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i 

Active and External Control over the Delivery of DNA to Cells 

Using a Redox-Active, Ferrocene-Containing Cationic Lipid 

 

Under the Supervision of Professor David M. Lynn and Professor Nicholas L. Abbott 

at the University of Wisconsin-Madison 

 

The work described in this thesis is focused on the use of a redox-active, ferrocene-

containing cationic lipid [bis(11-ferrocenylundecyl)dimethylammonium bromide, BFDMA] to 

deliver nucleic acids (DNA and siRNA) to cells. Changes in the redox state of the ferrocenyl 

groups in BFDMA (e.g., whether it is present in a reduced or an oxidized state) can be used to 

control the ability of this lipid to deliver DNA and siRNA to cells. For example, whereas 

lipoplexes of reduced BFDMA can mediate high levels of cell transfection, lipoplexes of 

oxidized BFDMA (generated by the oxidation of reduced BFDMA using either electrochemical 

or chemical treatments) mediate very low levels of cell transfection. The work reported in this 

thesis demonstrates that the transformation of ‘inactive lipoplexes’ of oxidized BFDMA to 

‘active lipoplexes’ of reduced BFDMA can be stimulated in the extracellular environment (and 

in the presence of cells) by the addition of small-molecule chemical reducing agents (e.g., 

ascorbic acid). Biophysical and nanostructural characterization of lipoplexes using cryo-TEM, 

confocal microscopy, and zeta potential analysis reveals changes in biological activity as a 

function of oxidation state to be consequence of large differences in the nanostructures and zeta 

potentials of lipoplexes containing reduced or oxidized BFDMA. It is demonstrated that the 
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ability to activate lipoplexes using reducing agents provides opportunities to exert control over 

the location and timing of the delivery of DNA to cells (i.e., to exert spatial and temporal control 

over delivery). Finally, an approach to the design of thin films that promote rapid release of 

DNA from surfaces is described. This approach is based on the electrochemical treatment of 

polyelectrolyte multilayers (PEMs) fabricated layer-by-layer (LbL) using DNA and a degradable 

poly(-amino ester). The approaches described in this thesis provide principles and new methods 

that can be used to exert varying and tunable levels of spatial, temporal, and active control over 

the delivery of DNA to cells. These methods could find use in a variety of fundamental and 

applied contexts, ranging from the development of tools for basic biomedical research to the 

engineering of complex tissues and, potentially, the development of new gene-based therapies.  

 

 

 

 

 



 
 

iii 

Acknowledgments 

My graduate studies presented in this thesis wouldn’t possible without the help, support, 

encouragement of many individuals. First, I would like to thank my advisors Professor David 

Lynn and Professor Nicholas Abbott. They have been great mentors to me; they provided me 

guidance not only in science but also in my professional development. With their guidance and 

support, I became a better researcher, presenter and writer. I am and will be always grateful for 

the opportunity for working with them. 

During my graduate studies, I had the opportunity to collaborate with outstanding 

professors and their students. Professor Yeshayahu Talmon and his graduate student Sharon 

Golan in Chemical Engineering at Technion-Israel Institute of Technology have provided many 

cryo-TEM images and we have written many papers together. My work with multilayer films 

would not have been possible without the help and suggestions of Professor Mark Prausnitz in 

Chemical Engineering Department at Georgia Institute of Technology.  

My research has also benefited from the support of many research groups and research 

facilities at UW-Madison. I have utilized many instruments and experience of the students of the 

research groups of Professor Eric Shusta and Professor Brian Pfleger. Especially I would like to 

thank to Dr. Ethan Lippmann for his help with mammalian cell cultures and Dan Agnew with the 

DNA extraction from bacterial cells. Lance Rodenkirch and W.M. Keck Center for Biological 

Imaging have providing training and help in the usage of the confocal microscope.   

I am also very grateful for the group members of both Lynn and Abbott groups with 

whom I had to opportunity to work with. They have been both excellent colleagues and friends 

to me. I would like to start with Dr. Christopher Jewell, who has been my mentor when I started 



 
 

iv 

my graduate work. He was always willing to share his great knowledge and experience and is 

still continuing mentoring me whenever I need. I was also very lucky for working on the 

BFDMA project with John Muller. We have been a great team together; we have been constant 

source of support, enthusiasm, and knowledge for each other for over 5 years and our friendship 

will continue for life long. I am also indebted to Dr. Eric Saurer and Dr. Ryan Flessner not only 

for their infinite help and support with my projects but also for the nice and friendly atmosphere 

that they created in our office. Adam Broderick and I have been through all the highs and lows of 

the graduate school together and his family has also become a family to me in Madison. Shane 

Bechler and I enjoyed many lunches together. I am very grateful for his friendship. Maren Buck 

and I enjoyed many symphonies together and she was extremely helpful when I was preparing 

for my driving test. Eric, Ryan, Shane, Yashira, and Yan helped to maintain cells and to run the 

cell culture lab. Emre has helped me with the optical microscope countless times.  

I would like also to thank my friends who make my life in Madison very enjoyable. Aslin 

Izmitli and I shared many beautiful memories in Madison and I am very grateful to her for being 

my best friend. I have also shared many laughters with my Turkish friends in the department 

(Serdar, Fulya, Bahar, Elif, Emre, Murat). 

I would like to express my gratitude to my precious family; my mom, dad and brother. 

Their love, their support and encouragement made me feel always very strong. Even they were 

thousands of miles away from me, they have shared all of the up and downs of the graduate 

school with me. Especially, I would like to thank my mom for being the rock in my life. Finally, 

I have to extend my deepest gratitude to Reinhard Kozdon. He has been my constant support and 

strength and I cannot imagine a better person to spend the life with.  



 
 

v 

Table of Contents 

Abstract ............................................................................................................................... i 

 

Acknowledgments ............................................................................................................ iii 

 

List of Figures, Schemes, and Tables ............................................................................ vii 

Chapter 1: Introduction and Overview ..........................................................................1 

 References ....................................................................................................8 

Chapter 2: Addition of Ascorbic Acid to the Extracellular Environment Activates ...13 

Lipoplexes of a Ferrocenyl Lipid and Promotes Cell Transfection 

 

 Abstract ......................................................................................................14 

 Introduction ................................................................................................15 

 Materials and Methods ...............................................................................18 

 Results and Discussion ..............................................................................25 

 Summary and Conclusions ........................................................................44 

 References ..................................................................................................46 

 

Chapter 3: Chemical Oxidation of a Redox-Active, Ferrocene-Containing................52 

Cationic Lipid: Influence on Interactions with DNA and  

Characterization in the Context of Cell Transfection 

 

 Abstract ......................................................................................................53 

 Introduction ................................................................................................54 

 Materials and Methods ...............................................................................57 

 Results and Discussion ..............................................................................62 

 Summary and Conclusions ........................................................................79 

 References ..................................................................................................81 

Chapter 4: Ferrocene-Containing Cationic Lipids Provide .........................................85 

Redox-Based Control over the Delivery of siRNA to Cells 

 

 Abstract ......................................................................................................86 

 Introduction ................................................................................................87 

 Materials and Methods ...............................................................................90 

 Results ........................................................................................................97 

 Discussions ..............................................................................................107 

 Summary and Conclusions ......................................................................112 

 References ................................................................................................113 



 
 

vi 

Chapter 5: Spatial and Temporal Control over the Delivery of DNA .......................118 

to Cell Using Redox-Active Lipids 

 

 Introduction ..............................................................................................119 

 Materials and Methods .............................................................................122 

 Results and Discussion ............................................................................127 

 Summary and Conclusions ......................................................................138 

 References ................................................................................................140 

 

Chapter 6: Rapid Release of Plasmid DNA from Surfaces Coated with ...................145 

Polyelectrolyte Multilayers Promoted by 

Application of Electrochemical Potentials 

 

 Abstract ....................................................................................................146 

 Introduction ..............................................................................................147 

 Materials and Methods .............................................................................151 

 Results and Discussion ............................................................................156 

 Summary and Conclusions ......................................................................173 

 References ................................................................................................174 

Chapter 7: Summary and Proposed Future Work ......................................................181 

 

 Summary ..................................................................................................182 

 

 Future Studies:  Development of Redox-Active Lipid Systems ............186 

 for Use in Serum-Containing Environments 

   

 Future Studies: Electrochemical Transformation of BFDMA ..............188 

 to Achieve Spatial and Temporal Control of Transfection 

   

 Future Studies: Development of Systems for the Rapid .......................190 

  Release of DNA from Surfaces 

 

 References ................................................................................................191 

 

Appendix 1: Influence of Biological Media on the Structure and ................................195 

Behavior of Ferrocene-Containing Cationic Lipid/DNA Complexes 

Used for DNA Delivery 

Appendix 2: Incorporation of DOPE into Lipoplexes Formed from a .........................203 

Ferrocenyl Lipid Leads to Inverse Hexagonal Nanostructures 

that Allow Redox-Based Control of Transfection in High Serum 



 
 

vii 

List of Figures, Schemes, and Tables 

Chapter 1: Figure 1 ........................................................................................................3 

 Scheme 1 ......................................................................................................7 

  

Chapter 2: Figure 1 ......................................................................................................16 

 Figure 2 ......................................................................................................26 

 Figure 3 ......................................................................................................28 

 Figure 4 ......................................................................................................30 

 Figure 5 ......................................................................................................34 

 Table 1 .......................................................................................................37 

 Figure 6 ......................................................................................................39 

 Figure 7 ......................................................................................................42 

  

Chapter 3: Figure 1 ......................................................................................................55 

 Figure 2 ......................................................................................................64 

 Figure 3 ......................................................................................................66 

 Figure 4 ......................................................................................................67 

 Table 1 .......................................................................................................69 

 Figure 5 ......................................................................................................71 

 Figure 6 ......................................................................................................72 

 Figure 7 ......................................................................................................73 

 Figure 8 ......................................................................................................76 

 Figure 9 ......................................................................................................77 

 Figure 10 ....................................................................................................78 

 

Chapter 4: Figure 1 ......................................................................................................88 

 Figure 2 ......................................................................................................98 

 Figure 3 ....................................................................................................101 

 Figure 4 ....................................................................................................102 

 Figure 5 ....................................................................................................103 

 Table 1 .....................................................................................................105 

 Figure 6 ....................................................................................................106 

 

Chapter 5: Figure 1 ....................................................................................................121 

 Figure 2 ....................................................................................................128 

 Figure 3 ....................................................................................................132 

 Figure 4 ....................................................................................................136 

  

Chapter 6: Scheme 1 ..................................................................................................149 

 Figure 1 ....................................................................................................157 

 Figure 2 ....................................................................................................158 

 Figure 3 ....................................................................................................159 

 Figure 4 ....................................................................................................160 



 
 

viii 

 Figure 5 ....................................................................................................161 

 Figure 6 ....................................................................................................163 

 Figure 7 ....................................................................................................165 

 Figure 8 ....................................................................................................167 

 Figure 9 ....................................................................................................168 

 Figure 10 ..................................................................................................169 

 Figure 11 ..................................................................................................171 

 Figure 12 ..................................................................................................172 

 

 

 



 
 

1 

 

 

 

 

 

Chapter 1 

 

Introduction and Overview 
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The ability to deliver nucleic acids to cells is important in various biomedical 

applications ranging from basic biomedical research (e.g., design of transfected cell arrays to 

screen for protein-protein and protein-drug interactions),1,2 engineering tissues with complex 

tissue architectures,3-6 and potentially for the development of new gene-based therapies. The 

ability of exerting control over the delivery of nucleic acids to target cell groups (spatial control 

over delivery) at specified times (temporal control over delivery) could significantly contribute 

to the success of these biomedical applications. In this context, the work reported in this thesis is 

divided into two main approaches. The first approach, reported in Chapters 2-6, is based on the 

use of a redox-active cationic lipid for controlled delivery of nucleic acids (DNA and siRNA) to 

cells. The second approach, reported in Chapter 7, is focused on the controlled release of DNA 

from surfaces coated with polyelectrolyte-based thin films. 

To date, many cationic lipids with multifunctional domains have been designed to form 

stable complexes (lipoplexes) with DNA in the extracellular environment7,8 but release DNA 

once internalized by cells in response to various intracellular stimuli (e.g., the presence of 

reducing agents, changes in pH or the presence of specific enzymes)9-18 or to other 

extracellularly-applied stimuli (e.g., light, heat, or magnetic field).19-21 The design of these 

stimuli-responsive cationic lipid systems has significantly increased the efficiency of the 

intracellular trafficking of DNA and thus contributed significantly to the development of cationic 

lipid-based approaches to DNA delivery. A common property of these lipid systems is that they 

are ‘active’ from the time at which they are first formulated and, thus, can be internalized 

immediately upon administration to a population of cells. In contrast, relatively few studies have 

reported on the design of functional cationic lipids that can be transformed in extracellular 
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environments at locations and points in time selected externally by the investigator. Such 

cationic lipids offer the opportunity to control the timing at which otherwise ‘inactive lipoplexes’ 

will be internalized by cells (i.e., to achieve temporal control over DNA delivery) or determine 

which sub-populations of cells in a system internalize DNA without the requirement of the 

lipoplexes to be physically delivered to a target population of cells (e.g., by spatial control over 

the ‘activation’ of selected sub-population of otherwise ‘inactive lipoplexes’). 

Our approach to achieve such control over nucleic acid delivery is based on the use of a 

redox-active ferrocene-containing lipid, [(bis(11-ferrocenylundecyl)dimethylammonium bromide 

(BFDMA), Figure 1].22-24 The ferrocene groups attached at the end of the two hydrophobic 

chains of this lipid can be reversibly cycled between their reduced and oxidized states using 

chemical and electrochemical methods.22-24 Past investigations by our group demonstrated that 

the redox state of the ferrocene groups of BFDMA determine whether lipoplexes of BFDMA and 

DNA are internalized by cells.25,26 For example, whereas the lipoplexes of oxidized BFDMA 

                                                     
 

                                                       

Figure 1: Structure of bis(11-ferrocenylundecyl)dimethylammonium bromide (BFDMA). 
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(‘inactive lipoplexes’) are not internalized significantly by cells and, thus, mediate negligible 

levels of cell transfection, lipoplexes of reduced BFDMA and DNA (‘active lipoplexes’) are 

internalized readily by cells and subsequently promote high levels of cell transfection.25,26 In the 

study reported in Chapter 2, we demonstrate that ‘inactive lipoplexes’ of oxidized BFDMA can 

be transformed to ‘active lipoplexes’ in cell culture media and in the presence of cells by the 

addition of a small-molecule reducing agent, ascorbic acid, to the extracellular environment. 

Characterization studies based on small-angle neutron scattering (SANS), cryogenic transmission 

electron microscopy (cryo-TEM), and zeta potential measurements revealed that the activation of 

the inactive lipoplexes is governed by the changes in the nanostructures and zeta potentials of the 

lipoplexes that occurred upon reduction by ascorbic acid. For example, lipoplexes of oxidized 

BFDMA with generally amorphous structures and negative zeta potential values were 

transformed into complexes with more extensive multilamellar structures and less negative zeta 

potential values. It is possible that these less-negative zeta potentials of these AA-treated 

lipoplexes of oxidized BFDMA contribute to more efficient internalization of these complexes 

by cells by facilitating more efficient interaction with negatively charged cell membrane.  

In our past studies, we obtained oxidized BFDMA by electrochemical oxidation of 

reduced BFDMA, which generally requires long times (e.g., 2-3 hours) at high temperatures (75 

°C).
25-31

 In the study reported in Chapter 3, we investigated approaches to the chemical oxidation 

of BFDMA. We demonstrated that treatment of reduced BFDMA with Fe(III)sulfate provides 

rapid and quantitative oxidation of BFDMA at room temperature. However, we found that 

lipoplexes formulated using chemically oxidized BFDMA behave differently in the context of 

cell transfection from lipoplexes formed using electrochemically oxidized BFDMA. For 
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example, whereas lipoplexes of the latter do not transfect cells efficiently, lipoplexes of 

chemically oxidized BFDMA mediate high levels of cell transfection. Physical characterization 

studies demonstrated that lipoplexes of chemically and electrochemically oxidized BFDMA 

differ significantly in zeta potential, and that this is due to the presence of residual Fe
2+

 and Fe3+ 

ions in samples of chemically oxidized BFDMA. We demonstrated that by treatment of 

chemically oxidized BFDMA solutions with an iron chelating agent, EDTA, we were able to 

produce oxidized BFDMA solutions functionally similar to electrochemically oxidized BFDMA. 

We further demonstrated that these EDTA-treated lipoplexes of oxidized BFDMA can be 

transformed into lipoplexes of reduced BFDMA that mediate efficient DNA delivery. Thus, the 

results reported in Chapter 3 represent an entirely chemical approach to achieve redox-based 

‘on/off’ control over DNA delivery similar to that achieved using more complex electrochemical 

methods.  

The work reported in Chapter 4 describes the use of concepts developed during the 

studies of lipoplexes of BFDMA and DNA to prepare lipoplexes of BFDMA with siRNA for 

controlled gene silencing applications. We demonstrated that control over the oxidation state of 

BFDMA can also be used to determine physicochemical properties (i.e., zeta potentials and 

nanostructures) and control the biological activities of lipoplexes of BFDMA and siRNA in ways 

that were similar for lipoplexes of BFDMA and much larger plasmid DNA constructs. For 

example, although lipoplexes of reduced BFDMA and siRNA lead to high levels of sequence-

specific gene silencing in COS-7 cells, lipoplexes formed using oxidized BFDMA lead to low 

levels of knockdown. We further demonstrated that ‘inactive lipoplexes’ of oxidized BFDMA 

can be transformed into lipoplexes that induce high levels of gene silencing upon treatment with 
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ascorbic acid. The work reported in this chapter offers opportunities to provide active control 

over the nanostructures and gene silencing ability of lipoplexes of siRNA in ways that are not 

possible using other conventional lipids. 

