

clearable by the kidney.  Laser illumination on the plasmon resonance band of a gold-

coated liposome leads to the release of contents.  Lipid composition was modified to take 

advantage of local heating caused by the illumination of the resonant particle.  The 

leakage of contents was monitored through the release of self-quenched fluorescein, 

which upon release provided an increase in fluorescence emission.  The sensitivity of 

these particles to heat was also characterized and it was observed that total release could 

be facilitated with either light or temperature increase. 
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Liposomes have a long history in the development of carriers of agents for 

triggered release and continue to be actively investigated.  The aqueous core of the 

liposome makes it an ideal candidate for encapsulation and delivery.  The similarity 

between the spheroidal lipid bilayer and animal cells, on the basis of structure and 

composition, indicates that in vivo translation may be possible.  The metastable character 

of liposomes leads to applications in which breakdown or leakage in response to specific 

stimuli can be attained.  Many attempts to manipulate liposomes to achieve this end have 

been performed, including response to: pH (Yatvin et al. 1980; Hafez and Cullis 2004), 

temperature (Yatvin et al. 1978), and enzymatic activity (Meers 2001; Pak et al. 1998; 

Davidsen et al. 2001).  The response to the local environment enables liposomes to be 

tailored to the application at hand, which may range from biosensing and functional 

imaging to controlled drug delivery or dye release.  The ability to immunolabel liposomes 

allows for high binding specificity and is a successful technique for improving the 

concentration of liposomes in targeted regions (Maruyama et al. 1990; Ahmad et al. 

1993; Allen 2002; Maruyama et al. 1995). 

 Light-mediated therapies have shown much promise in the treatment of cancer.  

Initially, photodynamic therapy enabled the production of free-radical oxygen for 

treatment by illuminating a photosensitive dye.  These treatments were non-specific and 

the agent used for treatment was not adaptable for different conditions.  With the advent 

of liposome based delivery techniques, the encapsulated agent could be tailored to suit 

the application.  However, techniques for the facilitation of release has varied between 

site specific environmental triggers as previously mentioned, physical binding (Litzinger 
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and Huang 1992) and external stimulation like ultrasound (Huang and MacDonald 2004) 

or light (Chowdhary et al. 1993; Bisby et al. 2000; Bondurant et al. 2001; Wymer et al. 

1998; Miller et al. 2000). 

Previous examples of nanoparticle assisted, light-induced release of liposome 

contents have been performed with both gold (Paasonen et al. 2007) and graphite 

(Babinec et al. 2001).  In the instance of gold-particle mediated release, the source 

wavelength range was not ideal for minimizing interaction with tissues, and the 

illumination time necessary to facilitate release was of an abnormally long duration (30 

minutes) for a therapeutic application.  In the case of graphite, high absorbance levels 

allowed for the heating of solution and rapid release of contents with single pulses of 

focused light.  These graphite-particles were of such a size (100 nm) that after in vivo 

degradation of the liposome their ability to be completely cleared via the kidney would be 

limited.  

 We recently introduced a new type of composite material, gold-coated liposomes  

(Troutman et al. 2008).  This material uniquely combines spectrally tunable optical 

properties of plasmon resonant coating with biodegradability afforded by liposome 

template and in this form has demonstrated its ability to serve as a contrast agent in 

optical coherence tomography.  We now hypothesize that plasmon resonant coating 

deposited on the surface of temperature-sensitive liposomes will enable light-controlled 

release of payload. 

 A lipid composition was chosen based on its demonstrated propensity for release 

based on thermal changes (Needham et al. 2000).  This combination incorporated three 
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types of lipids including dipalmitoylphosphatidylcholine (DPPC), 

monopalmitoylphosphatidylcholine (MPPC), and distearoylphosphatidylethanolamine-

polyethylene glycol (DSPE-PEG-2000).  DPPC is a common basis for plasma membrane 

bilayers and adds to the stability of the liposome, while MPPC allows for the significant 

leakage of the membrane during the phase transition from gel to liquid.  The PEGylated 

lipids were included to improve the long-term stability of the liposomes.  The 

composition was varied slightly for the work performed here, in that DPPC-PEG-2000 

was substituted for DSPE-PEG-2000.   

 Release of contents was demonstrated by the retention of fluorescein within the 

liposomes at such a concentration that they are self-quenching until released into the 

surrounding medium.  The self-quenching release model has been demonstrated 

previously as a valid technique for the indication of content release (Schwarz and 

Arbuzova 1995).  A report of release is seen as the overall increase in fluorescence 

intensity of the sample.  The quantity released can be quantified by evaluating the 

fluorescence emission of a sample relative to a known intact sample and one which has 

undergone surfactant –based breakdown.  
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MATERIALS AND METHODS 

Liposome Preparation 

Liposomes were prepared from synthetic lipids supplied from Avanti. The 

composition was similar to one used for the thermally-sensitive controlled release as 

previously demonstrated (Needham et al. 2000).  The logic behind this composition is 

that the instability encountered during the gel to liquid-crystalline phase transition of 

lipids perturbs the membrane sufficiently to induce leakage of contents.  To accomplish 

this, the membrane is composed of DPPC, MPPC, and DPPE-PEG2000 in a 90:10:4 ratio 

by weight. The MPPC was included to facilitate membrane disruption at the transition 

temperature and DPPE-PEG2000 was to improve colloidal stability.  All lipids were 

dispersed in chloroform in the proper proportion and dried by convection with N2 

followed by evaporation under vacuum overnight.  Dried lipids were then dispersed in 

phosphate buffered saline (PBS) containing 5 mM fluorescein to achieve a 60 mM lipid 

concentration.  Ten freeze-thaw cycles were executed by transferring a round bottom 

flask containing the sample between a -80 ºC isopropanol / solid CO2 bath and a 

temperature-controlled water-bath at 50 ºC.  This allowed for the formation of bilayers to 

serve as the basis of the liposome membranes.  Ten extrusion cycles followed with five 

performed with 200 nm-perforated polycarbonate membranes and the remainder of 

extrusion cycles performed with 100 nm-perforated polycarbonate membranes.  The 

extrusion process was driven by compressed-N2 in a Lipex (Northern Lipids, Vancouver, 