In Chapter 5, we report experimental approaches used to exert active and external control 

over the location and timing of the delivery of DNA to cells in vitro. Our approaches were based 

on providing controlled delivery of reducing agents to mediate spatiotemporal activation of sub-

populations of ‘inactive lipoplexes’ in the extracellular environment and thus to promote DNA 

delivery to defined population of cells when it is desired. This chapter described the use of a 

soluble and an immobilized reducing agent as the activation stimulus. Using soluble reducing 

agents provided the opportunity to transport the activation stimulus through materials that have 

low permeability to large molecules like lipoplexes. For example, results of the experiments 

revealed that diffusion of the soluble reducing agent through a lipoplex-impermeable membrane 

mediated localized activation of ‘inactive lipoplexes’ of oxidized BFDMA. On the other hand, 

using an immobilized reducing agent offered the opportunity to physically add, orient, and 

remove the reducing agent, which cannot be performed using soluble reducing agents. Using this 

immobilized reducing agent, we generated user-defined patterns of transfected cells.  

Chapter 6 changes focus significantly from the previous chapters and reports another 

approach used for controlled nucleic acid delivery. This approach is based on the rapid release of 

DNA from surfaces coated with polyelectrolyte-based thin films in response to applied 

electrochemical potentials. The ‘layer-by-layer’ fabrication of thin polyelectrolyte-based films 

(called ‘polyelectrolyte multilayers’, or PEMs)32,33 is an aqueous-based approach that provides 

several advantages for the encapsulation and release of therapeutic agents. These advantages 
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include: (i) precise, nanometer-scale control over film thickness and loading of the therapeutic 

agent by the control over the number of layers of films incorporated, (ii) control over the relative 

locations of individual layers in a film, which permits the design of films that can be used to 

release multiple agents,34-38 and (iii) the ability to assemble films on surfaces with complex 

shapes.39-42 The work presented in this chapter focused on the design of PEMs fabricated using 

plasmid DNA and hydrolytically degradable, cationic poly(-amino ester)s such as polymer 1.43-

45 It has been reported that ‘polymer 1/DNA films erode in aqueous environments and promote 

the release of DNA gradually over a period of ~2-4 days.43,45
 In Chapter 7, we report that 

electrochemically induced changes in pH can be used to accelerate dramatically the erosion of 

polymer 1/DNA films. We demonstrate that the application of reduction potentials to stainless 

steel electrodes coated with polymer 1/DNA films results in the complete release of DNA over 

periods ranging from seconds to several minutes as opposed to several days in the absence of 

applied potentials. With further development, the approach reported in this chapter could lead to 

the development of new methods for the rapid transfer or patterned delivery of DNA to cells and 

tissues.  

Chapter 7 provides a summary of the work presented in Chapters 2-6 and a discussion of 

potential future directions for the work described in this thesis.  
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The chapters of this thesis are arranged to provide a logical progression from one study to 

the next when this thesis is read from the beginning to the end. However, each chapter is also 

self-contained and can be understood if read out of order. 

Chapters 2-6 describe research for which I was the primary contributor. Appendices 1 

and 2 include copies of published papers that I have contributed to significantly but on which I 

was not the lead researcher. The research described in these other papers are directly related to 

the work described in Chapters 2-6 of this thesis.  
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Abstract 

The level of cell transfection mediated by lipoplexes formed using the ferrocenyl lipid 

bis(11-ferrocenylundecyl)dimethylammonium bromide (BFDMA) depends strongly on the 

oxidation state of the two ferrocenyl groups of the lipid (reduced BFDMA generally mediates 

high levels of transfection, but oxidized BFDMA mediates very low levels of transfection). Here, 

we report that it is possible to chemically transform inactive lipoplexes (formed using oxidized 

BFDMA) to “active” lipoplexes that mediate high levels of transfection by treatment with the 

small-molecule reducing agent ascorbic acid (vitamin C). Our results demonstrate that this 

transformation can be conducted in cell culture media and in the presence of cells by addition of 

ascorbic acid to lipoplex-containing media in which cells are growing. Treatment of lipoplexes 

of oxidized BFDMA with ascorbic acid resulted in lipoplexes composed of reduced BFDMA, as 

characterized by UV/vis spectrophotometry, and lead to activated lipoplexes that mediated high 

levels of transgene expression in the COS-7, HEK 293T/17, HeLa, and NIH 3T3 cell lines. 

Characterization of internalization of DNA by confocal microscopy and measurements of the 

zeta potentials of lipoplexes suggested that these large differences in cell transfection result from 

(i) differences in the extents to which these lipoplexes are internalized by cells and (ii) changes 

in the oxidation state of BFDMA that occur in the extracellular environment (i.e., prior to 

internalization of lipoplexes by cells). Characterization of lipoplexes by small-angle neutron 

scattering (SANS) and by cryogenic transmission electron microscopy (cryo-TEM) revealed 

changes in the nanostructures of lipoplexes upon the addition of ascorbic acid, from aggregates 

that were generally amorphous, to aggregates with a more extensive multilamellar nanostructure. 

The results of this study provide guidance for the design of redox-active lipids that could lead to 
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methods that enable spatial and/or temporal control of cell transfection.  

Introduction 

Cationic lipids have been investigated broadly as non-viral agents for the delivery of 

DNA to cells.1-6 Early studies demonstrated that significant levels of cell transfection could be 

achieved by formulating cationic lipid/DNA complexes (lipoplexes) using lipids with relatively 

simple molecular structures (e.g., a simple cationic head group and several hydrophobic tails).7,8 

Over time, however, the structures and properties of lipids used for cell transfection have 

evolved to include chemical functionality designed to overcome or address a variety of 

intracellular barriers that limit cell transfection efficiency. For example, lipids have been 

designed to form lipoplexes that are stable in complex extracellular environments (including in 

the presence of serum proteins)9-11 and/or release their cargo (DNA) in response to intracellular 

stimuli, including the presence of reducing agents12-16 (e.g., glutathione), changes in pH,15,17-19 or 

the presence of specific enzymes.20,21 The design of lipids that promote more efficient 

intracellular trafficking of internalized DNA has contributed significantly to the development of 

lipoplex-based approaches to DNA delivery.   

In contrast to efforts to design functional lipids that promote the intracellular trafficking 

of DNA, relatively few studies have reported on the design of lipids that can be transformed (or 

“activated” toward transfection) in response to externally–controlled stimuli applied in 

extracellular environments (e.g., so as to influence extents to which complexes are either 

internalized or not internalized by cells).22-24 This latter approach could provide lipoplexes that 

enable control over the timing of the delivery of DNA to cells (i.e., “temporal control” of 

transfection) or, alternatively, allow delivery of DNA to sub-populations of cells within a larger 
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population (i.e., “spatial control” of transfection by spatially-controlled delivery of an activating 

agent). The design of lipids that offer the ability to achieve external control over the timing and 

the locations at which DNA is available to cells could potentially find use in a broad range of 

applications, ranging from basic biomedical research (e.g., the design of transfected cell arrays), 

25-29 engineering of tissues with complex tissue architectures,30-33 and, potentially, for the 

development of new gene-based therapies. In the work described in this chapter, we report a step 

toward the realization of general and facile principles for spatial and temporal control over the 

lipoplex-mediated delivery of DNA to cells.  Our approach is based on the use of a redox-active 

ferrocene-containing cationic lipid.  

The work reported in this chapter exploits the physicochemical properties of the 

redox-active ferrocene-containing lipid bis(11-ferrocenylundecyl)dimethylammonium bromide 

(BFDMA, Figure 1).34-36 This lipid can be reversibly cycled between its reduced state (net charge 

of +1) and its oxidized state (net charge of +3) by either oxidation or reduction of the ferrocene 

 
 

Figure 1. Molecular structure of bis(11-ferrocenylundecyl)dimethylammonium bromide 
 (BFDMA). 
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groups present at the end of each hydrophobic chain.35-41 Our past studies have demonstrated that 

the oxidation state of BFDMA significantly affects the interaction of this lipid with DNA39,42 and 

the efficiency with which lipoplexes of BFDMA and DNA transfect cells.37,38,41 In particular, our 

past studies have identified a range of lipid concentrations over which lipoplexes formed from 

reduced BFDMA mediate high levels of transgene expression in vitro, whereas lipoplexes 

formed from oxidized BFDMA (over the same range of concentrations) yield negligible levels of 

transgene expression.37,38,41 Our previous physical characterization experiments also reveal that 

the oxidation state of BFDMA influences the zeta potentials and nanostructures of lipoplexes 

formed from BFDMA.39,40  

The oxidation state of ferrocene-containing surfactants and lipids can be transformed 

readily and reversibly using electrochemical methods or by using chemical oxidizing and 

reducing agents.34-41,43-47 In a recent study, we reported the use of glutathione (GSH) to 

chemically reduce the ferrocenium groups within lipoplexes formed using DNA and oxidized 

BFDMA (in 1 mM aqueous Li2SO4 solution at pH 5.1).41 We demonstrated that when these 

transformed lipoplexes were subsequently introduced to COS-7 cells in vitro, they mediated high 

levels of transgene expression (i.e., levels that were comparable to the levels of transgene 

expression mediated by lipoplexes formed from reduced BFDMA and DNA). This past study 

demonstrated that “inactive” lipoplexes of oxidized BFDMA and DNA can be activated by 

treatment with a chemical reducing agent. However, while these past studies represent a 

significant step toward the realization of principles that could be used to exert spatial and 

temporal control over transfection using ferrocene-containing lipids, a number of important 

issues remain to be addressed. First, as mentioned above, in our previous studies chemical 
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reduction was performed (i) in a simple electrolyte solution (1 mM aqueous Li2SO4, as opposed 

to cell culture media) and (ii) prior to the introduction of the lipoplexes to cells.41 Second, we 

also observed that a large molar excess of GSH was required to achieve rapid transformation of 

oxidized BFDMA within lipoplexes (transformation occurred over ~90 min in the presence of a 

10-fold molar excess of GSH, but within seconds to minutes in the presence of a 50-fold molar 

excess of GSH).  

We also note, in this context, that while GSH served as a useful model reducing agent in 

our initial studies, this molecule is produced in significant concentrations inside cells and is also 

present at lower concentrations in extracellular environments.48,49 In the study reported in this 

chapter, we demonstrate that the rapid and efficient chemical reduction of oxidized BFDMA 

within lipoplexes can be achieved at significantly lower concentrations using ascorbic acid 

(vitamin C) as a chemical reducing agent. Ascorbic acid (AA) is a well-known and biologically 

important chemical reducing agent, but in contrast to GSH it is not synthesized naturally by 

humans or primates.50 In this chapter, we demonstrate using cell-based experiments and 

physicochemical methods of characterization that AA can be used to chemically transform 

lipoplexes of oxidized BFDMA (via reduction of ferrocenium groups) to “activate” these 

lipoplexes both in cell culture media and in the presence of cells (i.e., by adding small amounts 

of AA to lipoplex-containing media in which cells are already growing).  

 

Materials and Methods 

Materials. BFDMA was synthesized using methods described previously.35 Ascorbic acid, 

heparin, and lithium sulfate monohydrate were purchased from Sigma Aldrich (St. Louis, MO). 
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Dodecyltrimethylammonium bromide (DTAB) was purchased from Acros Organics (Morris 

Plains, NJ). Plasmid DNA constructs encoding enhanced green fluorescent protein [pEGFP-N1 

(4.7 kb), >95% supercoiled] and firefly luciferase [pCMV-Luc, >95% supercoiled] were 

purchased from Elim Biopharmaceuticals, Inc. (San Francisco, CA). Dulbecco’s modified 

Eagle’s medium (DMEM), Opti-MEM cell culture medium, phosphate-buffered saline (PBS), 

fetal bovine serum (FBS), Lipofectamine 2000, Lysotracker Red, Wheat germ agglutinin 

(WGA)-Alexa Fluor 488, and Hoechst 34580 were purchased from Invitrogen (Carlsbad, CA). 

Bicinchoninic acid (BCA) protein assay kits were purchased from Pierce (Rockford, IL). Glo 

Lysis Buffer and Steady-Glo Luciferase Assay kits were purchased from Promega Corporation 

(Madison, WI). Cy5 Label-IT nucleic acid labeling kits were purchased from Mirus Bio 

(Madison, WI). Glass inset dishes used for laser scanning confocal microscopy (LSCM) were 

purchased from MatTek (Ashland, MA). Deionized water (18 MΩ) was used to prepare all 

buffers and salt solutions. All commercial materials were used as received without further 

purification, unless otherwise noted. 

 

General Considerations. Electrochemical oxidation of BFDMA was performed as described 

previously.37-39,41 UV/vis absorbance values of lipoplex solutions were monitored using a 

Beckman Coulter DU520 UV/vis Spectrophotometer (Fullerton, CA). Zeta potential 

measurements were performed using a Zetasizer 2000HS instrument (Malvern Instruments, 

Worcestershire, UK). Fluorescence microscopy images used to evaluate the expression of 

enhanced green fluorescent protein (EGFP) in cell transfection experiments were recorded using 

an Olympus IX70 microscope and were analyzed using the MetaVue version 7.1.2.0 software 
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package (Molecular Devices; Toronto, Canada). Luminescence and absorbance measurements 

used to characterize luciferase expression and total cell protein were performed using a 

PerkinElmer EnVision multilabel plate reader (Luciferase: Em, 700 nm cutoff. BCA: Abs 560 

nm). For LSCM experiments, DNA was labeled using a Label-IT nucleic acid labeling kit 

according to the manufacturer’s protocol (labeling density ~100 labels per plasmid). Labeled 

DNA was purified by ethanol precipitation, and labeling densities were determined using a 

UV/vis spectrophotometer, as described by the manufacturer. LSCM was performed using a 

Nikon A1R confocal microscope. LSCM images were processed using ImageJ 1.43u (National 

Institutes of Health; Washington, DC) and Photoshop CS5 (Adobe Systems; San Jose, CA).  

 

Preparation of Lipid and Lipoplex Solutions. Reduced BFDMA solutions (1 mM) were 

prepared by dissolving reduced BFDMA in aqueous Li2SO4 (1 mM, pH 5.1). Oxidized BFDMA 

solutions were prepared by electrochemical oxidation of solutions of reduced BFDMA. To 

prepare lipoplex solutions, a solution of plasmid DNA (24 g/ml in water) was added slowly to 

the aqueous Li2SO4 solution containing an amount of reduced or oxidized BFDMA sufficient to 

give the final lipid concentrations (and also lipid/DNA charge ratios, CRs) reported in the text. 

Lipoplex solutions were incubated at room temperature for 20 min before their use in subsequent 

experiments.  

 

Characterization of the Chemical Reduction of Lipoplexes of Oxidized BFDMA Upon 

Treatment with AA. For experiments designed to characterize the reduction of oxidized BFDMA 

within lipoplexes, lipoplexes were diluted in Opti-MEM cell culture medium to a final lipid 
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concentration of 250 μM, and a 10-fold molar excess of AA solution was added. The time-

dependent transformation of lipoplexes of oxidized BFDMA upon treatment with AA was 

monitored by measuring UV/vis absorption spectra at wavelengths ranging from 400-800 nm, in 

analogy to methods described previously41. To facilitate measurements of absorbance, lipoplexes 

were prepared using a high concentration of BFDMA (250 μM) at lipid/DNA CRs of 1.4:1 and 

4.2:1 (for lipoplexes of reduced or oxidized BFDMA, respectively). To eliminate the clouding of 

solutions of lipoplexes of reduced and oxidized BFDMA or lipoplexes of oxidized BFDMA that 

were treated with AA, DTAB was added prior to absorption measurements. We note here that 

DTAB does not absorb light in the range of wavelengths used in these experiments.  

 

Cell Transfection Experiments and Characterization of Transgene Expression. COS-7, HEK 

293T/17, HeLa, and NIH 3T3 cells used in cell transfection experiments were grown in clear or 

opaque polystyrene 96-well culture plates (for experiments using pEGFP-N1 and pCMV-Luc, 

respectively) at initial seeding densities of 15×103, 50×103, 24×103, and 6×103 cells/well, 

respectively, in 200 μL of growth medium. For each different cell type, the medium used was as 

follows: 90% DMEM, 10% fetal bovine serum for COS-7 and HEK 293T/17 cells; 90% MEM, 

10% fetal bovine serum for HeLa cells, and 90% DMEM, 10% calf bovine serum for NIH 3T3 

cells; 100 units/ml penicillin and 100 μg/ml streptomycin were added to media for all cases. 

After plating, cells were incubated at 37 °C until the cell populations were ~80% confluent. For 

cell transfection experiments, serum-containing cell culture medium was aspirated and replaced 

by 200 μL of serum-free medium (Opti-MEM) followed by the addition of 50 μL of lipoplex 

solutions. After 4 hours of incubation at 37 °C, lipoplex-containing medium was aspirated and 
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replaced with 200 μL of fresh serum-containing medium. Cells were incubated for an additional 

48 h and then analyzed for gene expression. For experiments where pEGFP-N1 was used, 

relative levels of EGFP expression in cells were characterized using fluorescence microscopy. 

For experiments where pCMV-Luc was used, luciferase protein expression measurements were 

conducted using luminescence-based luciferase assay kits, according to the manufacturer’s 

specified protocol. Luciferase expression data were normalized against total cell protein in each 

respective well using a commercially available BCA protein assay kit. All cell transfection 

experiments were conducted in replicates of six. 

 

Characterization of Internalization of Lipoplexes Using LSCM. COS-7 cells were grown in 

glass inset confocal microscopy dishes at an initial seeding density of 2.5×105 cells/dish in 2 mL 

of growth medium. Cells were allowed to grow overnight to approximately 80% confluence. 

Growth medium was then replaced with 2.0 mL of serum-free cell culture medium (Opti-MEM), 

and 500 μL of lipoplex solutions formulated from BFDMA and pEGFP-N1 (mixture of 

unlabeled pEGFP-N1 and 20% (w/w) of a pEGFP-N1 labeled with Cy-5) were added. Cells were 

incubated with lipoplex solutions at 37 °C for 4 hours. Lipoplex solutions were aspirated and 

then cells were rinsed with 50 U/ml of a heparin solution (in PBS) to promote the removal of 

extracellular membrane-associated lipoplexes. Cells were then stained with solutions of Hoechst 

34580 (nuclear stain), Lysotracker Red (endosome/lysosome stain), and WGA-Alexa Fluor 488 

(membrane stain). Internalization of Cy5-labeled DNA was then characterized using LSCM. 

LSCM images were acquired using a 60x/1.40 NA oil immersion objective. Hoechst 34580, 

WGA-Alexa Fluor 488, Lysotracker Red, and Cy5-labeled DNA were excited using laser lines at 
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408, 488, 561 and 638 nm, respectively. Fluorescence emission signals were collected for four 

individual channels and merged to create four-color images. 

 

Characterization of the Zeta Potentials of Lipoplexes. The zeta potentials of lipoplexes were 

characterized using a Zetasizer 3000HS (Malvern Instruments, Worcestershire, UK). The 

analysis of 3 mL samples of lipoplex solutions was performed at ambient temperatures using an 

electrical potential of 150 V. Five measurements were performed for each lipoplex solution. The 

Henry equation was used to calculate the zeta potentials from measurements of electrophoretic 

mobility. In these calculations, the viscosity of the lipoplex solutions was assumed to be same as 

that of water.  

 

Preparation of Samples of Lipoplexes for Characterization by SANS and Cryo-TEM. Stock 

solutions of BFDMA (1 mM) were prepared in 1 mM Li2SO4. Lipoplex solutions were prepared 

by adding pEGFP-N1 to stock solutions of BFDMA and then diluting in Opti-MEM cell culture 

medium. Lipoplexes formed from reduced BFDMA and DNA were prepared at a charge ratio of 

1.1:1, and contained the same molar concentrations of BFDMA as complexes formed by 

oxidized BFDMA and DNA at a charge ratio of 3.3:1.  Although these charge ratios were chosen 

to be close to those used in cell transfection experiments, the absolute concentrations of BFDMA 

used in the SANS and cryo-TEM measurements (620 to 660 μM) were substantially higher than 

those used in the transfection experiments. These higher concentrations were necessary to obtain 

sufficient intensities of scattered neutrons in SANS experiments. To be consistent with the 

concentrations used in these SANS measurements and also allow for better sampling, cryo-TEM 
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analyses of BFDMA lipoplexes were also performed at these high lipoplex concentrations.  

 

Characterization of Lipoplexes by Small-Angle Neutron Scattering. SANS measurements were 

performed using the CG-3 Bio-SANS instrument at the Oak Ridge National Laboratory (ORNL), 

Oak Ridge, TN. The incident neutron wavelength was on average 6 Å, with a spread in 

wavelength, Δλ/λ, of 15%. Data were recorded at two different sample-to-detector distances (1 

and 14.5 m), giving q ranges from 0.490-0.018 and 0.064-0.003 Å-1, respectively. To ensure 

statistically relevant data, at least 106 counts were collected for each sample at each detector 

distance. The samples were contained in quartz cells with a 2 mm path length and placed in a 

sample chamber held at 25.0 ± 0.1 °C. The data were corrected for detector efficiency, 

background radiation, empty cell scattering, and incoherent scattering to determine the intensity 

on an absolute scale.40 The background scattering from the solvent was subtracted. The 

processing of data was performed using Igor Pro (WaveMetrics, Lake Oswego, OR) with a 

program provided by ORNL. Guinier analysis described in detail elsewhere 40,51 was used to 

interpret the scattering. Errors reported for d-spacings were calculated directly from q values by 

assuming a 2% experiment-to-experiment change in Bragg peak position versus q position (via 

calibration using silver behenate standards). 

 

Characterization of Lipoplexes by Cryo-TEM. Specimens of lipoplexes used for 

characterization by cryo-TEM were prepared in a controlled environment vitrification (CEVS) 

system at 25 °C and 100% relative humidity, as previously described.52,53 Samples were 

examined using a Philips CM120 or in a FEI T12 G2 transmission electron microscope, operated 
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at 120 kV, with Oxford CT-3500 or Gatan 626 cooling holders and transfer stations. Specimens 

were equilibrated in the microscope below -178 °C, and then examined in the low-dose imaging 

mode to minimize electron beam radiation damage. Images were recorded at a nominal 

underfocus of 1-2 µm to enhance phase contrast. Images were acquired digitally by a Gatan 

MultiScan 791 (CM120) or a Gatan US1000 high-resolution (T12) cooled-CCD camera using 

the DigitalMicrograph software package. 

 

Results and Discussion 

Transformation of the Lipoplexes of Oxidized BFDMA by Treatment with Ascorbic Acid. We 

first conducted experiments to evaluate the extent and rate of reduction of lipoplexes of oxidized 

BFDMA upon treatment with AA in cell culture medium. For these studies, we selected the 

serum-free cell culture medium Opti-MEM (pH 7.4), because (i) this culture medium is widely 

used in in vitro cationic lipid-based cell transfection assays, and (ii) our previous cell transfection 

and physical characterization experiments were also performed using this medium.37-39,41 For the 

experiments presented in this section, we used lipoplexes of reduced or oxidized BFDMA 

prepared at BFDMA/DNA charge ratios (CRs) of 1.4:1 and 4.2:1, respectively. (We note here 

that lipoplexes of reduced and oxidized BFDMA prepared at these CRs contain the same molar 

ratio of BFDMA and DNA, owing to differences in the net charges of reduced (+1) and oxidized 

(+3) BFDMA.) These CRs were chosen on the basis of our past studies revealing that lipoplexes 

of reduced BFDMA at a CR of 1.4:1 yield high levels of cell transfection, but that lipoplexes of 

oxidized BFDMA at a CR of 4.2:1 mediate significantly lower levels of transfection.38,41  

Figure 2A shows UV/vis absorption spectra of solutions of lipoplexes of reduced 
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Figure 2. (A) UV/visible absorbance spectra for solutions of lipoplexes of reduced BFDMA (black solid 
line), lipoplexes of oxidized BFDMA (black dashed line) or lipoplexes of oxidized BFDMA treated with 
AA (grey dashed line) in OptiMEM cell culture medium. (B) Decrease in absorbance maximum (630 
nm) of lipoplexes of oxidized BFDMA vs time upon treatment with a 10-fold molar excess of AA in 
Opti-MEM cell culture medium. 

BFDMA (black solid line), lipoplexes of oxidized BFDMA (black dashed line), and lipoplexes 

of oxidized BFDMA treated with a 10-fold molar excess of AA (gray dashed line) in Opti-MEM 

cell culture medium. Inspection of these data reveals that upon treatment of lipoplexes of 

oxidized BFDMA with AA, the absorbance peak at 630 nm, characteristic of oxidized BFDMA, 

disappeared, and a new maximum in absorbance at 430 nm (characteristic of the maximum 

absorbance of reduced BFDMA) appeared. The overall shape of the absorption spectrum of the 

lipoplexes of oxidized BFDMA that were treated with AA was similar to that of the lipoplexes of 

reduced BFDMA. 

Additional characterization of the time dependent disappearance of the peak in 

absorbance at 630 nm demonstrated that the AA-mediated reduction of lipoplexes occurred over 
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a period of ~1 min (Figure 2B). These observations demonstrate that AA can be used to reduce 

the ferrocenium groups of oxidized BFDMA in lipoplexes at rates that are significantly higher 

than those that are possible using GSH (e.g., reduction occurred over ~90 min in the presence of 

10-fold molar excess of GSH41).  

 

Treatment of Lipoplexes of Oxidized BFDMA with AA in the Presence of Cells Activates 

Lipoplexes Toward Transfection. In our previous study, we demonstrated that GSH could be 

used to chemically transform inactive lipoplexes of oxidized BFDMA to lipoplex solutions 

capable of mediating levels of transgene expression comparable to those promoted by lipoplexes 

of reduced BFDMA (at several lipid/DNA CRs).41 In that study, chemical transformations of 

oxidized BFDMA lipoplexes were performed in 1 mM aqueous Li2SO4 prior to the introduction 

of the lipoplexes to cells.41 In the work reported in this chapter, we sought to determine whether 

it was possible to perform the chemical transformation and, thus, the activation of inactive 

lipoplexes of oxidized BFDMA in cell culture media (Opti-MEM) and directly in the presence of 

cells. Here, we note that Opti-MEM differs from the Li2SO4 solutions used in our past studies in 

two important ways. First, the Li2SO4 solutions used in our past studies were prepared at pH 5.1 

(this pH was chosen based on conditions required for the bulk electrolysis of BFDMA), but 

Opti-MEM is at physiological pH (pH 7.4). Second, Opti-MEM is a far more complex medium 

(e.g., it contains salts, trace elements, growth factors, and proteins) than aqueous Li2SO4 

solution.  

On the basis of these differences, we first sought to determine whether the addition of AA 

to lipoplexes of oxidized BFDMA in Opti-MEM cell culture medium and the presence of cells 
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would lead to the activation of lipoplexes and result in high levels of cell transfection. To this 

end, we performed a series of qualitative gene expression assays using the COS-7 cell line and 

lipoplexes prepared from BFDMA and a plasmid DNA construct (pEGFP-N1) encoding 

enhanced green fluorescent protein (EGFP). For these experiments, we used lipoplexes prepared 

at BFDMA/DNA CRs that were identical to those used in the experiments described above (i.e., 

BFDMA/DNA CRs of 1.4:1 and 4.2:1 for lipoplexes of reduced and oxidized BFDMA, 

respectively), but at lower overall BFDMA concentrations (10 μM). (See Materials and Methods 

for additional details regarding these cell transfection experiments). Immediately following the 

introduction of lipoplexes of oxidized BFDMA to cells incubated in Opti-MEM, AA was added 

to the media and stirred gently using a pipette.  

Figure 3 shows representative fluorescence micrographs of COS-7 cells 48 h after 

incubation with either lipoplexes of (A) reduced BFDMA, (B) oxidized BFDMA, or (C) 

lipoplexes of oxidized BFDMA treated with AA. Inspection of these images reveals that 

lipoplexes of reduced BFDMA mediated high levels of EGFP expression, while lipoplexes of 

 
 
Figure 3. Representative fluorescence micrographs (100× mag; 1194 μm × 895 μm) of confluent 
monolayers of COS-7 cells showing levels of EGFP expression mediated by (A) lipoplexes of reduced 
BFDMA, (B) lipoplexes of oxidized BFDMA or (C) lipoplexes of oxidized BFDMA treated with AA. 
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oxidized BFDMA yielded significantly lower levels of expression. These results are consistent 

with those of our past studies.37,38,41 Further inspection of Figure 3C, however, reveals that the 

lipoplexes of oxidized BFDMA that were treated with AA after addition to cells mediated levels 

of transgene expression that were qualitatively similar to those mediated by lipoplexes of 

reduced BFDMA. When combined, these results suggest that the addition of AA to the 

extracellular environment can be used to transform otherwise inactive lipoplexes of oxidized 

BFDMA into active lipoplexes that mediate high levels of transfection.  

To confirm the results above and characterize relative levels of transgene expression 

quantitatively, we performed a second series of transfection experiments using lipoplexes 

formulated using BFDMA and a plasmid encoding firefly luciferase (pCMV-Luc) over a range 

of lipid concentrations (e.g., from 8 to 40 M). These lipid concentrations correspond to 

lipid/DNA CRs ranging from 1.1:1 to 5.5:1 (for lipoplexes of reduced BFDMA) and 3.3:1 to 

16.5:1 (for lipoplexes of oxidized BFDMA). These BFDMA concentrations (and thus 

BFDMA/DNA CRs) were chosen to permit comparisons to broader ranges of lipid 

concentrations used in our previous studies.37,38,41Figure 4A shows levels of luciferase expression 

(expressed as relative light units normalized to total concentration of cell protein) mediated by 

lipoplexes of BFDMA in the COS-7 cell line.  The results of this experiment (Figure 4A) reveal 

that lipoplexes of reduced BFDMA (black bars) mediate significantly higher levels of transgene 

expression than lipoplexes of oxidized BFDMA (gray bars) at all of the BFDMA concentrations 

investigated. These results are generally similar to the results of our past studies37,38,41. Inspection 

of the luciferase expression data corresponding to lipoplexes of oxidized BFDMA treated with 

AA (white bars), however, reveals that these lipoplexes are able to mediate levels of transgene 
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expression that are significantly higher than those mediated by lipoplexes of oxidized BFDMA 

(gray bars), particularly at BFDMA concentrations of 10 and 20 μM. The relative decrease in the 

level of expression of luciferase that is measured when using 40 μM BFDMA is due to the 

cytotoxicity of BFDMA at this higher concentration, as detailed in our past studies38,41. We also 

note here that control experiments using (i) solutions of AA alone or (ii) mixtures of AA and 

DNA in the absence of BFDMA did result in very low levels of transgene expression (5-7 × 105 

RLU/mg protein). Furthermore, the addition of a 10-fold molar excess of AA to lipoplexes of 

reduced BFDMA did not affect the level of transgene expression mediated by these lipoplexes. 

 
 
Figure 4. Normalized luciferase expression mediated by lipoplexes of reduced BFDMA (black bars), 
lipoplexes of oxidized BFDMA (gray bars), or lipoplexes of oxidized BFDMA treated with AA (white 
bars) in (A) COS-7, (B) HEK 293T/17, (C) HeLa and (D) NIH 3T3 cell lines.  
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These results, when combined, suggest that the increased levels of cell transfection that 

are observed to accompany the addition of AA to lipoplexes of oxidized BFDMA are due to the 

reduction of oxidized BFDMA within lipoplexes (and that this is not the result of other potential 

influences of AA on cell behavior). In conclusion, the results shown in Figures 3 and 4A 

demonstrate that AA is able to transform (or activate) lipoplexes of oxidized BFDMA in the 

presence of cells, and that this transformation leads to lipoplexes that promote high levels of 

transgene expression in the COS-7 cell line. Finally, we note that levels of transgene expression 

mediated by lipoplexes of oxidized BFDMA treated with AA are lower than those mediated by 

lipoplexes of reduced BFDMA. Physicochemical factors and differences in lipoplex structure 

that could underlie these differences in levels of cell transfection are discussed in additional 

detail below. 

We selected COS-7 cells for use in the initial studies above for two important reasons. 

First, the use of COS-7 cells allowed us to compare the results of this current study to those of 

our past investigations using this cell line.37,38,41 Second, this cell line is generally considered to 

be easy to transfect, and, as such, provides a more challenging test of lipoplex “inactivity" (that 

is, our results demonstrate that lipoplexes of oxidized BFDMA (i.e., in an “off” state) transfect 

very poorly using a cell line that is otherwise regarded to be relatively easy to transfect54). We 

performed additional experiments similar to those described above to investigate the ability of 

lipoplexes of BFDMA to transfect three additional cell lines (HEK 293T/17, HeLa, and NIH 3T3 

cells) used widely for the characterization of non-viral gene delivery systems. Quantitative 

luciferase-based transfection experiments were conducted in these additional cell lines using 

concentrations of BFDMA, lipid/DNA CRs, and other conditions identical to those used for 
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transfection assays using COS-7 cells above. 

Figures 4B-D show plots of normalized luciferase expression in (B) HEK 293T/17, (C) 

HeLa and (D) NIH 3T3 cells after treatment with lipoplexes of reduced BFDMA (black bars), 

oxidized BFDMA (gray bars), or lipoplexes of oxidized BFDMA treated with AA (white bars). 

Inspection of these data reveals that lipoplexes of reduced BFDMA (black bars) were able to 

mediate significant levels of transfection in these cell lines at lipid concentrations ranging from 8 

μM to 20 μM (albeit at absolute levels of expression that were different for each cell type; we 

return to these observations again below). In contrast, lipoplexes of oxidized BFDMA (gray 

bars) mediated levels of transfection that were significantly lower than those mediated by 

lipoplexes of reduced BFDMA. These results are generally consistent with the results of 

presented in Figure 4A and past studies using COS-7 cells,37,38,41 and lead to two important 

conclusions: (i) that the ability of reduced BFDMA to transfect cells is not limited to transfection 

of the COS-7 cell line, and (ii) that the large differences in transfection observed between 

lipoplexes of reduced and oxidized BDFMA are maintained across a more diverse panel of cell 

types. Finally, these results also reveal that the addition of AA can be used to transform 

lipoplexes of oxidized BFDMA (gray bars) to lipoplexes (white bars) that are able to mediate 

significantly higher levels of cell transfection at BFDMA concentrations of 10 and 20 μM.  