Canada) extruder that was temperature-controlled at 50 ºC, above the phase transition 

temperature of the main lipid component, DPPC. 
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Following extrusion, the liposome suspension was transferred to 100 kDa MWCO 

dialysis tubing and retained with plastic clips.  This sample was dialyzed at 4 ºC against 

PBS for four cycles over the course of 36 hours to remove fluorescein from the extra-

liposomal space.  Following extrusion, all liposome preparations were stored at 4 ºC to 

minimize leakage of contents.  Sizing of liposomes prior to the reduction of gold was 

performed with a Malvern Zetasizer.  This indicated the average liposome diameter as 

127 nm on the basis of scattering intensity.    

 

Reduction of Gold 

The reduction of gold to the surface of liposomes was similar to the technique 

previously reported (Troutman et al. 2008).  In brief, an aqueous solution of gold chloride 

was prepared at 100 mM and an aqueous solution of ascorbic acid was generated at a 

concentration of 500 mM.  These preparations were added to a 1 mL quantity of the 

liposome preparation diluted to 20 mM lipids with PBS.  For resonance wavelengths 

matched to the Nd YAG source used (1064 nm) 18 μL of the gold chloride solution was 

added, and gently swirled until uniformly distributed.  This was followed with 27 μL of 

the ascorbic acid solution and gentle swirling until color, characteristic of the presence of 

plasmon resonance, was developed.  This preparation demonstrated a broad extinction 

band centered at 971 nm, with a high level of extinction at 1064 nm.  Preparation of 

samples for the off-resonance illumination characterization were prepared in much the 

same manner, though 7 μL of gold chloride solution and 10.5 μL of ascorbic acid solution 

were used to generate a preparation with a resonance peak at 655 nm, and had minimal 
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extinction at 1064 nm.  After reduction, each sample was individually subjected to a 

single stage dialysis against PBS at 4 ºC to remove any fluorescein that had leaked during 

the reduction step.   

 

Extinction Spectra 

The extinction spectra were taken with a Cary 5 spectrophotometer on double 

beam mode against PBS with liposome suspensions prepared at the same time and in the 

same manner as those used for the release tests.  These were diluted to 5 mM lipids in 

order to match spectrophotometric range of the instrument. 

 

Temperature-Induced Release of Contents 

The temperature of a PBS solution was monitored while it was stirred and its 

temperature was gradually increased from 4 ºC to 50 ºC.  Upon reaching the temperature 

for measurement, a quantity was transferred via pipette to a 1 cm (square) path-length 

PMMA cuvette loaded in the fluorescence spectrometer and a small aliquot of the tested 

liposome solution (maintained at 4 ºC) was also added to this cuvette. The cuvette holder 

in the fluorescence spectrometer was maintained at 4 ºC to inhibit further release.  

Volumes were chosen such that the concentration of lipids in the tested sample were 

consistently 0.3 mM, and the volume used filled the window for fluorescence collection 

(2 mL).  This dilution allowed for rapid heating and maintenance of the liposome sample 

at the desired temperature.   
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 Fluorescence emission scans were recorded with the use of a fluorescence 

spectrometer over the range of 505 to 560 nm.  The system was configured to provide 

488 nm excitation light with slit spectral widths of 1 nm for both the excitation and 

emission light.  The emission spectrum was measured and the maximum value recorded 

for each characterized temperature.  The percent release was determined by Equation 

4.1: 

 

0

0%
II
II

release
T −
−

=        (4.1) 

 

Where I is the maximum intensity of fluorescence emission (generally near 512 nm) for 

an individually measured sample.  I0 is the maximum fluorescence for an untreated or 

minimum temperature sample, and IT is the fluorescence maximum in the event of 

complete release as performed by the replacement of 10% of the PBS diluting solution 

with a 10% Triton X-100 aqueous solution. 

 

Light-Induced Release of Contents 

Samples were retained at 24 ºC: the highest temperature observed to not cause 

measurable release from the liposome compartments. This was facilitated by pre-heating 

a PBS solution, for diluting the liposome preparations, to 24 ºC in a heated water bath 

and monitored with an alcohol thermometer.  Likewise a temperature-controlled cuvette 

holder retained at 24 ºC was used in conjunction with the fluorescence spectrometer.  A 
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0.5 mL quantity of liposome solution having a 20 mM lipid concentration was retained in 

a 1 cm square path-length cuvette within which light from the laser was directed toward 

the sample from above with a fiber optic cable having a measured half-angle of beam 

divergence of 7º.  An Nd YAG laser was used for sample illumination with an emission 

wavelength of 1064 nm.  Samples were illuminated for 10 seconds, with 200 μs pulse 

widths at 25 Hz.  The flash bulb voltage of the laser was increased on successive 

illumination events to subject the sample to higher energies without changing any other 

parameters.  For fluorescence monitoring, a small quantity of the irradiated solution was 

collected and diluted to 0.3 mM lipids for measurement.  All fluorescence measurements 

were initiated within 30 seconds of illumination.  Calibration of the laser output was 

performed with a Molectron PM30-VI thermal sensor and PM5200 laser power meter 

(Coherent; Santa Clara, CA) to correlate the flash bulb voltage input with the average 

power output. 