As described above, the absolute levels of luciferase expression mediated by lipoplexes 

of reduced BFDMA and lipoplexes of oxidized BFDMA treated with AA varied considerably for 

each cell type. The data presented in Figure 4, for example, demonstrate that levels of luciferase 

expression observed in the COS-7 and HEK 293T/17 cell lines were much higher (on the order 

of 107 - 109 RLU/mg protein, depending on BFDMA concentration) compared to levels of 
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expression in HeLa and NIH 3T3 cells (e.g., on the order of 105 RLU/mg protein under 

otherwise identical conditions). These results are consistent with the results of other past studies 

demonstrating that levels of gene expression in HeLa and NIH 3T3 cells are lower than those in 

COS-7 and HEK 293T/17 cells.25,28,55 Although many different factors could contribute to these 

large variations in transgene expression, the higher levels of expression observed in the COS-7 

and HEK 293T/17 cells here also likely arise, at least in part, from the fact that these two 

transformed cell lines express the SV40 large T antigen.56,57 Expression of this antigen is known 

to result in increased expression of gene products of plasmids that contain the SV40 origin of 

replication (as contained in the two plasmid constructs used in this study).56 We note also that 

these current experiments were designed to investigate and screen the ability of BFDMA to 

transfect cells over a broad range of lipid concentrations. It is likely, however, that additional 

optimization studies could lead to formulations and experimental conditions that lead to higher 

absolute levels of transfection in these four cell types. In the context of this current study 

reported in this chapter, however, we note that the primary significance of the results reported 

here lies not in comparisons of absolute levels of transgene expression, but in the observations 

that both (i) the fundamental influence of the redox state of BFDMA on cell transfection and (ii) 

the ability to chemically transform this redox state in a useful way by treatment with AA are 

preserved across a broader range of different cell types.  

 

Characterization of Cellular Internalization and Zeta Potentials of Lipoplexes of Oxidized 

BFDMA Treated with AA. We used laser scanning confocal microscopy (LSCM) and lipoplexes 

prepared using plasmid DNA labeled with a Cy-5 fluorescent label to characterize differences in 
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the extents to which the lipoplexes reported above were internalized by COS-7 cells. Guided by 

the results of our transfection experiments, the concentration of BFDMA used in these 

experiments was 10 μM. The cells were incubated with lipoplexes of (i) reduced BFDMA, (ii) 

oxidized BFDMA, or (iii) lipoplexes of oxidized BFDMA treated with AA immediately after 

addition to cells. After a 4 h incubation period, cells were rinsed extensively with a solution of 

heparin (50 U/ml) to promote the removal of lipoplexes associated with (i.e., bound to) cell 

membranes. Figure 5 shows LSCM images of the cells in these experiments. In these images 

blue, green, red and gray signals correspond to Lysotracker Red (endosome/lysosome stain), 

WGA-Alexa Fluor 488 (membrane stain), Cy5-labeled DNA, and Hoechst 34580 (nuclear stain), 

respectively. Membrane-associated red structures correspond to lipoplexes associated with cell 

 
 
Figure 5. Representative confocal fluorescence micrographs showing internalization of DNA by COS-7 
cells treated with (A) lipoplexes of reduced BFDMA, (B) lipoplexes of oxidized BFDMA or (C) 
lipoplexes of oxidized BFDMA treated with AA. Fluorescence signals correspond to Lysotracker Red 
(endosome/lysosome stain; blue signal), WGA-Alexa Fluor 488 (membrane stain; green signal), Cy5 
(fluorescently labeled DNA; red signal), and Hoechst 34580 (nuclear stain; grey signal). Thick white 
arrows point to lipoplexes that appear to be associated with cell membranes, thin white arrows point to 
internalized lipoplexes located in endosomes and/or lysosomes, and white arrow heads point to 
internalized lipoplexes that are not located in acidic endosomes or lysosomes.  
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membranes that were not removed by rinsing steps mentioned above. The image in Figure 5A 

shows cells incubated with lipoplexes of reduced BFDMA for 4 hours. Inspection of this image 

reveals significant internalization of lipoplexes, and that DNA is present (i) as large aggregates 

which appear to be associated with the cell membrane (e.g., thick white arrows), (ii) inside the 

cells either in endosomes and/or lysosomes (e.g., thin white arrows; when blue signal 

corresponding to endosomes and/or lysosomes is merged with the red signal corresponding to 

Cy-5 labeled DNA, magenta spots are formed), and (iii) inside cells but not in acidic endosomes 

and/or lysosomes (e.g., white arrowheads). In contrast, inspection of the representative image in 

Figure 5B, corresponding to cells treated with lipoplexes of oxidized BFDMA for 4 h, shows 

very low levels of internalized DNA (e.g., white arrowhead). The image in Figure 5C, which 

corresponds to cells incubated with lipoplexes of oxidized BFDMA that were subsequently 

treated with AA, reveals high levels of internalized DNA and that the internalized DNA is 

located either in endosomes and/or lysosomes (e.g., thin white arrows) or in the cytosol (e.g., 

white arrowheads). A comparison of these results to the image shown in Figure 5A also reveals 

that fewer large aggregates are associated with the cell membrane (although several smaller 

membrane-associated aggregates are observed; Figure 5C, e.g., white arrows). The results shown 

in Figures 5A and B are in general agreement with the results of our past studies41 and 

demonstrate that redox state of BFDMA significantly influences levels of cell transfection by 

changing the extents to which lipoplexes are internalized (or not internalized) by cells. The 

observation that lipoplexes of oxidized BFDMA treated with AA are internalized readily by cells 

correlates with the observation of higher levels of transfection (e.g., Figures 3 and 4) and 

provides additional support for the view that lipoplexes of oxidized BFDMA can be activated 
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toward transfection by the chemical reduction or transformation of the lipoplexes in the 

extracellular environment (and prior to internalization by cells).  

Past studies have demonstrated that the efficiency with which lipoplexes are internalized 

by cells tends to increase with increases in the zeta potentials of the lipoplexes.58,59 To provide 

insight into changes in the physical properties of BFDMA lipoplexes that could underlie the 

changes in internalization and transgene expression described above, we performed a series of 

experiments to characterize the zeta potentials of BFDMA lipoplexes in Opti-MEM cell culture 

medium. These experiments were conducted using lipoplexes formed at lipid concentrations and 

BFDMA/DNA CRs identical to those used in the transfection and internalization experiments 

described above (i.e., at a BFDMA concentration of 10 μM and at a BFDMA/DNA CR of 1.4:1 

and 4.2:1 for lipoplexes of reduced and oxidized BFDMA, respectively).  

Table 1 shows the results of zeta potential measurements of either lipoplexes of reduced 

BFDMA, oxidized BFDMA, or lipoplexes of oxidized BFDMA treated with AA in Opti-MEM 

cell culture medium. These data reveal that the average zeta potential of lipoplexes of reduced 

BFDMA (which mediated high levels of internalization and transfection in the above 

experiments) was approximately -17 mV under these conditions.  

In contrast, the average zeta potential of lipoplexes of oxidized BFDMA (which were not 

internalized readily and did not mediate high levels of cell transfection) was considerably more 

negative (approximately -34 mV). The average zeta potential of lipoplexes of oxidized BFDMA 

that were treated with AA (approximately -21 mV), however, was less negative than that of 

lipoplexes of oxidized BFDMA and, in general, closer in magnitude to that of lipoplexes of 

reduced BFDMA. We note that while the zeta potentials of lipoplexes of reduced BFDMA and 
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lipoplexes of oxidized BFDMA treated with AA were not measured to be positive under these 

conditions (e.g., in Opti-MEM), these two types of lipoplexes did result in high levels of 

transfection and internalization in the experiments above. It is possible that the less-negative zeta 

potentials of these lipoplexes contribute to more efficient internalization and transfection by 

facilitating more favorable electrostatic interactions with negatively charged cell membranes, 

although we note that the current results presented in this chapter do not rule out other factors 

that could lead to differences in internalization. In the section below, we describe the results of 

other physicochemical and nanostructural characteristics that could also contribute to observed 

differences in internalization and/or transfection.  

 

 

 

 

 

 

 

 

 

 

Characterization of Lipoplexes using SANS and Cryo-TEM. We used SANS and cryo-TEM to 

provide additional insight into changes in the nanostructures of lipoplexes of oxidized BFDMA 

that could occur upon the addition of AA. These characterization experiments were performed in 

 Table 1. Zeta Potentials of Lipoplexesa 

Sample Zeta Potentials (mV) 
Lipoplexes of  

Reduced BFDMA -16.8 ± 1.5 

Lipoplexes of  
Oxidized BFDMA -33.7 ± 1.4 

Lipoplexes of  
Oxidized BFDMA 

treated with AA 
-20.6 ± 1.2 

aLipoplexes were prepared in Li2SO4 solution 
and then diluted in Opti-MEM cell culture medium so 
that the final concentration of BFDMA was 10 μM in all 
cases, and lipid/DNA charge ratios were fixed at 1.4:1 for 
lipoplexes of reduced BFDMA and 4.2:1 for lipoplexes 
of oxidized BFDMA. Lipoplexes of oxidized BFDMA 
were treated with 10-fold molar excess of AA following 
their dilution into Opti-MEM cell culture medium. 
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Opti-MEM cell culture medium using lipoplexes formulated at BFDMA/DNA CRs used in the 

transfection analyses described above (i.e., at a BFDMA/DNA CR of 1.1:1 and 3.3:1 for 

lipoplexes of reduced BFDMA and oxidized BFDMA, respectively). However, as described 

above in the Materials and Methods section, these experiments were performed at higher overall 

lipoplex concentrations to obtain sufficient intensities of scattered neutrons in SANS 

experiments. We note that these CRs do not correspond to those that lead to the highest levels of 

cell transfection in Figure 4; these CRs were chosen to permit comparison to the SANS and 

cryo-TEM results reported in our past study on the characterization of lipoplexes of BFDMA and 

DNA at these CRs in 1 mM Li2SO4.40 The results of this past study demonstrated that the 

nanostructures of lipoplexes of BFDMA did not change substantially as CRs were varied (at least 

for lipoplexes of reduced BFDMA).  

Figure 6 shows SANS spectra of lipoplexes of reduced BFDMA (solid black triangles), 

lipoplexes of oxidized BFDMA (solid gray triangles), and lipoplexes of oxidized BFDMA that 

were treated with AA (open black triangles). The inset in Figure 6 shows the Bragg peaks 

observed at q=0.12 Å-1 for these solutions. In both plots, the SANS spectra corresponding to 

solutions of lipoplexes of oxidized BFDMA and lipoplexes of oxidized BFDMA treated with AA 

were offset by a scale factor of 1.2 to facilitate comparison to the spectrum of lipoplexes of 

reduced BFDMA.  

The SANS spectrum of the lipoplexes of reduced BFDMA (solid black triangles) exhibits 

a single peak at q=0.12 Å-1 (see Figure 6 inset), which corresponds to a nanostructure with a 

periodicity of 5.2 nm. This periodicity is the same as that determined previously by us to 

correspond to multi-lamellar complexes of BFDMA and DNA,40 and is consistent with a model 



 
 

 

39 

 
 
Figure 6. SANS spectra of lipoplexes of reduced BFDMA (solid black triangles), lipoplexes of 
oxidized BFDMA (solid gray triangles) or lipoplexes of oxidized BFDMA treated with AA (open 
black triangles). The inset shows the Bragg peaks observed at 0.12 Å-1. The data corresponding to 
solutions of lipoplexes of oxidized BFDMA and lipoplexes of oxidized BFDMA treated with AA were 
offset by a scale factor of 1.2 to facilitate direct comparison to the SANS spectrum of reduced BFDMA 
lipoplexes.  
 

(informed by cryo-TEM images; see Figure 7A, below) in which double-stranded DNA and D2O 

(combined thickness of 2.5 nm) are intercalated between lipid bilayers (lipid thickness is 

estimated to be 2.7 nm). The presence of a single Bragg peak suggests that this periodic 

nanostructure does not extend over large distances. We also note here that these results obtained 

in Opti-MEM cell culture medium are similar to SANS results reported previously by our group 

using lipoplexes of BFDMA prepared in 1 mM Li2SO4 (i.e., in the absence of Opti-MEM).40 This 

result indicates that the periodicity of the nanostructure formed by reduced BFDMA and DNA in 

simple electrolytes is not disrupted by the higher ionic strength and more complex composition 

of Opti-MEM cell culture medium. Further inspection of the SANS data for these lipoplexes 

(solid black triangles) in the low q region of the spectrum reveals a q-4 dependence that is 

consistent with the presence of polydisperse multilamellar vesicles.40 
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Next, we used SANS to characterize the nanostructures of lipoplexes of oxidized 

BFDMA in OptiMEM cell culture medium (Figure 6, solid gray triangles). For the solutions of 

lipoplexes of oxidized BFDMA, a Bragg peak with a low intensity was obtained (see Figure 6 

inset, solid gray triangles) at the same value of q (0.12 Å-1) at which the Bragg peak of the 

lipoplexes of reduced BFDMA was observed. The low intensity of this Bragg peak suggests that 

relatively few periodic structures are present in solution and/or that the range of ordering of the 

periodic structures is short (as compared to lipoplexes of reduced BFDMA). In our previous 

study, in which we analyzed lipoplexes of oxidized BFDMA in 1 mM Li2SO4 (i.e., in the absence 

of Opti-MEM), no Bragg peak was observed in the SANS spectrum, indicating the absence of 

detectable periodic nanostructure in the solutions of the lipoplexes of oxidized BFDMA in 1 mM 

Li2SO4.
40 However, the development of a Bragg peak for the lipoplexes of oxidized BFDMA in 

Opti-MEM cell culture medium suggests that the high ionic strength and/or the other 

components of Opti-MEM promote formation of ordered nanostructures (see cryo-TEM images 

of lipoplexes of oxidized BFDMA (Figure 7B), which demonstrates the formation of 

nanostructures with short range of ordering at the edges of loose aggregate structures). We also 

note that the SANS spectrum of lipoplexes of oxidized BFDMA in the low q region follows a q 

dependence of q-2.8, consistent with the presence of loose aggregate structures.40,60 These data, 

when combined, suggest that lipoplexes of oxidized BFDMA in Opti-MEM cell culture medium 

form both loose aggregates and periodic nanostructures with a short range of ordering. 

Figure 6 also shows the SANS spectrum of lipoplexes of oxidized BFDMA that were 

treated with AA (open black triangles). These data reveal a Bragg peak at the same position as 

the peak for lipoplexes of reduced or oxidized BFDMA (q=0.12 Å-1; see Figure 6 inset). In 
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contrast to the spectrum observed for lipoplexes of oxidized BFDMA, the height of the Bragg 

peak following treatment with AA was similar to the height of the Bragg peak observed for 

lipoplexes of reduced BFDMA.  This result suggests that the periodicity of the nanostructures of 

the lipoplexes of reduced BFDMA and lipoplexes of oxidized BFDMA treated with AA are 

similar. Furthermore, scattering from lipoplexes of oxidized BFDMA treated with AA in the low 

q-region of the spectrum has a q dependence that is close to q-3.5, a dependence that is close to 

that observed for lipoplexes of reduced BFDMA.  

We also performed cryo-TEM experiments to provide complementary insight into 

differences in the nanostructures of these lipoplexes (Figure 7). Cryo-TEM characterization of 

lipoplexes of reduced BFDMA (Figure 7A) revealed spherically shaped, onion-like multilamellar 

structures (white asterisks) and a physical picture of the nanostructures of these lipoplexes that 

was generally consistent with the results of SANS measurements described above. We also 

observed partially disassociated structures and DNA threadlike structures, however their 

presence was rare and the majority of the lipoplexes were intact onion-like multilamellar 

structures with varying numbers of shells per aggregate. The disassociation could result from 

additional competitive interactions of lipoplexes with components of Opti-MEM cell culture 

medium.  The structural characteristics of the lipoplexes of reduced BFDMA were consistent 

with the presence of a Bragg peak and also a q dependence of -4 in the low q region in the SANS 

spectrum of these complexes (Figure 6, solid black triangles).  
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Cryo-TEM characterization of lipoplexes of oxidized BFDMA (Figure 7B) revealed the 

presence of large amorphous aggregates (asterisk) and few isolated lamellar structures, 

 
 
Figure 7. Cryo-TEM images of (A) lipoplexes of reduced BFDMA (* shows onion-like lipoplexes, (B) 
lipoplexes of oxidized BFDMA (* shows dense amorphous aggregate), (C,D) lipoplexes of oxidized 
BFDMA treated with AA in Opti-MEM. In images A-D white arrows point to lamellar structures, 
arrowheads show DNA threadlike structures, and black arrows indicate high contrast amorphous 
aggregates. Additional cryo-TEM images acquired during characterization of the samples of E) 
lipoplexes of oxidized BFDMA that were treated with AA and F) lipoplexes of oxidized BFDMA (both 
in Opti-MEM cell culture medium) used to acquire images shown in images B-D. The images were 
acquired in an area of the sample where lipoplexes were absent and show the presence of DNA 
threadlike structures in solution. G) Cryo-TEM image of a solution of plasmid DNA encoding EGFP 
(2.9 mg/ml in water). The arrows in images E-G point at DNA threads dispersed in the solution. 
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sometimes located at the edges of these aggregates (white arrows). In general, these results are 

consistent with the q dependence of -2.8 in the low q region and the presence of a low intensity 

Bragg peak, respectively, in the SANS spectrum of these lipoplexes. Most of these lamellar 

structures (composed of 2-3 layers of lamellae) did not form onion-like spheres. We note again 

that these amorphous nanostructures are different from those observed by cryo-TEM of 

lipoplexes of oxidized BFDMA in Li2SO4 
40 (the cryo-TEM images of lipoplexes of oxidized 

BFDMA in Li2SO4 show predominantly dense amorphous aggregates without any periodic 

nanostructures). Finally, arrowheads in Figure 7B point to fuzzy edges of the lamellar 

aggregates, where DNA threadlike structures emerge. This may also indicate dissociation of 

DNA from these aggregates in Opti-MEM cell culture medium.  

Cryo-TEM images of lipoplexes of oxidized BFDMA treated with AA (Figures 7C and 

7D) reveal the coexistence of amorphous structures, multilamellar aggregates, and DNA 

threadlike structures. The multilamellar aggregates are either non-spherical (Figure 7C and 7D; 

white arrows), or consist of small spherical onion-like structures (Figure 7C, asterisk). The non-

spherical multilamellar structures were composed of several layers of lamellae, and were curved 

(in contrast to the structures observed in oxidized BFDMA lipoplexes). The presence of 

multilamellar nanostructures (Figure 7C and 7D) is consistent with the presence of a Bragg peak 

in the SANS spectrum of these lipoplexes. Similar to the samples of lipoplexes of oxidized 

BFDMA described above, DNA threadlike structures (Figure 7C and 7D, arrowheads) were also 

observed in areas near the lipoplexes. In both cases, we also observed DNA threads dispersed in 

the solution in areas that did not contain other aggregates (Figure 7E and 7F, arrows). Cryo-TEM 

image of a solution of plasmid DNA encoding EGFP (2.9 mg/ml in water) is shown in Figure 7G 
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for comparison (arrows). In contrast, the amorphous structures (Figure 7D, black arrows) 

observed for lipoplexes of oxidized BFDMA treated with AA differ from those observed in the 

samples of lipoplexes of oxidized BFDMA; they are less dense, and show better contrast and 

order.   

In conclusion, the results of SANS and cryo-TEM analyses (Figures 6 and 7) demonstrate 

that lipoplexes of reduced and oxidized BFDMA, or lipoplexes of oxidized BFDMA treated with 

AA, form nanostructures with different characteristics in Opti-MEM cell culture medium. The 

lipoplexes of reduced BFDMA form mostly onion-like multilamellar structures. In contrast, 

lipoplexes of oxidized BFDMA form mostly amorphous aggregates, although some lamellar 

structures (composed of 2-3 layers of lamellae) at the edges of the amorphous structures were 

observed. The formation of these lamellar structures could be triggered by the pH or the 

components of Opti-MEM, since in our previous cryo-TEM analysis of lipoplexes of oxidized 

BFDMA in 1 mM aqueous Li2SO4, we did not observe these ordered structures at the edges of 

amorphous aggregates. Finally, we observed that the treatment of lipoplexes of oxidized 

BFDMA with AA in Opti-MEM cell culture medium leads to formation of small onion-like and 

curved multilamellar structures (i.e., a nanostructure that is similar to lipoplexes of reduced 

BFDMA).  

 

Summary and Conclusions 

We have demonstrated that AA can be used as a chemical reducing agent to activate 

otherwise inactive lipoplexes of oxidized BFDMA in the presence of cells. Our results establish 

that treatment with AA results in the rapid reduction of the ferrocenium groups of oxidized 
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BFDMA, and that the resulting lipoplexes of reduced BFDMA mediate significant levels of cell 

transfection in a panel of several different cell lines (COS-7, HEK 293T/17, HeLa, and NIH 3T3 

cell lines). Characterization by confocal microscopy and measurements of the zeta potentials of 

lipoplexes suggested that the large differences in cell transfection mediated by lipoplexes of 

oxidized BFDMA and lipoplexes of oxidized BFDMA treated with AA resulted from significant 

differences in the extents to which these lipoplexes were internalized by cells. Our results also 

demonstrate that these differences in transfection are a result of changes in the oxidation state of 

BFDMA that occur in the extracellular environment (that is, prior to the internalization of 

lipoplexes by cells). Additional characterization by SANS and cryo-TEM measurements 

revealed changes in the nanostructures of lipoplexes of oxidized BFDMA upon treatment with 

AA from aggregates that were generally amorphous to aggregates with a more extensive 

multilamellar nanostructure. When combined, the results of this study provide guidance for the 

design of redox-active lipids for cell transfection, and provide the basis of an approach for the 

extracellular activation of lipoplexes that could lead to new methods for exerting spatial and/or 

temporal control over the transfection of cells in vitro.  
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Abstract 

In this chapter we report an approach to the chemical oxidation of a ferrocene-containing 

cationic lipid [bis(11-ferrocenylundecyl)dimethylammonium bromide, BFDMA] that provides 

redox-based control over the delivery of DNA to cells. We demonstrate that BFDMA can be 

oxidized rapidly and quantitatively by treatment with Fe(III)sulfate. This chemical approach, 

while offering practical advantages compared to electrochemical methods used in past studies, 

was found to yield BFDMA/DNA lipoplexes that behave differently in the context of cell 

transfection from lipoplexes formed using electrochemically oxidized BFDMA. Specifically, 

while lipoplexes of the latter do not transfect cells efficiently, lipoplexes of chemically oxidized 

BFDMA promoted high levels of transgene expression (similar to levels promoted by reduced 

BFDMA). Characterization by SANS and cryo-TEM revealed lipoplexes of chemically and 

electrochemically oxidized BFDMA to both have amorphous nanostructures, but these 

lipoplexes differed significantly in size and zeta potential. Our results suggest that differences in 

zeta potential arise from the presence of residual Fe2+ and Fe3+ ions in samples of chemically 

oxidized BFDMA. Addition of the iron chelating agent EDTA to solutions of chemically 

oxidized BFDMA produced samples functionally similar to electrochemically oxidized BFDMA. 

These EDTA-treated samples could also be chemically reduced by treatment with ascorbic acid 

to produce samples of reduced BFDMA that do promote transfection. Our results demonstrate 

that entirely chemical approaches to oxidation and reduction can be used to achieve redox-based 

‘on/off’ control of cell transfection similar to that achieved using electrochemical methods.  
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Introduction 

Cationic lipids are used widely to formulate lipid/DNA complexes (or lipoplexes) that 

promote delivery of DNA to cells.1-5 Many properties of lipoplexes depend strongly on the 

nature of lipid-DNA interactions, and the ability to control or change the nature of these 

interactions is thus important in a range of contexts. Cationic lipids containing functional groups 

that respond to changes in stimuli present in intracellular environments, for example, can 

promote more effective trafficking of DNA and thus more efficient cell transfection.6-15 In 

contrast, lipids containing functionality that can be addressed, transformed, or activated using 

other, externally-applied stimuli16-18 could provide new opportunities to exert active or ‘on-

demand’ control over the properties of lipoplexes (for example, methods that provide 

spatiotemporal control over the ‘activation’ of lipoplexes could lead to new approaches to active 

spatiotemporal control over the delivery of DNA to cells). 

As a step toward the development of lipids that provide active control over the properties 

of lipoplexes, our group has investigated interactions between DNA and the redox-active, 

ferrocene-functionalized cationic lipid BFDMA [bis(11-ferrocenylundecyl) dimethylammonium 

bromide, Figure 1].19-25 Our past studies demonstrate that lipoplexes formed using BFDMA can 

promote the delivery of DNA to cells, but that the ability to do so depends strongly on the 

oxidation state of the ferrocenyl groups of the lipid. 19,20,23,24 For example, whereas the reduced 

form of BFDMA (net charge of +1) can promote high levels of transgene expression, lipoplexes 

formed using oxidized BFDMA (net charge of +3) yield negligible or very low levels. Physical 

characterization experiments suggest that this oxidation-state dependence arises from differences 

in the nanostructures and other biophysical properties (e.g., differences in zeta potentials) that 

determine the extents to which the lipoplexes are internalized by cells.
21-24

 The results of our past 
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work also suggest that these differences in lipoplex properties that exert their primary influences 

in the extracellular environment (i.e., by either promoting or almost completely preventing 

internalization, respectively
23,24

) rather than by influencing downstream events that occur in the 

intracellular environment. 

Because ferrocenyl groups can be oxidized and reduced readily and reversibly (using 

either chemical or electrochemical methods),
26,27

 BFDMA also offers a basis for active control 

over the ability of lipoplexes to transfect cells (e.g., by application of a chemical or 

electrochemical stimulus to transform the oxidation state of BFDMA). We have demonstrated 

that it is possible to reduce the BFDMA in lipoplexes of oxidized BFDMA by treatment with 

chemical reducing agents (e.g., glutathione or ascorbic acid), 
23,24

 and that these treatments can 

be used to influence physical properties that activate these lipoplexes toward transfection. A 

recent publication from our group also demonstrates that chemical reduction can be used to 

activate lipoplexes of oxidized BFDMA in culture media, in the presence of cells, to initiate 

transfection.
24

 

 
 

Figure 1: Structure of bis(11-ferrocenylundecyl)dimethylammonium bromide (BFDMA). 
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In our past studies, we synthesized reduced BFDMA directly and then obtained oxidized 

BFDMA by subsequent electrochemical oxidation.
19-24

 While this electrochemical approach is 

useful, complete electrochemical oxidation of BFDMA generally requires long times (e.g., 2-3 

hours) at high temperatures (75 °C). The current study presented in this chapter sought to address 

these and other practical issues associated with electrochemical oxidation by investigating 

approaches to the chemical oxidation of BFDMA.  

We report in this chapter that Fe(III)sulfate can be used to oxidize reduced BFDMA 

rapidly, quantitatively, and at ambient temperatures. However, lipoplexes formed using 

chemically oxidized BFDMA behaved differently than lipoplexes prepared using 

electrochemically oxidized BFDMA in the context of cell transfection (e.g., whereas the latter do 

not promote high levels of transfection, lipoplexes of chemically oxidized BFDMA do). The 

results of additional experiments reveal these differences to be a result of residual iron ions 

present in solutions of chemically oxidized BFDMA, and that treatment with an iron chelating 

agent (ethylenediaminetetraacetic acid, EDTA)
28

 can be used to produce bulk samples of 

chemically oxidized BFDMA that do not promote cell transfection. We demonstrate further that 

(i) these EDTA-treated samples can be chemically reduced by treatment with ascorbic acid to 

produce samples of reduced BFDMA that do promote transfection, and (ii) lipoplexes formed 

using EDTA-treated samples can be chemically reduced to activate the lipoplexes and initiate 

transfection. Our results demonstrate that chemical approaches to the transformation of BFDMA 

can be used to preserve redox-based ‘on/off’ control over cell transfection demonstrated in past 

studies using electrochemical methods.  
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Materials and Methods 

Materials. BFDMA was synthesized according to methods published previously.29 

Dodecyltrimethylammonium bromide (DTAB) and ethylenediaminetetraacetic acid (EDTA) 

were purchased from Acros Organics (Morris Plains, NJ). Fe(III)sulfate (Fe2(SO4)3·5H2O; also 

referred to herein as Fe3+) was purchased from Aldrich (St. Louis, MO) with a purity of at least 

97%. Deionized water (18.2 MΩ) was used to prepare all buffers and salt solutions. Dulbecco's 

Modified Eagle's Medium (DMEM), Opti-MEM cell culture medium, phosphate-buffered saline 

(PBS), fetal bovine serum (FBS), and Lipofectamine 2000 were purchased from Invitrogen 

(Carlsbad, CA). Plasmid DNA encoding enhanced green fluorescent protein (pEGFP-N1, >95% 

supercoiled) and firefly luciferase (pCMV-Luc, >95% supercoiled) were purchased from Elim 

Biopharmaceuticals, Inc., San Francisco, CA. Bicinchoninic acid (BCA) protein assay kits were 

purchased from Pierce (Rockford, IL). Glo Lysis Buffer and Steady-Glo Luciferase Assay kits 

were purchased from Promega Corporation (Madison, WI). All commercial materials were used 

as received without further purification unless otherwise noted. 

 

Preparation of Reduced and Electrochemically Oxidized BFDMA Solutions. Solutions of 

reduced BFDMA were prepared by dissolving a desired mass of reduced BFDMA in aqueous 

Li2SO4 (1 mM, pH 5.1) followed by dilution to a desired concentration. Solutions of 

electrochemically oxidized BFDMA were prepared by electrochemical oxidation of a 1 mM 

reduced BFDMA solution at 75 oC using a bipotentiostat (Pine Instruments, Grove City, PA) and 

a three electrode cell to maintain a constant potential of 600 mV between the working electrode 

and a Ag/AgCl reference electrode, as described previously.19-21,23 Platinum mesh (2.5 cm2) was 

used as the working and counter electrodes. For electrochemical oxidation of BFDMA in D2O 
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(used in SANS analyses described below), 1 mM sodium acetate was added to the BFDMA prior 

to oxidation to achieve full conversion of reduced BFDMA to oxidized BFDMA. The progress 

of oxidation was followed by monitoring current passed at the working electrode and by 

UV/visible spectrophotometry, as described previously.19,20,23 

 

Characterization of the Transformation of Reduced BFDMA upon Addition of Fe
3+

. Solutions 

of chemically oxidized BFDMA were prepared by chemical oxidation of solutions of 1 mM 

reduced BFDMA using a negligible volume (0.5-5 μL) of a concentrated solution of Fe3+ (1.0 M) 

to obtain the BFDMA/Fe3+ molar ratios described in the text. Time-dependent characterization of 

chemical oxidation of reduced BFDMA upon addition of Fe3+ was conducted by measuring 

UV/vis absorbance spectra at wavelengths ranging from 400 to 800 nm. To this end, following 

the acquisition of an initial wavelength scan of reduced BFDMA solution, Fe3+ was added and 

the absorbance spectrum of the solution was monitored at predetermined time intervals until a 

constant absorbance at 630 nm (a wavelength characteristic of the absorbance of oxidized 

BFDMA) was observed. For experiments involving measurements made on solutions of reduced 

BFDMA, DTAB was added immediately prior to measurement of absorbance to eliminate 

clouding observed in BFDMA solutions at concentrations greater than 100 μM. For experiments 

for which Fe3+ was added to oxidize BFDMA, DTAB was added at the conclusion of each 

experiment before making an absorbance measurement. We note that DTAB does not absorb 

light in the visible region of interest (400-800 nm) in these experiments. For experiments in 

which iron chelating agents were used to investigate the influence of residual Fe2+ and Fe3+ 

species on the lipoplex activity (see the Results and Discussion section), solutions of chemically 

oxidized BFDMA were treated with a 1.5-fold molar excess of EDTA. Subsequent experiments 
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investigating the chemical reduction of EDTA-treated samples of chemically oxidized BFDMA 

were performed using a 10-fold molar excess of ascorbic acid.  

 

Preparation of Lipoplex Solutions. Lipoplexes of reduced, electrochemically oxidized, or 

chemically oxidized BFDMA were prepared in the following general manner. A solution of 

plasmid DNA (24 μg/mL in water) was added to a vortexing solution of aqueous Li2SO4 

containing an amount of reduced or oxidized BFDMA sufficient to give the final lipid 

concentrations and BFDMA/DNA charge ratios (CRs) reported in the text. Total sample volume 

used for zeta potential and cell transfection experiments was 5 mL, and 50 μL, respectively. 

Lipoplexes were allowed to stand at room temperature for 20 min before use in subsequent 

experiments.  

 

General Protocols for Transfection and Characterization of Gene Expression. COS-7 cells 

used in transfection experiments were grown in clear or opaque polystyrene 96-well culture 

plates (for experiments using pEGFP-N1 and pCMV-Luc, respectively) at initial seeding 

densities of 15  103 cells/well in 200 μL of growth medium (90% Dulbecco’s modified Eagle’s 

medium, 10% fetal bovine serum, penicillin 100 units/mL, streptomycin 100 μg/mL). After 

seeding, all cells were incubated at 37 °C for 24 h. At approximately 80% confluence, culture 

medium was aspirated and replaced with 200 μL of serum-free medium (Opti-MEM), followed 

by addition of 50 μL of a lipoplex solution (to yield a final concentration of 10 µM BFDMA). 

After 4 h at 37 °C incubation, lipoplex-containing medium was aspirated from all wells and 

replaced with 200 μL of serum-containing medium. Cells were incubated for an additional 48 h 
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prior to characterization of transgene expression. For experiments conducted using lipoplexes 

formed from pEGFP-N1, cell morphology and relative levels of EGFP expression were 

characterized using phase contrast and fluorescence microscopy. For experiments conducted 

using lipoplexes formed from pCMV-Luc, levels of luciferase expression were characterized 

using a commercially available luminescence based luciferase assay kit, using the manufacturer’s 

specified protocol. Luciferase expression data were normalized to total cell protein in each 

respective well using a commercially available BCA protein assay kit. 