The sample was retained in the cuvette for the duration of all illumination events 

and measurements.   Since each sample was illuminated multiple times and at different 

energies, the cumulative exposure (J) was chosen as an appropriate ordinate.   
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RESULTS 

The presence of fluorescein in the extinction spectra (Figure 4.1) is evident by the 

narrow peak at 485 nm.  The gold quantity chosen in each instance was sufficient to 

generate plasmon resonance maxima that provided strong or minimal signal at 1064 nm, 

so that the result of overlap of the resonance band and the source could be examined.  All 

samples were prepared and characterized with equal quantities of lipids in solution and 

thereby presumably an equal number of liposomes per unit volume.  The overall 

scattering level in samples containing gold was increased due to the increased scattering 

cross section caused by plasmon resonance.  By the nature of this type of particle, the 

tuning of the plasmon resonance maxima is dependent on the quantity of gold reduced 

and therefore, the extinction peak from the 655 nm sample is weaker than that of the 971 

nm sample since suspensions were compared on the basis of equal lipid concentration.  

Similar to other shell-type structures, these nanoparticles have broad resonance peaks 

especially in the infrared.    

As is evident in Figure 4.2 all liposome compositions tested here release content 

at two characteristic temperatures.  Release data were modeled with a pair of Gaussian 

functions which relate to the release events occurring at membrane disruptions caused by 

phase transitions.  By these models, approximately 24 % of content was released from 

coated liposomes near 31 ºC before completely losing contents near 47 ºC.  This general 

behavior was observed in liposomes prepared with or without gold.  Liposomes prepared 

without gold initially release their contents at lower temperatures, 29 ºC and completely 

at 45 ºC .  The presence of gold on the surface of liposomes elevates the temperature at  
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Figure 4.1: Extinction Spectra of Liposome Preparations.  Bare liposome suspension 
loaded with fluorescein (solid),  gold-coated liposome suspension resonant at 655 nm 

loaded with fluorescein (dashed), gold-coated liposome suspension resonant at 971 nm 
loaded with fluorescein (dotted), gold-coated liposome suspension without 

fluorescein(dash-dot). 
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Figure 4.2: Liposome Content Release on the Basis of Temperature.  Data and fitted 
curves shown.  Bare liposomes (inverted triangle / dotted).  Gold-coated liposomes 

resonant at 655 nm (open circle / dashed).  Gold-coated liposomes resonant at 971 nm 
(closed circle / solid). The response of each liposome type to changes in temperature was 
modeled with a sum of two Gaussian functions.  With initial release of at peaks at 29 and 
31 ºC for bare liposomes and coated liposomes, respectively.  The level of initial release 

was 35, 24, and 19 % from uncoated, on-resonant, and off-resonant liposome suspensions 
respectively.  Complete release was observed at 45 and 47 ºC for bare liposomes and 
coated liposomes, respectively.   Error bars represent average of the three standard 

deviations acquired at 6, 24 and 46 ºC. 
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which release is evident, for both the initial and final release cases by 2 ºC.   

Figure 4.3 reveals the sensitivity of each type of liposome preparation to incident 

laser light.  Gold-coated liposomes having a plasmon resonance peak coincident with the 

illumination source are resistant to initial release, though at moderate energies, release of 

content by incident light occurs in a manner that resembles a step-wise function with 

energy threshold for 50% release of 12 J.  Liposomes with a plasmon resonance peak that 

is not coincident with the illumination source also saw similar release, though the release 

threshold required greater light energy (82 J).  Behavior of bare liposomes is different: 

the energy threshold is not as pronounced as in gold-coated liposomes, release increase 

slowly over a broad range of energy, not reaching 100% in the range of energies tested 

though reaching 50% release near 100 J.    

Intense strength in fluorescence is evident from non-coated liposomes containing 

fluorescein in Figure 4.4.  This intensity decreases upon coating liposomes due to some 

leakage resultant from the stress of reduction and subsequent dialysis; in addition, the 

resonant structure may be blocking some of the incident or emitted light.  The increase in 

fluorescence emission is evident between the cuvettes containing the gold-coated 

liposome suspensions, with the released state measurably higher than that of the 

contained dye.  
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Figure 4.3: Light Based Release of Liposome Contents.  Data and fitted curves are 

shown.  Bare liposomes (inverted triangle / dotted).  Gold-coated liposomes resonant at 
655 nm (open circle / dashed).  Gold-coated liposomes resonant at 971 nm (closed circle / 

solid). The response of each liposome type to laser energy was modeled with a four-
parameter  logistic function. With 50 % release observed at 12, 84, and 100 J of 

cumulative energy for coated, illuminated on-resonance; coated, illumination off-
resonance; and non-coated liposome suspensions respectively.  Error bars represent the 
average of the three standard deviations acquired at cumulative energy levels of 0.38, 