 

Characterization of Zeta Potentials of Lipoplexes. Experiments designed to characterize the 

zeta potentials of lipoplexes were conducted in the following general manner. Samples of 

lipoplexes formed from either reduced BFDMA, electrochemically oxidized BFDMA, or 

chemically oxidized BFDMA were prepared as described above. These samples were then 

diluted using 1 mM Li2SO4 (pH 5). For each sample, 5 mL of lipoplex solution was injected into 

the inlet of a Zetasizer 3000HS instrument, and measurements were made at ambient temperature 

using an electrical potential of 150 V. The final BFDMA and plasmid DNA (pEGFP-N1) 

concentrations were 10 µM and 24 mg/mL, respectively for all samples. These values are the 

same as those used in the cell transfection experiments described above. A minimum of five 

measurements was recorded for each sample, and the Henry equation was used to calculate zeta 

potentials from measurements of electrophoretic mobility. For this calculation, we assumed the 

viscosity of the solution to be the same as that of water. 

 

Preparation of Samples of Lipoplexes for Characterization by SANS and Cryo-TEM. Samples 

of lipoplexes formed from BFDMA and plasmid DNA (pEGFP-N1) were prepared in deuterated 
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or aqueous Li2SO4 (1 mM) for SANS and cryo-TEM experiments, respectively. The 1 mM stock 

solution of BFDMA was diluted with DNA stock solution and vortexed for 5 s. Lipoplexes used 

in these experiments were formulated at CRs similar to those used in cell transfection 

experiments (see the Results and Discussion section), but the absolute concentrations of BFDMA 

used in the SANS experiments (0.7 to 0.9 mM) were substantially higher than those used in 

transfection experiments (10 µM). These higher concentrations were necessary to obtain 

sufficient intensities of scattered neutrons in SANS experiments. To be consistent with the 

concentrations used in the SANS measurements and also allow better sampling, cryo-TEM 

analyses of lipoplexes were also performed at these high lipid concentrations.  

 

Characterization of Lipoplexes by SANS. SANS was performed using the CG-3 Bio-SANS 

instrument at Oak Ridge National Laboratory (ORNL), Oak Ridge, TN. The incident neutron 

wavelength was on average 6 Å, with a spread in wavelength, Δλ/λ, of 15 %. Data were recorded 

at two different sets of sample-to-detector distances (0.3, 6, and 14.5 m or 1 and 14.5 m), giving 

q ranges from 0.360-0.030, 0.065-0.0065 and 0.03-0.003 Å-1 or from 0.490-0.018 and 0.064-

0.003 Å-1, respectively. The two different sets of sample-to-detector distances represent two 

separate trips to ORNL to perform these analyses. To ensure statistically relevant data, at least 

106 counts were collected for each sample at each detector distance. The samples were contained 

in quartz cells with a 2 mm path length and placed in a sample chamber held at 25.0 ± 0.1 °C. 

The data were corrected for detector efficiency, background radiation, empty cell scattering, and 

incoherent scattering to determine the intensity on an absolute scale.22 The background scattering 

from the solvent was subtracted. The processing of data was performed using Igor Pro 

(WaveMetrics, Lake Oswego, OR) with a program provided by ORNL. Guinier analysis 
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described in detail elsewhere22,30 was used to interpret the scattering. Errors reported for d-

spacing were calculated directly from q-values by assuming 2% experiment-to-experiment 

change in Bragg peak position versus q position (via calibration using silver behenate standards).  

 

Characterization of Lipoplexes by Cryo-TEM. Specimens of lipoplexes were prepared in a 

controlled environment vitrification (CEVS) system at 25 °C and 100% relative humidity, as 

previously described.22,24,25,31,32 Samples were examined using a Philips CM120 or in a FEI T12 

G2 transmission electron microscope operated at 120 kV, with Oxford CT-3500 or Gatan 626 

cooling holders and transfer stations. Specimens were equilibrated in the microscope below -178 

°C, and then examined in the low-dose imaging mode to minimize electron-beam radiation-

damage. Images were recorded at a nominal underfocus of 1-2 µm to enhance phase contrast. 

Images were acquired digitally by a Gatan MultiScan 791 (CM120) or Gatan US1000 high-

resolution (T12) cooled-CCD camera using the Digital Micrograph software package. 

 

Results and Discussion 

Characterization of the Chemical Oxidation of Reduced BFDMA Using Fe
3+

. We selected 

Fe(III)sulfate (Fe3+) as a model chemical oxidizing agent on the basis of past studies 

demonstrating that Fe3+ can be used to oxidize ferrocenyl groups, including those present in 

single-tailed ferrocenyl surfactants.33,34 In a series of initial experiments, we characterized the 

rate and extent of the oxidation of the ferrocenyl groups in solutions of reduced BFDMA after 

addition of Fe3+ at ambient temperature (25 °C). For all experiments introduced in this chapter, 

we used BFDMA solutions (0.5 mM) prepared using 1 mM aqueous Li2SO4. Although chemical 

reduction can also be performed in biologically relevant media, we used this simple electrolyte 
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solution to permit more direct comparisons between solutions of chemically oxidized BFDMA 

and electrochemically oxidized BFDMA19,20,22-24 (the latter of which requires the use of an 

electrolyte solution). 

Figure 2A shows the UV/vis absorption spectra of solutions of reduced BFDMA (solid black 

line), electrochemically oxidized BFDMA (dotted black line), and a sample of reduced BFDMA 

to which Fe3+ was added (dashed black line; produced by treating solutions of reduced BFDMA 

with a 1.5-fold molar excess of Fe3+). Inspection of these data reveals that upon treatment of the 

solution of reduced BFDMA with Fe3+, the absorbance peak at 445 nm (characteristic of 

solutions of reduced BFDMA) disappeared, and that a new peak at 630 nm (characteristic of 

solutions of electrochemically oxidized BFDMA) appeared.  

In general, the overall shape of the absorption spectrum of the solution of Fe3+-treated 

BFDMA was similar to that of solutions of electrochemically oxidized BFDMA. We attribute the 

difference in the magnitudes of the absorbance values of solutions of electrochemically oxidized 

BFDMA (0.25) and chemically oxidized BFDMA (0.31) at 630 nm to (i) the loss of small 

amounts of the former during electrochemical oxidation (e.g., by adsorption of BFDMA to the 

electrode and salt bridge (glass frit) of the electrochemical cell during oxidation; evident by 

visual inspection) and (ii) the slightly higher turbidity of solutions of chemically oxidized 

BFDMA (even in the presence of DTAB, which was used to disrupt aggregates and reduce the 

turbidity of the solution; these differences in absorbance are not the result of residual Fe3+ or Fe2+ 

species in solution.). Characterization of the time-dependent change in the absorption spectrum 

(Figure 2B) and the appearance of the peak in absorbance at 630 nm upon addition of Fe3+ to 

reduced BFDMA (Figure 2C) demonstrated that complete chemical oxidation of BFDMA can be 

achieved rapidly compared to electrochemical methods (e.g., oxidation is ~90% complete in less 



 
 

 

64 

than 20 min). These results demonstrate that Fe3+ can be used to oxidize reduced BFDMA 

rapidly and quantitatively at ambient temperature. The observation that this transformation does 

 
Figure 2: (A) UV/visible absorbance spectra of solutions of reduced BFDMA (solid black line), 
electrochemically oxidized BFDMA (dotted black line) or chemically oxidized BFDMA (dashed black 
line). (B) Change in absorbance spectrum of reduced BFDMA solution vs time upon treatment with 
1.5-fold excess of Fe3+. (C) Increase in absorbance maximum (630 nm) of oxidized BFDMA vs time 
upon treatment of reduced BFDMA solution with 1.5-fold excess of Fe3+(created using the data in 
Figure 2B).  
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not occur instantaneously upon the addition of Fe3+ may be a consequence of the fact that 

reduced BFDMA self-associates to form submicrometer-scale vesicles in aqueous media (i.e., 

sequestration of ferrocenyl groups within these assemblies could slow access of Fe3+ to the 

ferrocene).35 

 

Characterization of Cell Transfection Mediated by Lipoplexes of Chemically Oxidized 

BFDMA. We performed cell-based experiments to determine how DNA lipoplexes formed using 

chemically oxidized BFDMA behave in the context of cell transfection. These experiments were 

performed using COS-7 cells and lipoplexes formed using plasmid DNA (pEGFP or pCMV-Luc) 

encoding enhanced green fluorescent protein (EGFP) or firefly luciferase to permit qualitative 

and quantitative characterization of levels of transgene expression, respectively. We selected 

COS-7 cells for use in these studies presented in this chapter for two reasons. First, the use of 

this cell line allowed us to compare our results to those of our past studies on BFDMA-mediated 

transfection using this cell line.19,20,23-25 Second, COS-7 cells are generally regarded as being 

relatively easy to transfect.36 The use of this cell line in these experiments thus provides a more 

rigorous challenge with respect to characterization of the ability (or the inability) of oxidized 

BFDMA to transfect cells.  

For the experiments described here, we used lipoplexes of reduced BFDMA and oxidized 

BFDMA (produced either by electrochemical or chemical oxidation) prepared at BFDMA/DNA 

charge ratios (CRs) of 1.4:1 and 4.2:1, respectively. We note that solutions of lipoplexes formed 

using oxidized BFDMA (net charge of +3) at a CR of 4.2:1 contain the same molar ratio of 

BFDMA and DNA as solutions of lipoplexes formed using reduced BFDMA (net charge of +1) 

at a CR of 1.4:1. These conditions were chosen on the basis of optimized protocols20 
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demonstrating that lipoplexes formed using reduced BFDMA at a CR of 1.4:1 mediate high 

levels of cell transfection, but lipoplexes formed from electrochemically oxidized BFDMA at a 

CR of 4.2:1 lead to low levels of transfection. For all lipoplex formulations, the overall lipid 

concentration used for transfection experiments was 10 μM. 

Figure 3 shows fluorescence micrographs of EGFP expression in COS-7 cells treated 

with lipoplexes formed from (A) reduced BFDMA, (B) electrochemically oxidized BFDMA, and 

(C) chemically oxidized BFDMA produced as described above. Inspection of these images 

reveals that lipoplexes of reduced and electrochemically oxidized BFDMA mediated high and 

low levels of EGFP expression, respectively, consistent with the results of our past 

studies.19,20,23,24 The image presented in Figure 3C, however, reveals that lipoplexes prepared 

using chemically oxidized BFDMA mediated high levels of transgene expression that were 

qualitatively similar to those using reduced BFDMA (Figure 3A). Figure 4 shows levels of 

luciferase expression (expressed as relative light units normalized to total cell protein) for cells 

treated with lipoplexes of reduced BFDMA, electrochemically oxidized BFDMA, or chemically 

oxidized BFDMA. These data also reveal that lipoplexes of chemically oxidized BFDMA 

 
 

Figure 3: Representative fluorescence micrographs (100× original magnification, 1194 μm × 895 μm) of 
confluent monolayers of COS-7 cells showing EGFP expression mediated by lipoplexes of (A) reduced 
BFDMA, (B) electrochemically oxidized BFDMA and (C) chemically oxidized BFDMA. See text for 
additional information on lipid/DNA ratios and other experimental details. 

 
 

Figure 3: Representative fluorescence micrographs (100× original magnification, 1194 μm × 895 μm) of 
confluent monolayers of COS-7 cells showing EGFP expression mediated by lipoplexes of (A) reduced 
BFDMA, (B) electrochemically oxidized BFDMA and (C) chemically oxidized BFDMA. See text for 
additional information on lipid/DNA ratios and other experimental details. 
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Figure 4: Normalized luciferase expression in COS-7 cells mediated by lipoplexes formed from reduced 
BFDMA, electrochemically oxidized BFDMA and chemically oxidized BFDMA. See text for additional 
information on lipid/DNA ratios and other experimental details. 
 

mediated high levels of transgene expression similar to those promoted by lipoplexes of reduced 

BFDMA, consistent with the qualitative EGFP expression results discussed above (Figure 3).  

Although the results presented in Figure 2 demonstrate that both electrochemical and 

chemical methods can be used to oxidize the ferrocenyl groups of BFDMA, it is clear from the 

results of these cell-based experiments that lipoplexes formed using these two different forms of 

oxidized BFDMA behave quite differently in the context of cell transfection. Below, we describe 

the results of characterization experiments that identify features and properties of these 

lipoplexes that could underlie these differences in cell transfection.  
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Characterization of the Zeta Potentials of Lipoplexes of Chemically Oxidized BFDMA. The 

zeta potentials of lipoplexes can affect the efficiency with which lipoplexes are internalized by 

cells and, thus, influence levels of cell transfection significantly.37,38 Our past studies suggested 

that large differences in the zeta potentials of lipoplexes of reduced and electrochemically 

oxidized BFDMA (discussed in more detail below) correlate to differences in the extent to which 

these lipoplexes are internalized by cells (an important first step in the overall cell transfection 

process).23,24 We performed experiments to characterize and compare the zeta potentials of 

lipoplexes formed using electrochemically and chemically oxidized BFDMA (prepared as used 

in the cell transfection experiments above, i.e., at a BFDMA concentration of 10 μM and at 

BFDMA/DNA CRs of 1.4:1 and 4.2:1 for lipoplexes of reduced and oxidized BFDMA, 

respectively).  

The results shown in Table 1 demonstrate that the average zeta potentials of lipoplexes 

prepared from electrochemically oxidized BFDMA (approximately –18 mV) were more negative 

than those of lipoplexes formed from reduced BFDMA (approximately –10 mV). These results 

are in general agreement with the results of past studies.21,24 The average zeta potentials of 

lipoplexes formed from chemically oxidized BFDMA, however, were positive (approximately +2 

mV) and, thus, substantially different from the zeta potentials of lipoplexes of both reduced and 

electrochemically oxidized BFDMA. We hypothesized that this positive zeta potential was the 

result of association of lipoplexes with residual Fe2+ and/or Fe3+ species present in solutions of 

chemically oxidized BFDMA (because a 1.5-fold molar excess of Fe3+ was used to oxidize 

BFDMA, both Fe2+ and Fe3+ species are present in solution at the end of the oxidation process; 

these species are not present in solutions of electrochemically oxidized BFDMA). It is possible 

that the small but positive zeta potentials of these lipoplexes could contribute to more favorable 
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interactions with cell membranes and promote more efficient internalization (and, thus, 

contribute to higher levels of cell transfection than those promoted by lipoplexes of 

electrochemically oxidized BFDMA). We note, however, that other factors could also contribute 

to these observed differences, and we return to a discussion of the impact of changes in zeta 

potentials on cell transfection again in the discussion below.  

Characterization of Lipoplex Nanostructures Using SANS and Cryo-TEM. We used SANS 

and cryo-TEM to provide insight into potential differences in the nanostructures of lipoplexes of 

electrochemically and chemically oxidized BFDMA that may underlie differences in cell 

transfection levels and zeta potentials described above. These experiments were performed in 

deuterated 1 mM Li2SO4 using lipoplexes formulated at BFDMA/DNA CRs of 1.1:1 and 3.3:1 

for lipoplexes of reduced BFDMA and oxidized BFDMA, respectively. We note that these CRs 

do not correspond exactly to those used in the cell transfection experiments presented in Figures 

3 and 4. The CRs used here were chosen to permit more direct comparisons to the results of our 

Table 1: Zeta Potentials of Lipoplexes.a 
Sample Type Zeta Potentials 

(mV) 

Lipoplexes of reduced BFDMA -10 ± 4 

Lipoplexes of electrochemically oxidized BFDMA -18 ± 9 

Lipoplexes of chemically oxidized BFDMA +2 ± 1 

Lipoplexes of EDTA-treated chemically oxidized BFDMA -20 ± 7 
aLipoplexes were prepared in Li2SO4 and diluted into Li2SO4 so that the final concentration of 
BFDMA was 10 μM in all cases, and lipid/DNA charge ratios were fixed at 1.4:1 for lipoplexes of 
reduced BFDMA and 4.2:1 for lipoplexes of oxidized BFDMA (see text for additional details). 
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past SANS and cryo-TEM analyses of BFDMA lipoplexes,22,24,25 which were performed at these 

slightly different CRs. Those past studies suggested that the nanostructures of lipoplexes formed 

from BFDMA and DNA do not change substantially with small changes in the BFDMA/DNA 

CR (at least for lipoplexes formed from reduced BFDMA).22 

Figure 5 shows SANS spectra of lipoplexes of reduced BFDMA (open black triangles), 

lipoplexes of electrochemically oxidized BFDMA (solid gray triangles), and lipoplexes of 

chemically oxidized BFDMA (solid black triangles). The inset in Figure 5 shows the Bragg 

peaks identified for these complexes. The SANS spectrum of the lipoplexes of reduced BFDMA 

exhibits a Bragg peak at q=0.12 Å-1 (see also the inset in Figure 5). This peak corresponds to the 

periodicity of multilamellar lipoplexes formed from BFDMA and DNA in which DNA 

(thickness of 2.7 nm) is intercalated between lipid bilayers (thickness of 2.5 nm).22 This model of 

lipoplex structure is also confirmed by the results of our cryo-TEM analyses (Figure 6, discussed 

below). Further inspection of the SANS data for lipoplexes of reduced BFDMA in the low q 

region of the spectrum reveals a q-4 dependence that is consistent with the presence of 

polydisperse multilamellar vesicles. Figure 5 also reveals that no Bragg peaks were observed for 

lipoplexes formed from either electrochemically or chemically oxidized BFDMA. This result 

indicates the absence of any measurable periodic nanostructures for either of these oxidized 

BFDMA lipoplex formulations. In addition, the SANS spectra of these complexes in the low q 

region follows a q dependence of q-3, consistent with the presence of loose aggregate structures 

rather than a periodic multilamellar structure.  
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Figure 5: SANS spectra of lipoplexes of reduced BFDMA (open black triangles), lipoplexes of 
electrochemically oxidized BFDMA (solid gray triangles), and lipoplexes of chemically oxidized 
BFDMA (solid black triangles). The inset shows the Bragg peak observed at q=0.12 Å-1.  
 