14.65, and 221.9 J respectively. 
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Figure 4.4: Light and Fluorescence Photographs of Liposome Preparations.  Photographs 
of cuvettes containing liposome solutions at 2 mM lipid concentration. The top image is 
under a standard white fluorescent lamp, and bottom is under a UV lamp (365 nm).  For 
both images, from left to right: bare liposomes, gold-coated liposomes, bare liposomes 

with encapsulated fluorescein, gold-coated liposomes with encapsulated fluorescein, and 
gold-coated liposomes following light-based release of fluorescein. 
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DISCUSSION 

The new method described maintains several benefits over other release 

techniques, the most notable being the ability to provide signal in optical imaging 

techniques while also being capable of degradation into components within a reasonable 

range to be readily cleared.  This technique also utilizes an Nd YAG laser for release with 

1064 nm light that is more biologically-compatible.  NIR light has the ability to penetrate 

further into tissues with less phototoxicity than UV.  These new multifunctional devices 

combine the capacity of diagnostic tools to also serve as therapeutic agents or as 

diagnostic tools with the added benefit that their position can be verified in situ.  Due to 

the tunable optical properties of plasmon resonant nanoparticles of gold they are being 

developed for many aspects of optical imaging in medical applications.  These plasmon 

resonant particles are often limited in their application by their retention in vivo caused by 

size or lack of ability to degrade.  This new release agent has already demonstrated its 

capacity to serve as a contrast agents in optical imaging techniques, including optical 

coherence tomography (Troutman et al. 2008). The nature of the plasmon resonant shell 

allows for a higher refractive index mismatch and therefore a strong scattering signal 

which registers in this modality as a high intensity signal that has a low anisotropy for the 

generation detectable backscattering events.  The significant advantages of agents of this 

type is their demonstrated capacity to break down into particles that are in the range of 

sizes such that they can be readily cleared from intravenous circulation by filtration 

through the kidneys.  To date, this is the only demonstrated biodegradable plasmon 
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resonant nanoparticle, enabling the possible translation of this technology to the clinical 

setting. 

A means to remotely control the release process is an important step in cellular 

delivery of therapeutic agents, or more broadly in developing technological basis of 

nanomedicine. Modern lipid compositions allow for rapid release of content upon thermal 

activation.  However, thermal activation in living tissues lacks spatial resolution and is 

controlled by overall physiology.  Plasmon resonant nanoparticles provide means by 

which temporally controlled light stimulus can be converted into thermal changes with 

high spatial resolution characteristic of optical signal delivery.  We recently demonstrated 

that liposome and plasmon resonant structure can be combined in biodegradable material, 

opening possibility for new multifunctional nanoparticles for medical application.  In this 

report we combined previously developed liposomes composition rapidly releasing 

content at temperatures slightly above the physiological range (Needham et al. 2000) 

with a plasmon resonant structure designed to strongly absorb near infrared radiation, 

weakly interacting with biological tissue.  

The plasma membrane is semi-permeable; this permeability is strongly dependent 

on the type of solute attempting to pass through the barrier.  Ions and large molecules 

offer a particularly large challenge to cross this boundary.  However, it is known that at 

the transition between the gel and liquid phases has the property of increased membrane 

permeability. (New 1990)  This transition permeability has been enhanced with the 

inclusion of MPPC, which also depresses the transition temperature to a level that is just 

above the physiological range. 
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The temperature-based release in this system has a multi-modal appearance: with 

a moderate initial release of encapsulated dye around 30 ºC and eventual full release 

around 46 ºC.   The observed release temperatures generally agree with the phase 

behavior of lipids.  Bilayers composed of pure DPPC undergo two phase transitions, at 

35.3 ºC and 41.4 ºC with calorimetric enthalpies 1.8 and 8.7 kcal/mol (Mabrey and 

Sturtevant 1976).  Increased leakage, or permeability of membranes, at phase transition is 

associated with the transient perturbation of the lipid packing at such temperatures.   Ideal 

solution theory explains broadening and shift of the phase transition temperature upon 

addition of small amounts of ancillary miscible lipids such as included in the 

compositions tested here. 

This leakage may be also have been incited by the presence of PEG-bound lipids, 

the presence of which has been demonstrated to facilitate minor levels of liposome 

leakage at 25 ºC at the proportion used in these experiments (Nikolova and Jones 1996).  

Further tuning of included components, specifically the lipid types and their relative 

proportions, can allow for the variance of release temperature and liposome stability.  

Depressed transition temperature and leakage during the gel- to rippled- phase transition 

are likely the result of the inclusion of MPPC to the solution as binary mixtures are 

known to adopt a main transition temperature between that of its individual components.  

The inclusion of MPPC is necessary to make the plasma membrane sensitive to heat 

generated when the plasmon resonant particle is illuminated. 

This gel- to rippled- phase transition release is not demonstrated in other reports 

using similar liposome compositions (Needham et al. 2000).  The lipid composition in 
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this work varies mildly from that of Needham’s hyperthermic release model, in that the 

lipid supporting the PEG chain is slightly shorter.  This may translate into different phase 

transition permeability properties, though the temperature range below 30 ºC was not 

characterized in that earlier work.   

Even when including the common trait of gel- to rippled- phase transition release, 

the stability of gold-coated samples relative to the bare liposome solutions is greater.  

This is evident by the elevated temperature onset of the initial release phase and the 

decreased quantity of release from this state.  This condition, matched with a lower 

threshold of light necessary for release establishes an ideal condition: robust capsules that 

are more sensitive to energy input (in the form of laser light) than liposomes alone.  This 

stability is generated from the linking of multiple choline moieties necessary for the 

coordination of gold to the surface of the liposome.  This type of multi-lipid coordination 

is described in the reduction of precious metal ions to charged lipids, (Warshawski and 

Upson 1989) which requires two positively charged moieties, as found in the outer 

choline functional group of DPPC, in order to facilitate a bond during reduction of gold 

linking it to the surface of the liposome. 

 

Light-Mediated Release 

The 1064 nm wavelength was chosen for several reasons.  The near infrared range 

is ideal for tissue imaging in that this range has the greatest tissue transparency, allowing 

for greater depth of penetration and minimization of impact on tissues.  In addition, this 

wavelength is in the ideal range for the tuning of gold-based plasmon resonant 
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nanoparticles so matching of resonance to the source can be easily achieved.  Likewise, 

Nd YAG lasers are quite common, both in availability and use in biomedical 

applications.  An estimated 53% of the sample was illuminated with the laser between 

each measurement based on calculations from the known beam divergence, the 

dimensions of the sample in the cuvette, and the distance between the tip of the optical 

cable and the top of the sample.   

The illumination of bare liposomes containing fluorescein did exhibit release 

which can be attributed to the relatively minimal increase in heat necessary to generate a 

leak in this sample.  The temperature at which the solutions are maintained (24 ºC) is at 

the edge of the toe of the release curve for this sample alone.  The liposome suspension 

with resonance not matched to the source revealed resistance to release at low energy 

levels, though did provide full release at higher intensity illumination.  When the plasmon 

resonance band was tuned to include the wavelength of incident light full release was 

achieved at relatively low energy levels.  This release therefore is linked to the elevated 

extinction generated from the presence of a plasmon resonance condition.  

While this demonstration has only been for the release of dye, the large size of the 

reporting agent and capacity for complete release indicates that the compromise in the 

membrane should allow release of a large variety of encapsulated materials. Technology 

exists for the targeting of these types of materials (Viglianti et al. 2004).  If used in 

combination with the contrast and release capabilities of this new tool, the possibility of 

completing diagnosis and therapy in one setting approaches reality.  While this example 

indicates that release sensitive to wavelength is possible, lower energy requirements for 
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release would be possible with higher energy densities by using a more focused beam 

(spatially) as well as a shorter pulse duration (temporally) with the laser.  This type of 

illumination strategy would also minimize the light dose and resultant impact of the 

source on tissues. 
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CONCLUSIONS 

This research reveals a new feature of gold-coated liposomes.  In addition to 

serving as a biodegradable contrast agent in optical imaging techniques; they can be used 

as a means of active agent containment and release by illuminating with a light source 

matched to their resonance band.  In addition, it was determined that the integrity of the 

lipid bilayer of liposomes coated with gold is increased over those which are not coated.  

The fact that release is sensitive to the resonance signature suggests the possibility of 

multiple encapsulated agents whose individual release may be triggered by different 

wavelengths of light.  
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V.  GENERAL CONCLUSIONS 

 

SUMMARY 

The work presented here represents efforts toward the optimization of contrast 

agents for use with optical imaging systems and the inclusion of additional functionality 

of these devices by irradiating with higher energy light.  This involved refining existing 

procedures for the generation of nanorods to improve yield as well as the development of 

an entirely new type of plasmon resonant nanostructure: the gold-coated liposome.  Both 

of these nanoparticles have significant promise for applications in medical therapy and 

diagnostics as demonstrated here.  The enhancement of optical images of tissue through 

the use of contrast agents specific to these modalities is significant alone, but the power 

of these findings is that it offers a gateway to molecular imaging.  Targeting to cellular 

receptors with high specificity as demonstrated here is the first step in this process.  The 

means to identify cells which express a specific receptor enables labeling and recognition 

of that type of cell.  The targeting techniques used in molecular imaging can be used to 

facilitate treatment on the same level, in essence: molecular therapy.  The ability to 

selectively provide a treatment directed at a targeted site enables an entirely new class of 

therapeutic and diagnostic techniques that embodies the nature of nanomedicine. 

Multifunctional particles advance the concept of this to the next degree.  Not only 

is the capacity present to treat with light, but the location can also be verified prior to 

administration of treatment-level light intensity.  Adapting these types of preparations to 

the degree that they can be degradable in vivo and cleared in a reasonable amount of time 
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is a key feature that will ease the translation of such imaging technology and treatment 

options into clinical use.  Combining multifunctional degradable particles with the ability 

to target a specific ligand or surface receptor goes beyond the scope of traditional 

diagnostics and therapeutics by making these tasks possible with a single functional 

element.     

While the fact that this research demonstrates that gold-coated liposomes can be 

degraded to a size that is reasonable for renal clearance, it is important to note that these 

novel particles have not yet been extensively tested in vivo.  Similar plasmon resonant 

particles have demonstrated the ability to generate signal in optical imaging and that 

photothermal therapy from plasmon resonant nanoparticles has been shown to cause 

damage to targeted cells (Gobin et al. 2007).  Similarly constructed particles of that type 

have, however, been demonstrated to collect in organs like the spleen and liver (James et 

al. 2007).  With a particle of different construction, the hope is to develop a condition 

where clearance can be attained while retaining all of the valuable functionality.   