Cryo-TEM images of lipoplexes of reduced BFDMA (Figure 6A) revealed spherically-

shaped multilamellar structures with a periodicity of 5.1 ± 0.2 nm, consistent with the above-

described interpretation of our SANS results (Figure 5). Inspection of cryo-TEM images of 

lipoplexes of electrochemically oxidized BFDMA (Figure 6B) and chemically oxidized BFDMA 

(Figure 6C) reveals differences in overall morphology, but that both of these complexes form 

aggregates without any internal periodicity. In general, these observations are consistent with the 

q dependence of -3 in the low q region and the absence of a Bragg peak in the SANS spectrum of 
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Figure 6: Cryo-TEM images of (A) lipoplexes of reduced BFDMA, (B) lipoplexes of  electrochemically 
oxidized BFDMA (arrow points to amorphous, nonlamellar structures), and (C) lipoplexes of chemically 
oxidized BFDMA (arrow points to large aggregates composed of a stack of sheets, superimposed due to 
the two-dimensional nature of cryo-TEM optics). Scale bars are 100 nm in each image. 
 

these lipoplexes (Figure 5). However, further inspection of the cryo-TEM images of these 

lipoplexes demonstrates that the aggregates formed using chemically oxidized BFDMA appear 

larger than those formed using electrochemically oxidized BFDMA. This difference in size or 

extent of aggregation was not detected in the SANS analyses (i.e. both complexes have a q 

dependence of -3 in the low q region). This may result from the fact that larger aggregates settle 

more rapidly to the bottom of the cuvettes used for SANS over the time scale of those longer 

measurements (and, thus, they reside largely out of the path of the incident neutron beam 

travelling through and being scattered by the sample).  

We performed dynamic light scattering (DLS) experiments to further characterize 

differences in the sizes of aggregates formed using electrochemically or chemically oxidized 

BFDMA. These measurements were performed using lipoplexes prepared at the same 

BFDMA/DNA CRs used for SANS and cryo-TEM, but at a lower BFDMA concentration (8 

μM) to permit characterization by DLS. These experiments revealed the mean size of lipoplexes 
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of electrochemically oxidized BFDMA to be ~190 nm, but that the average size of lipoplexes 

formed using chemically oxidized BFDMA was approximately 1500 nm (Figure 7). These 

results provide further evidence of differences in the physical properties of lipoplexes formed 

from electrochemically and chemically oxidized BFDMA (and suggest that the apparent 

difference in the sizes of aggregates shown in Figure 6B-C is not the result of artifacts arising 

from the preparation of these samples for cryo-TEM analysis).  

 

 

 
 

Figure 7: Hydrodynamic diameters of lipoplexes of reduced BFDMA (dashed black line), 
electrochemically oxidized BFMDA (solid gray line), chemically oxidized BFDMA (solid black line), and 
chemically oxidized BFDMA treated with EDTA (dotted black line). The final concentration of BFDMA 
was 8 μM in all cases, and lipid/DNA charge ratios were fixed at 1.1:1 for lipoplexes of reduced BFDMA 
and 3.3:1 for lipoplexes of oxidized BFDMA.  
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Investigation of Potential Influences of Residual Fe
2+

 and Fe
3+ 

on the Properties and 

Behaviors of Lipoplexes of Chemically Oxidized BFDMA. The results above demonstrate that 

Fe3+ can oxidize the ferrocenyl groups of BFDMA rapidly and completely at ambient room 

temperature. However, our results also demonstrate that lipoplexes formed using samples of 

chemically oxidized BFDMA differ from lipoplexes prepared using electrochemically oxidized 

BFDMA in several important ways. Foremost among these differences (at least from a functional 

standpoint) is that lipoplexes of chemically oxidized BFDMA are able to promote high levels of 

cell transfection that are similar to those mediated by reduced BFDMA. Thus, although the use 

of Fe3+ presents a practical alternative to electrochemical oxidation, it also appears to have a 

significant influence on the levels of redox-based ‘on/off’ control over cell transfection that can 

be achieved using reduced and electrochemically oxidized BFDMA.  

Lipoplexes formed using reduced and electrochemically oxidized BFDMA exhibit large 

differences in zeta potentials, a likely result of differences in the nanostructures of these 

lipoplexes (as discussed above and shown in Figures 5 and 6, lipoplexes of reduced BFDMA 

exhibit multilamellar nanostructures, while lipoplexes of electrochemically oxidized BFDMA are 

amorphous and devoid of periodic nanostructure). Our current results reveal differences in the 

zeta potentials of lipoplexes of chemically and electrochemically oxidized BFDMA that could 

also underlie the large differences in cell transfection observed in Figures 3 and 4. Interestingly, 

however, our current results suggest that these differences in zeta potential do not arise from 

substantial differences in the nanostructures of these complexes (e.g., as shown in Figures 5 and 

6, lipoplexes of chemically and electrochemically oxidized BFDMA both possess amorphous, 

non-periodic nanostructures). As a final point of discussion, we note that the results of cryo-TEM 

and DLS experiments reveal that the average size of aggregates in solutions of lipoplexes of 
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chemically oxidized BFDMA is substantially larger (~1500 nm) than the average size of 

aggregates present in solutions of lipoplexes of electrochemically oxidized BFDMA (~190 nm). 

The presence of these larger aggregates could arise from differences in the zeta potentials of 

these lipoplexes, and these larger structures could promote more effective physical delivery of 

DNA to cells during transfection experiments (e.g., by sedimentation). Although this latter 

possibility could potentially contribute to the higher levels of transfection observed using 

lipoplexes of chemically oxidized BFDMA, we note that any fraction of larger aggregates 

capable of sedimenting more rapidly would also be less likely to be internalized by cells. 

The samples of chemically oxidized BFDMA used in this study contain additional Fe2+ 

and Fe3+ species that are not present in solutions of electrochemically oxidized BFDMA. The 

presence of these species does not appear to influence the nanostructures of these lipoplexes. 

However, the presence and association of these ionic species with the surfaces of lipoplexes 

could influence surface charges (and thus zeta potentials). To investigate the potential influence 

of these species, we performed experiments using samples of chemically oxidized BFDMA 

treated with EDTA, a well known chelating agent used to sequester Fe2+ and Fe3+ ions.28 

In a first set of experiments, we performed the oxidation of reduced BFDMA using a 1.5-

fold molar excess of Fe3+ (as described above), and then added a 1.5-fold molar excess of EDTA. 

Characterization of these samples using UV/vis spectrophotometry revealed that the addition of 

EDTA did not change the overall shape of the absorption spectrum (data not shown), suggesting 

that addition of EDTA does not promote significant degradation or destruction of ferrocenium 

ions under these conditions. DLS analysis of lipoplexes formed using EDTA-treated solutions of 

chemically oxidized BFDMA (Figure 7) revealed the average size of these lipoplexes to be large 

(~1800 nm) and similar to the average size of lipoplexes prepared using untreated samples of 
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chemically oxidized BFDMA. However, characterization of the zeta potentials of lipoplexes 

formed using these EDTA-treated solutions revealed values that were substantially lower (more 

negative) than those formed using untreated samples of chemically oxidized BFDMA (e.g., 

approximately –20 mV versus +2 mV for lipoplexes formed using untreated BFDMA; see Table 

1). This substantially lower zeta potential is similar to that measured for lipoplexes prepared 

using electrochemically oxidized BFDMA (approximately –18 mV). This change in the zeta 

potentials of lipoplexes formed using EDTA-treated oxidized BFDMA reflects the affinity of 

Fe2+ and Fe3+ for EDTA relative to the lipoplexes, but these results do not distinguish potential 

differences in the relative contributions of these two species to the zeta potentials of lipoplexes in 

the presence or absence or EDTA. 

These observations are consistent with the view that the presence of Fe2+ and Fe3+ could 

influence levels of cell transfection (i.e., help to promote it) through their influence on the zeta 

potentials of lipoplexes. More generally, these results also suggest a practical and straightforward 

route to the preparation of samples of chemically oxidized BFDMA that can be used to prepare 

 
 

Figure 8: Representative fluorescence micrographs (100× original magnification, 1194 μm × 895 μm) of 
confluent monolayers of COS-7 cells showing EGFP expression mediated by (A) lipoplexes formed from 
chemically oxidized BFDMA (similar to the image shown in Figure 3C); (B) lipoplexes formed using 
chemically oxidized BFDMA treated with EDTA; (C) lipoplexes formed using EDTA-treated oxidized 
BFDMA treated with a 10-fold molar excess of ascorbic acid (prior to the formation of lipoplexes, see 
text); (D) lipoplexes formed using EDTA-treated oxidized BFDMA that were chemically reduced by the 
addition of a 10-fold molar excess of ascorbic acid in the presence of cells (i.e., ascorbic acid was added 
to lipoplexes after the lipoplexes had been placed in the presence of cells; see text).  
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lipoplexes with properties that are more similar to those of lipoplexes formed using 

electrochemically oxidized BFDMA (that is, lipoplexes that do not transfect cells significantly). 

Figure 8A-B shows results of a cell transfection experiment using lipoplexes prepared using 

pEGFP and either chemically oxidized BFDMA or EDTA-treated samples of chemically 

oxidized BFDMA, respectively. These results demonstrate clearly that post-oxidation treatment 

of Fe3+-oxidized BFDMA with EDTA can be used to prepare solutions of oxidized BFDMA that 

do function, in the context of cell transfection, in ways that ‘recover’ the functional properties of 

solutions of electrochemically oxidized BFDMA (i.e., to formulate BFDMA lipoplexes that are 

inactive toward transfection; similar to the results of experiments using electrochemically 

oxidized BFDMA shown in Figure 3B). Figure 9 shows levels of luciferase expression for 

populations of cells treated with otherwise identical lipoplexes prepared the pLuc plasmid and 

 
 

Figure 9: Normalized luciferase expression in COS-7 cells mediated by lipoplexes formed from chemically 
oxidized BFDMA and chemically oxidized BFDMA treated with EDTA. See text for additional 
information on lipid/DNA ratios and other experimental details. 
 



 
 

 

78 

either chemically oxidized BFDMA or EDTA-treated chemically oxidized BFDMA. The results 

of these quantitative experiments confirm the large qualitative differences observed in EGFP 

expression shown in Figure 8.  

Finally, as described in the Introduction, we recently demonstrated that treatment of 

lipoplexes of electrochemically oxidized BFDMA with the small-molecule chemical reducing 

agent ascorbic acid can be used to reduce BFDMA and “activate” these otherwise inactive 

lipoplexes toward cell transfection.24 We performed experiments demonstrating that EDTA-

treated solutions of chemically oxidized BFDMA can also be reduced by treatment with the 

chemical reducing agent ascorbic acid (as determined by UV/vis spectrophotometry; Figure 10). 

The results of additional cell-based experiments also demonstrated that: (i) lipoplexes formed 

using these chemically reduced samples of BFDMA (Figure 8C) can promote high levels of cell 

 
 

Figure 10: UV/visible absorbance spectra of solutions of EDTA-treated solutions of chemically oxidized 
BFDMA (dotted black line), reduced BFDMA (solid black line) or EDTA-treated chemically oxidized 
BFDMA that were chemically reduced by the addition of a 10-fold molar excess of ascorbic acid (dashed 
gray line). 
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transfection that are qualitatively similar to those promoted by fresh (as-synthesized) reduced 

BFDMA (Figure 3A), and (ii) that pre-formed lipoplexes formed using these EDTA-treated 

samples can be chemically reduced in vitro, in cell culture media and in the presence of cells, to 

activate lipoplexes toward transfection (e.g., Figure 8D). The results of these experiments, when 

combined, demonstrate that combinations of chemical oxidation and chemical reduction can be 

used to achieve levels of redox-based ‘on/off’ control of cell transfection that are similar to those 

achieved in past studies23,24
 using electrochemical methods.  

 

Summary and Conclusions 

We have demonstrated that the ferrocenyl groups of the cationic, redox-active lipid 

BFDMA can be oxidized rapidly and quantitatively using a chemical oxidizing agent. This 

chemical approach to oxidation confers several practical advantages (including the ability to 

perform oxidation rapidly at ambient temperatures) compared to electrochemical oxidation 

methods used in past studies for the preparation of bulk samples of oxidized BFDMA. 

Subsequent experiments demonstrated that BFDMA/DNA lipoplexes prepared using samples of 

chemically oxidized BFDMA behaved very differently from lipoplexes formed using 

electrochemically oxidized BFDMA with respect to their ability to promote in vitro cell 

transfection. While lipoplexes of electrochemically oxidized BFDMA do not transfect cells 

efficiently, lipoplexes formed using chemically oxidized BFDMA promoted levels of 

transfection that were high and similar to levels mediated by lipoplexes of reduced BFDMA.  

Physical characterization experiments revealed that lipoplexes of chemically and 

electrochemically oxidized BFDMA both have amorphous, non-periodic nanostructures, but that 

these lipoplexes differ significantly in terms of both size and zeta potential. The results of 
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additional experiments suggested that these differences in zeta potential likely arise from the 

presence of residual Fe2+ and Fe3+ ions present in samples of chemically reduced BFDMA. In 

support of this hypothesis, we demonstrated that the addition of EDTA to solutions of chemically 

oxidized BFDMA can be used as a practical and straightforward method to produce samples of 

chemically oxidized BFDMA that are functionally similar to samples of electrochemically 

oxidized BFDMA (e.g., to produce lipoplexes that do not transfect cells significantly). Finally, 

our results demonstrate that (i) EDTA-treated samples of chemically oxidized BFDMA can be 

reduced by treatment with a chemical reducing agent to produce samples of reduced BFDMA 

that do promote high levels of cell transfection, and (ii) lipoplexes formed using these EDTA-

treated samples can be chemically reduced in the presence of cells to activate the lipoplexes and 

initiate transfection. Overall, the results of presented in this chapter demonstrate that 

combinations of chemical oxidation and chemical reduction can be used to achieve levels of 

redox-based ‘on/off’ control of cell transfection that are similar to those achieved in past studies 

using electrochemical methods. 
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Abstract 

We report characterization of siRNA lipoplexes formed using a cationic lipid (BFDMA) that 

contains redox-active ferrocenyl groups at the end of each hydrophobic chain. Recent studies 

demonstrate that the redox state of the ferrocenyl groups in BFDMA (e.g., whether they are 

present in the reduced or oxidized state) can be used to control the ability of lipoplexes of 

plasmid DNA to transfect cells. Here, we demonstrate that control over the redox state of 

BFDMA can also be used to influence key physical properties and control the biological 

activities of lipoplexes formed using smaller siRNA-based constructs. Lipoplexes of siRNA and 

reduced BFDMA lead to high levels of sequence-specific gene silencing in COS-7 cells, but 

lipoplexes formed using oxidized BFDMA lead to low levels of knockdown. In addition, we 

demonstrate that otherwise “inactive” lipoplexes of oxidized BFDMA can be activated to induce 

high levels of gene silencing by the simple addition of the small-molecule chemical reducing 

agent ascorbic acid, demonstrating a practical basis for active and external control over the 

delivery of siRNA to cells. Differences in the activities of these lipoplexes were found to be a 

consequence of the inability of oxidized BFDMA to promote efficient cellular internalization of 

siRNA; these oxidation state-dependent differences also correlated to significant differences in 

both the nanostructures and the zeta potentials of these lipoplexes. Overall, our results reveal that 

key structural features and aspects of redox-specific control observed for lipoplexes formed 

using supercoiled plasmid DNA are largely preserved in lipoplexes formed using smaller siRNA. 

The ability to transform the oxidation state of BFDMA presents opportunities to provide active 

control over both the nanostructures and behaviors of siRNA-based lipoplexes in ways that are 
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not possible using conventional cationic lipids. The materials and approaches reported here could 

thus prove useful in a variety of fundamental and applied contexts.  

 

Introduction 

RNA interference (RNAi) is a complex and evolutionarily conserved cellular process that results 

in the silencing of gene expression at the post-transcriptional level.1-4 This process can be 

induced in mammalian cells using synthetic, double-stranded small interfering RNA (siRNA) 

sequences that promote the degradation of complementary messenger RNA, and can therefore be 

used to knock down the expression of targeted genes in a highly specific manner.1-7 For these 

and other reasons, RNAi has become a powerful tool for the investigation of fundamental 

cellular processes, and siRNA constructs are also now under intense investigation as potential 

therapeutic agents.2-4,6-9 A more complete fundamental understanding of the processes 

underlying RNAi will continue to drive advances on both of these fronts. The successful 

translation of new knowledge arising from these basic studies into new therapeutic approaches, 

however, will also ultimately depend upon the development of methods and materials that 

provide new and useful levels of control over the delivery of siRNA to cells. 