Particles of a size similar to the degradation products of gold-coated liposomes 

have demonstrated rapid clearance.  However, there lies a difference in the nature of 

these two compared particles: while quantum dots below 8 nm in diameter have been 

shown to be eliminated through the renal route, they were a protein coated solid particle, 

and the degradation products of gold-coated liposomes are composed of a miniscule gold 

nanodot coordinated to lipid molecules.  It is hypothesized that the fate of these liposome 

degradation products in vivo could follow either of two paths: in one case, native 

phospholipases will cleave acyl tails forming gold rich micellar structures and enable 
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clearance, or the liposome, having similar composition as the cell membranes of the host, 

may assimilate into native membranes.  The best means to determine the true outcome of 

liposomes in vivo is to monitor the accumulation of gold (as it is not an essential mineral) 

in various organs and in the waste of an animal model.  Assays of this type are currently 

underway to determine whether the present embodiment of these biodegradable plasmon 

resonant nanoparticles is indeed capable of rapid clearance from mammalian organisms. 

This work demonstrates significant advances in the process of synthesis and the 

development of applications for which nanorods can be used in medical applications.  

The concept of multi-functional nanorods has been shown:  these particles can serve a 

role as signal generators in OCT by virtue of their scattering properties, as well as a 

source of signal in multi-photon microscopy by absorption of multiple lower-energy 

photons and the emission of higher energy photons.   

The narrow extinction spectrum of nanorods relative to other plasmon resonant 

nanoparticles led to their use in an entirely new image enhancement technique: 

differential imaging.  Taking advantage of the dual broadband sources of an OCT system, 

selective channels could produce signal from the wavelength-specific nanorods while a 

second yielded a minimal signal from these agents.  Since tissue (and in the demonstrated 

case, phantom) properties remained largely the same over the wavelength range of 

interrogation, the background can be subtracted out, improving the signal intensity of the 

contrast agent relative to the background.  

With the application of higher intensity light, the photothermal conversion 

capabilities of nanorods become realized.  The interaction of nanorods with light, 
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specifically their absorptive properties, allow for the conversion of light into heat.  This 

effect is maximized when the resonance frequency of the nanorods in solution is matched 

to the wavelength of the source used.  The degree to which the nanorods can be heated in 

solution is limited by the rate of conversion, the energy density of the incident light, and 

the rate at which heat from the nanorod is lost to the solution.  Confining the heat within 

the particles requires delivery of energy within a short time window dependent on the 

size of the particle, which does not allow for the heat of the particle to be lost to its 

surroundings.  Without this thermal confinement condition, heat generated from nanorods 

is lost to the solution faster than it is built up.  However, in the event that heat is indeed 

built up over successive laser pulses, this can result in damage to materials the nanorods 

are to adjacent to at irradiation levels much lower than that necessary to generate laser 

induced breakdown as demonstrated in this work.  This is quite useful when used in 

tandem with the capacity to target nanorods to cells exhibiting a specific over-expressed 

membrane protein, as demonstrated in the deltorphin-delta opioid receptor nanorod 

targeting system in Chapter II.  Due to the high affinity, controlled expression of 

membrane receptors in this system, and the luminescence emitted from nanorods from 

multi-photon imaging conditions, a strong association of nanorods to their target and low 

levels of binding to non-targeted cells could be demonstrated.  In addition, this targeting 

has also allowed for the ability to selectively damage cells and tissues which exhibit a 

targeted receptor.  The power of this tool is immense, with the ability to label cells based 

on the presence of a membrane receptor, then to incite damage sufficient to cause the 

death of a cell, or a whole collection of cells, enables a means to combine molecular 
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imaging in tandem with molecular therapy.  This not only comprises a breakthrough in 

each of these fields, but also in the condition that they can be combined and collocated 

without one method affecting or displacing the other. 

Plasmon resonant shells of gold have been demonstrated in various applications 

for several years, with their abilities continually under investigation.  While the versatility 

of these particles is strong with regard to their optical properties, they have limitations 

with regard to their use in vivo.  These structures have always consisted of a continuous 

shell of gold on the surface of solid materials.  The most widely developed of these are 

nanoshells with silica cores.  The inert nature of the gold shell and the silica core 

preclude this particle from degrading in vivo.  In order to achieve plasmon resonance in 

the red and near infrared regions of the electromagnetic spectrum, the size of these 

particles must be greater than that necessary for renal clearance by an order of magnitude 

or more.  Without the capacity to be easily cleared or break down, the use of these agents 

in conditions requiring FDA approval may be limited.  In general, clearance from the 

body can be attained through several means: either by generating particles small enough 

to be cleared, or by generating larger composite materials that can degrade to a size 

reasonable for renal or other excretory clearance.  In either case all components should be 

biocompatible and inert allowing for minimal interaction with tissues beyond their 

intended application. 

The unique approach chosen to address to this challenge was to form a layer of 

discrete particles on the surface of a liposome.  The liposome, a metastable structure 

composed of a phospholipid bilayer which encapsulates a volume of solution, is very 
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similar to the membranes of cells, indicating its compatibility with living systems.  By 

reducing a layer of discrete gold particles onto this surface, liposome-based plasmon 

resonant nanoparticles can be constructed.  The resonance condition is established and 

controlled by taking advantage of a coupled plasmon effect in which individual particles 

in close proximity influence the resonance of the collective whole.  The quantity of gold 

and resultant density of particles can be modulated to tune the resonance peak in the near 

infrared range.  Thus, to some degree, the resonant wavelength can be tuned without 

changing the dimensions of the particle: a unique characteristic among plasmon resonant 

nanoparticles.  The gold on the surface of the liposomes are known to be discrete 

particles rather than continuous layers by the fact that increased quantities of gold 

generate a red-shift in the resonance wavelength similar to that observed in the early 

stages of silica nanoshell production where individual particles of gold reside on the 

surface.  Once the shell becomes continuous, the addition of more gold thickens the shell, 

and results in a blue shift of the resonance peak.  Thus, as the reduction of gold onto 

silica spheres progresses to a confluent layer, a reversal of the direction of plasmon 

resonance maxima shift occurs.  This reversal is not observed with gold-coated 

liposomes, indicating that a discrete state of surface particles are maintained.  In addition, 

a solid shell would strengthen the structure to the degree that it could not be broken down 

by traditional means of liposome dissolution.  Sizing data has indicated that the diameter 

of degradation products are very similar between liposomes with and without gold on the 

surface, in addition to the fact that the quantity of gold reduced would be insufficient to 

form a continuous layer over all of the liposomes in sample solutions.  In summary, 



  
 
 

200

significantly larger degradation products or the inability to degrade would be expected 

with a continuous layer, where neither were observed.  This degradation has been 

demonstrated by means of both surfactant and enzyme, providing evidence that in 

physiologically relevant conditions the plasmon resonant nanoparticle can be degraded. 

Liposomes, similarly to nanorods, exhibit a unique reaction to incident high 

energy light.  In this case, the photothermal conversion provided by liposomes serves to 

heat the membrane of the liposome to the point that it reaches the temperature of 

transition between the gel and liquid state.  This transition is known to generate leakiness 

across the membrane boundary and in the experiments generating these conditions: 

fluorescein, a moderately sized particle, was shown to be membrane permeant.  This 

release was shown to be tied to illumination that was matched to a plasmon resonance 

peak, as illumination off the resonance peak required higher energies to mediate release.  

These experiments did require a large amount of energy to complete, mainly due to the 

fact that the release conditions were far from optimized. However this does provide proof 

that the concept is valid and that it can be made to work in an elegant, multifunctional 

package. 

This soft-template plasmon resonant particle, based on the liposome, is the first of 

its kind, representing a significant step toward the development of this technology for 

medical imaging and therapy and its translation into clinical use.  It provides contrast in 

OCT while allowing for the release of encapsulated contents by irradiating with higher-

energy light.  The real impact though is in its capacity to degrade, which no other 

plasmon resonant particle has demonstrated to date. 
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FUTURE DIRECTIONS 

 

While much knowledge has been gained from the research already performed, 

there is still more work to be done to explore other opportunities for functionality and the 

improvement of existing techniques for efficiency and to eventually translate this 

technology to clinical use.  Each of the particles generated for this research and each of 

their applications has room to be optimized. 

 

Nanorods 

Nanorods have been generated by many researchers with a host of synthetic 

techniques.  In fact, there are methods which offer improved yield over the process used 

and described in this document.  While less than optimal, our method provided 

consistency over the course of experiments.  The goal of this research was to develop 

nanorods for medical imaging applications by investigating their properties in a physical 

sense and with respect to imaging modalities.  Variance in optical properties of plasmon 

resonant nanoparticles has been reported with minor changes in fabrication technique.  

For this reason it was decided to retain a single, good protocol for the creation of 

nanorods, and focus on developing their applications alone.  As a result, this procedure is 

due for some improvement.  By optimizing the fabrication technique of nanorods, more 

uniform populations will result.  This will remove the bulk of the spheroidal particles and 

generate a more uniform population of nanorods. 
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The benefits of this will be narrower and higher transverse resonances which 

should improve wavelength-specific activity, for example: higher signal-to-background 

ratios in differential imaging and lower energy thresholds required to attain laser-induced 

damage.  Differential imaging itself has a lot of potential to revolutionize optical 

imaging.  By improving nanorods and building an imaging system dedicated to this 

technique, its power could truly be demonstrated.  This new system would either have to 

take rapid sequential scans with different sources for each scan, or take the image with 

interlaced a-scans that overlay precisely to maximize the effect by capturing the same 

volume elements with different wavelengths of light.  By minimizing the temporal 

separation between two scans, background artifacts would be more likely to overlap and 

by virtue of differential imaging, this background information could be minimized. 

This could be followed by characterizing the nature of the directing surfactant in 

the growth phase of nanorod synthesis.  No definitive work has been performed which 

shows whether the directing surfactant takes on the form of a bilayer or monolayer, 

though some models have been suggested.  Understanding the nature of the directing 

surfactant may lead to further improvements in the procedure. 

Targeting of nanorods has been demonstrated on a model system using lab-grown 

genetically-modified cells for ease of demonstration and to provide a control within the 

sample volume.  This however, does not reflect real conditions or cell types encountered 

in vivo.  It would be wise to investigate the response of targeted nanorods in more 

physiologically accurate conditions, as this would be how the system of plasmon resonant 

particles will eventually be used.  In a similar note, the biodistribution and possibility of 
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clearance should be investigated for these structures, to see where they accumulate and 

whether this causes any adverse effects in the host.    

 

Liposomes 

While much attention was given to the degradability of liposomes to their 

constituent components in this work, their actual ability to clear from the body was not 

investigated.  The fact that they can degrade is where the bulk of their novelty lies.  By 

proving the ability to be easily cleared from the body, this novelty becomes a primary 

asset into the translation of plasmon resonant image enhancement into the realm of 

clinical imaging.  This investigation would encompass monitoring of elimination routes, 

as well as locations of possible retention and the time it required for accumulated 

particles to clear entirely. 

The nature of the plasmon resonance developed by reducing gold on the surface 

of liposomes has been modeled, but is not fully understood.  No actual record of the 

physical size of gold particles could be made, though it was attempted by several means.  

The limitations of liposomes may disappear or become apparent once the size of reduced 

gold particles becomes known.  Likewise, though a model was developed for the plasmon 

resonance of gold on the surface of liposomes, and the structure of the intact liposome 

was shown to be necessary to have a resonance condition, it was not shown whether the 

spherical structure was necessary, or whether any long-range repeated structure would 

suffice.  The experiment necessary to prove this could be as simple as attempting to 
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reduce gold onto the surface of lipids in the form of extended bilayer sheets which are 

present after the freeze and thaw cycles and before extrusion. 

Additional experimentation should be performed on liposomes composed of 

multiple lipid types.  As in the case of nanorods, only one recipe with slight variance was 

used, as it was known to produce a quality product, and the focus of this work was to 

develop applications.  The use of the ethanolamine functionality on phospholipids was 

dismissed early from gold-coated liposome synthesis, as its yield was observably lower 

than that for the choline functionality.  There may be some benefit to retaining some 

amine functionality during reduction that was not previously observed, including the 

ability to link targeting agents to the liposome post-reduction.  The stability of the 

liposome may be modified by the inclusion of lipids with different types of acyl tails.  In 

this manner the circulation time of the contrast agent in vivo may be tuned to an optimal 

length of time for imaging, then allow for rapid breakdown.   

 

Controlled Release 

 Similarly to liposomes for contrast, the lipid composition of liposomes designed 

for release can be further modified to optimize the properties of interest.  Namely, 

liposomes for this task should be able to retain their contents at physiological 

temperatures, while allowing for release at some marginally higher temperature.  The 

composition used in the controlled release experiments shown here indeed served to show 

that such light-mediated release could in fact be performed and facilitated by illumination 

on the resonance peak of a population of gold coated liposomes.  This process also came 
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at the cost of irradiation with high light energies.  The experiments were limited by the 

laser used: the shortest pulse length possible was 200 μs, while the thermal relaxation 

time for a particle the size of a 100 nm liposome is close to a nanosecond.  Thus, by using 

a nanosecond-pulse laser, thermal confinement could be achieved effecting more rapid 

release.  By optimizing the liposome composition and changing the nature of the light 

used, significant decreases in the amount of energy necessary to incite release could be 

realized.  It would be worthwhile, if multiple lasers were available with wavelengths in 

the near infrared, to generate two populations of liposomes with different reporting 

agents and different resonant peaks.  In this manner, it may be possible to demonstrate 

selective release based on the laser used for a release of a specific agent from a specific 

liposome population. 

 

 This dissertation encompasses a large breadth of development into the world of 

applications possible for plasmon resonant nanostructures in biomedical applications.  

There is much work yet to be done in the continued development of these particles and 

the investigation of new functions; though, this research will prove to be quite rewarding.    
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APPENDIX A:  LIST OF ABBREVIATIONS 
 
 
CT .................................................................................................. computed tomography 
 
CTAB..........................................................................cetyl trimethylammonium bromide 
 
dB............................................................................................................................decibel 
 
DI .......................................................................................................................de-ionized 
 
DNA................................................................................................ deoxyribonucleic acid 
 
DOPE .......................................................................... dioleoylphosphatidylethanolamine 
 
DPPC................................................................................dipalmitoylphosphatidylcholine 
 
DPPE......................................................................dipalmitoylphosphatidylethanolamine 
 
DSPE.........................................................................distearoylphosphatidylethanolamine 
 
EDS........................................................................ energy dispersive X-ray spectroscopy 
 
EGFR .............................................................................epidermal growth factor receptor 
 
FDA................................................................................... Food and Drug Administration 
 
FESEM........................................................ field emission scanning electron microscope 
 
GCL.................................................................................................gold coated liposomes 
 
GFP .............................................................................................green fluorescent protein 
 
HPV................................................................................................human papilloma virus 
 
LIB ..............................................................................................laser induced breakdown 
 
LIBS......................................................................laser induced breakdown spectroscopy 
 
MPPC.........................................................................monopalmitoylphosphatidylcholine 
 
MRI .......................................................................................magnetic resonance imaging 
 
MWCO........................................................................................molecular weight cut-off 
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LIST OF ABBREVIATIONS – Continued 
 
 
NA........................................................................................................ numerical aperture 
 
Nd YAG..................................................... neodymium-doped yittrium aluminum garnet 
 
NIR................................................................................................................. near infrared 
 
OCT.................................................................................... optical coherence tomography 
 
PBS ........................................................................................... phosphate buffered saline 
 
PC....................................................................................................... phosphatidylcholine 
 
PE............................................................................................... phosphatiylethanolamine 
 
PEG.....................................................................................................polyethylene glycol 
 
PET ....................................................................................positron emission tomography 
 
PLA2......................................................................................................Phospholipase A2 
 
PMMA .........................................................................................polymethylmethacrylate 
 
RFP ................................................................................................ red fluorescent protein 
 
SEM .................................................................................... scanning electron microscope 
 
SERS...................................................................... surface enhanced raman spectroscopy 
 
SLD............................................................................................. super-luminescent diode 
 
TEM ..............................................................................transmission electron microscopy 
 
TEMED.................................................................................. tetramethylethylenediamine 
 
THPC .......................................................tetrakis(hydroxymethyl)phosphonium chloride 
 
TÜV .............................................................................Technischer Überwachungsverein 
 
UV...................................................................................................................... ultraviolet 
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APPENDIX B:  REPRINT PERMISSIONS  
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