Many different types of synthetic materials have been used to transport siRNA into 

cells.4,7,10-17 Cationic lipids and lipid-like molecules, in particular, have been widely used to 

assemble nanoscale aggregates (“lipoplexes”) that promote entry into cells and promote gene 

silencing in vitro and in vivo.4,7,10,12,14-18 Because siRNA mediates the knockdown of targeted 

genes in the cytosol, and because many lipoplexes are internalized by endocytosis, much of the 

early and ongoing work in this area has focused on the development of lipids that promote 
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endosomal escape and cytosolic delivery. These and other barriers to delivery have been 

addressed, in general, by either (i) adopting materials and approaches originally developed for 

the delivery of plasmid DNA,7,10 or (ii) developing new lipids or lipid-like materials (e.g., 

“lipidoids”, etc.) designed specifically for use with siRNA.19-22 The first of these two approaches 

is attractive from both conceptual and practical points of view (e.g., cationic lipids designed to 

form electrostatic complexes with negatively charged DNA should also be capable of doing so 

with siRNA). However, there are also many physical and chemical differences between plasmid 

DNA and siRNA (size, stability, etc.) that can influence important biophysical properties of 

lipoplexes and impact their structures, behaviors, and activities.15,17,23,24 As a result, and owing to 

substantial differences in both mechanism and location of action,7,12,16 the success with which a 

given cationic lipid can be used to transfect cells using plasmid DNA cannot generally be used to 

predict the extent to which it can be used to promote effective gene silencing using siRNA.  

Here, we report the characterization and biological evaluation of siRNA lipoplexes 

formed using a cationic lipid containing redox-active ferrocenyl groups at the end of each 

 

Figure 1: Structure of bis(11-ferrocenylundecyl)dimethylammonium bromide (BFDMA). 
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hydrophobic tail [bis(11-ferrocenylundecyl)dimethylammonium bromide (BFDMA, Figure 

1)].25-27 Past studies demonstrated that BFDMA can be used to form lipoplexes that transport 

plasmid DNA to cells and promote high levels of reporter gene expression in vitro in a variety of 

cell types.28-33 An important finding arising from those past studies is that the oxidation state of 

the ferrocenyl groups in BFDMA (that is, whether they are present in the reduced or oxidized 

state; Figure 1) plays a critical role in determining whether lipoplexes are internalized by 

cells.30,32 For example, whereas lipoplexes prepared using reduced BFDMA enter cells readily – 

and thereby promote high levels of transgene expression – lipoplexes prepared using oxidized 

BFDMA do not enter cells readily, and thus promote much lower (negligible) levels of 

expression. Two recent studies have demonstrated that the redox behavior of BFDMA can also 

be used to “activate” otherwise inactive lipoplexes of oxidized BFDMA by the controlled 

addition of chemical reducing agents (e.g., ascorbic acid32 or glutathione30), illustrating the 

potential of the organometallic ferrocenyl functionality of this cationic lipid to provide new 

opportunities to exert active and external control over the biophysical properties and biological 

activities of lipoplexes. 

The large differences in the activities of BFDMA-based lipoplexes used in those past 

studies were found to correlate to large differences in the zeta potentials and the nanostructures 

of the lipoplexes – two physical properties that depend strongly upon the nature of the 

interactions between reduced or oxidized BFDMA and supercoiled plasmid DNA.29,30,32-35 For 

example, whereas lipoplexes of reduced BFDMA have multilamellar nanostructures, inactive 

lipoplexes of oxidized BFDMA were found to be amorphous and have zeta potentials that were 

substantially more negative. The investigation reported here sought to determine (i) whether 
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BFDMA could be used to transport siRNA sequences into cells and promote sequence-specific 

knock down of a targeted gene, and (ii) whether differences in the oxidation state of the 

ferrocenyl groups of BFDMA could be used to influence the nanostructures and biological 

activities of lipoplexes formed using smaller RNA-based constructs. Our results demonstrate that 

this ferrocene-containing cationic lipid can be used to design lipoplexes that promote effective 

gene silencing in cells, and that the redox-specific “on/off” behavior observed for lipoplexes 

formed from plasmid DNA is largely preserved in lipoplexes formed using siRNA. The results of 

this Chapter demonstrate new approaches to active and external control over the nanostructures 

and behaviors of siRNA lipoplexes that could prove useful in a range of fundamental and applied 

contexts.  

 

Materials and Methods  

Materials. BFDMA was synthesized using methods described previously.26 Ascorbic acid, 

heparin, and lithium sulfate monohydrate were purchased from Sigma Aldrich (St. Louis, MO). 

Dodecyltrimethylammonium bromide (DTAB) was purchased from Acros Organics (Morris 

Plains, NJ). Plasmid DNA encoding firefly luciferase [pCMV-Luc, >95% supercoiled] was 

purchased from Elim Biopharmaceuticals, Inc. (San Francisco, CA). siRNA complementary to 

luciferase and green fluorescent protein (GFP) mRNA was purchased from Dharmacon, Inc. 

(Chicago, IL). Dulbecco’s modified Eagle’s medium (DMEM), Opti-MEM cell culture medium, 

phosphate-buffered saline (PBS), fetal bovine serum (FBS), Lipofectamine 2000, Calcein AM, 

Ethidium Homodimer-1, Lysotracker Red, Wheat Germ Agglutinin (WGA)-Alexa Fluor 488, 

and Hoechst 34580 were purchased from Invitrogen (Carlsbad, CA). Bicinchoninic acid (BCA) 
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protein assay kits were purchased from Pierce (Rockford, IL). Glo Lysis Buffer and Steady-Glo 

Luciferase Assay kits were purchased from Promega Corporation (Madison, WI). Cy5 Label-IT 

nucleic acid labeling kits were purchased from Mirus Bio (Madison, WI). Glass inset dishes used 

for laser scanning confocal microscopy (LSCM) were purchased from MatTek (Ashland, MA). 

Deionized water (18 MΩ) was used to prepare all buffers and salt solutions. All commercial 

materials were used as received without further purification unless otherwise noted. 

 

General Considerations. Electrochemical oxidation of BFDMA was performed as described 

previously.28 UV/vis absorbance measurements were made using a Beckman Coulter DU520 

UV/vis spectrophotometer (Fullerton, CA). Luminescence and absorbance measurements used to 

characterize and quantify luciferase expression, siRNA-mediated knockdown of luciferase 

expression, and total cell protein were performed using a PerkinElmer EnVision multilabel plate 

reader (Luciferase: Em, 700 nm cutoff; BCA: Abs 560 nm). For LSCM experiments, siRNA was 

labeled using a Label-IT nucleic acid labeling kit according to the manufacturer's protocol. 

Labeled siRNA was purified by ethanol precipitation, and labeling densities were determined 

using a UV/vis spectrophotometer and methods described by the manufacturer. LSCM images 

were acquired using a Nikon A1R confocal microscope; images were processed using ImageJ 

1.43u (National Institutes of Health; Washington, D.C.) and Photoshop CS5 (Adobe Systems; 

San Jose, CA). Flow cytometry analyses were performed using a BD FACSCalibur flow 

cytometer (BD Bioscience; San Jose, CA), and data were analyzed using the WinMDI version 

2.9 software package. Student’s t-test was used to perform statistical analyses (two different 

populations, n = 6); results were considered statistically significant for P values less than 0.05. 
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Dynamic light scattering experiments were conducted using a 100 mW, 532 nm laser (Coherent 

Compass 315M-100; Santa Clara, CA) illuminating a temperature-controlled glass cell 

(maintained at 25oC) filled with a refractive-index matching fluid (decahydronaphthalene, Fisher 

Scientific; Pittsburgh, PA). The autocorrelation functions were obtained using a BI-9000AT 

digital autocorrelator (Brookhaven Instruments; Holtsville, NY).  

 

Preparation of Lipid and Lipoplex Solutions. Reduced BFDMA solutions (1 mM) were 

prepared by dissolving reduced BFDMA in aqueous Li2SO4 (1 mM, pH 5.1). Oxidized BFDMA 

solutions were prepared by electrochemical oxidation of solutions of reduced BFDMA.28 To 

prepare lipoplex solutions, a solution of siRNA (24 g/ml in water) was added slowly to an 

aqueous Li2SO4 solution containing an amount of reduced or oxidized BFDMA sufficient to give 

the final lipid concentrations and lipid/siRNA charge ratios (CRs) reported in the text. Lipoplex 

solutions were incubated at room temperature for 20 min prior to use in subsequent experiments.  

 

Characterization of siRNA-Mediated Knockdown of Luciferase Expression. COS-7 cells used 

in cell transfection experiments were grown in opaque polystyrene 96-well culture plates at an 

initial seeding density of 15×103 cells/well in 200 μL of growth medium (90% DMEM, 10% 

fetal bovine serum; 100 units/ml penicillin and 100 μg/ml streptomycin). After 24 hr of 

incubation at 37 °C (at which point cell populations were ~80% confluent), the medium in each 

well was aspirated and replaced with 200 μL of fresh growth medium and 50 μL of a mixture of 

Lipofectamine 2000 and plasmid DNA encoding firefly luciferase prepared according to the 

manufacturer’s suggested protocol. After 4 hours of incubation at 37 °C, culture medium was 

aspirated and replaced with 200 μL of fresh serum-free cell culture medium (Opti-MEM), 
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followed by the addition of 50 μL of solutions containing lipoplexes of BFDMA and siRNA. 

After 4 hours of incubation at 37 °C, lipoplex-containing medium was aspirated and replaced 

with 200 μL of fresh serum-containing growth medium. Cells were then incubated for an 

additional 48 h. Luciferase expression was characterized using a luminescence-based luciferase 

assay kit used according to the manufacturer’s protocol. Luciferase expression was normalized 

against total cell protein in each respective well using a commercially available BCA protein 

assay kit. All cell transfection experiments were conducted in replicates of six. 

 

Characterization of Cytotoxicity of Lipoplexes. COS-7 cells were grown in clear 12-well culture 

plates at initial seeding densities of 15×104 cells/well in 200 μL of growth medium (90% 

DMEM, 10% fetal bovine serum; 100 units/ml penicillin and 100 μg/ml streptomycin). After 24 

hr of incubation at 37 °C (at which point cell populations were ~80% confluent), the medium in 

each well was aspirated and replaced with 800 μL of fresh growth medium and 200 μL of a 

mixture of Lipofectamine 2000 and plasmid DNA encoding for firefly luciferase prepared 

according to the manufacturer’s suggested protocol. After 4 hours of incubation at 37 °C, culture 

medium was aspirated and replaced with 800 μL of fresh serum-free cell culture medium (Opti-

MEM) followed by the addition of 200 μL of solutions containing lipoplexes of BFDMA and 

siRNA complementary to luciferase. After 4 hours of incubation at 37 °C, lipoplex-containing 

medium was aspirated and replaced with 1 mL of fresh serum-containing growth medium. Cells 

were incubated for an additional 48 h and then analyzed for lipoplex-mediated cytotoxicity. Cells 

were stained with Calcein AM (a fluorescent probe used to identify live cells) and Ethidium 

Homodimer-1 (a fluorescent probe used to identify dead cells). Following staining, the medium 
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was aspirated from the wells and replaced with 500 μL of trypsin with EDTA to detach the cells 

from the plate. The trypsin-EDTA solution was incubated with the cells for 5 min, after which 

the contents of each well were transferred into separate centrifuge tubes and centrifuged at 3500 

rpm for 10 min. The supernatant was removed, the cell pellets were resuspended in 500 μL of 

PBS containing 1 mg/mL bovine serum albumin (BSA), and the tubes were centrifuged again as 

described above. The supernatant was again aspirated, and the cell pellets were resuspended in 

500 μL of BSA-containing PBS and transferred to plastic flow cytometry tubes. The cells were 

kept on ice prior to characterization by flow cytometry. Fluorescence intensities corresponding to 

Calcein AM and Ethidium Homodimer-1 were collected along with forward- and side-scatter 

data for populations of 30,000 cells.  

 

Characterization of Internalization of Lipoplexes Using LSCM. COS-7 cells were grown in 

glass inset confocal microscopy dishes at an initial seeding density of 2.5×105 cells/dish in 2 mL 

of growth medium. Cells were allowed to grow overnight to approximately 80% confluence. 

Growth medium was then replaced with 2 mL of serum-free cell culture medium (Opti-MEM) 

and 500 μL of lipoplex solutions formulated from BFDMA and siRNA specific for luciferase (a 

mixture of unlabeled siRNA and 20% (w/w) of siRNA labeled with Cy-5) were added. Cells 

were incubated with lipoplex solutions at 37 °C for 4 hours. Lipoplex solutions were aspirated 

and then cells were rinsed with 50 U/ml of a heparin solution (in PBS) to promote the removal of 

extracellular membrane-associated lipoplexes. Cells were then stained with solutions of Hoechst 

34580 (nuclear stain), Lysotracker Red (endosome/lysosome stain), and WGA-Alexa Fluor 488 

(membrane stain). The extent to which Cy5-labeled siRNA was internalized by cells was then 
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characterized using LSCM. LSCM images were acquired using a 60x/1.40 NA oil immersion 

objective. Hoechst 34580, WGA-Alexa Fluor 488, Lysotracker Red, and Cy5-labeled siRNA 

were excited using laser lines at 408, 488, 561 and 638 nm, respectively. Fluorescence emission 

signals were collected for four individual channels and merged to create four-color images. 

 

Characterization of the Zeta Potentials of Lipoplexes. The zeta potentials of lipoplexes were 

characterized using a Zetasizer Nano-ZS instrument (Malvern Instruments, Worcestershire, UK). 

Characterization of 1 mL samples of lipoplex solutions was performed at ambient temperature 

using an electrical potential of 150 V. Six measurements were performed for each lipoplex 

solution. The Henry equation was used to calculate zeta potential from measurements of 

electrophoretic mobility. For these calculations, the viscosity of the lipoplex solutions was 

assumed to be same as that of water.  

 

Characterization of Lipoplex Size. The average sizes of BFDMA/siRNA lipoplexes were 

determined by dynamic light scattering. Water and aqueous Li2SO4 solutions used for light 

scattering were filtered through a series of two 0.22 μm GV Millipore syringe filters and 

degassed with argon for 30 min prior to adding lipid or siRNA. Lipoplexes were prepared as 

described above. The scattering of light was measured at an angle of 90° with delay times 

ranging from 100 ns to 1–10 s. Autocorrelation functions (ACFs) for the intensity of the 

scattered light were analyzed using the CONTIN software package36,37 to yield a distribution of 

aggregate sizes by assuming that the relaxation processes in solution correspond to center-of-

mass diffusion. 
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Preparation of Lipoplexes for Characterization by Cryo-TEM. Stock solutions of BFDMA (1 

mM) were prepared in 1 mM Li2SO4. Lipoplex solutions were prepared by adding siRNA 

specific for luciferase to stock solutions of BFDMA and then diluting in Opti-MEM cell culture 

medium. Lipoplexes formed from reduced BFDMA and siRNA were prepared at a charge ratio 

of 1.4:1 and contained the same molar concentrations of BFDMA as complexes formed by 

oxidized BFDMA and DNA at a charge ratio of 4.2:1. Although these charge ratios were chosen 

to be same as those used in cell transfection experiments, the absolute concentration of BFDMA 

used to prepare samples for cryo-TEM measurements (660 μM) was substantially higher than 

that used in the transfection experiments. These higher concentrations were chosen to allow 

better sampling and to permit more direct comparison to the results of our past studies on cryo-

TEM characterization of lipoplexes of BFDMA and plasmid DNA. 

 

Characterization of Lipoplexes by Cryo-TEM. Specimens of lipoplexes used for 

characterization by cryo-TEM were prepared in a controlled environment vitrification (CEVS) 

system at 25 °C and 100% relative humidity, as previously described.38,39 Samples were 

examined using a FEI T12 G2 transmission electron microscope, operated at 120 kV, with 

Oxford CT-3500 or Gatan 626 cooling holders and transfer stations. Specimens were 

equilibrated in the microscope below -178 °C, and then examined in the low-dose imaging mode 

to minimize electron-beam radiation damage. Images were recorded at a nominal underfocus of 

1-2 μm to enhance phase contrast. Images were acquired digitally by a Gatan US1000 high-

resolution (T12) cooled-CCD camera using the DigitalMicrograph software package. 
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Results  

Characterization of BFDMA-Mediated Knockdown of Luciferase Expression. We conducted a 

series of experiments to characterize the ability of complexes of siRNA formed using either 

reduced BFDMA or oxidized BFDMA to knock down the expression of luciferase in transiently 

transfected COS-7 cells. Although our past studies demonstrate that BFDMA can be used to 

deliver DNA to a variety of cell types,28-33 the studies reported here were performed using COS-7 

cells for two reasons. First, because COS-7 cells are generally regarded to be easy to transfect,40 

the use of this cell line provides a robust test for the characterization of siRNA complexes that 

are “inactive” toward delivery (that is, our past studies demonstrate that lipoplexes of oxidized 

BFDMA and DNA promote very low levels of transgene expression in a cell line that is 

otherwise easy to transfect). Second, the majority of those past cell transfection studies were 

performed using COS-7 cells;28-33 the use of this cell line thus provided the broadest base of data 

for comparison of the cell-based results reported in this Chapter. All knockdown experiments 

described here were performed using cells that were first transiently transfected to express 

luciferase using lipoplexes formed from the commercially available lipid-based agent 

Lipofectamine 2000 and plasmid DNA encoding firefly luciferase (see Materials and Methods 

for additional details).  

Complexes of BFDMA and siRNA used in these experiments were formed at lipid 

concentrations of 6 M, 8 M, or 10 M. These concentrations correspond to lipid/siRNA 

charge ratios (CRs) ranging from 0.8:1 to 1.4:1 (for complexes of reduced BFDMA) and 2.4:1 to 

4.2:1 (for complexes of oxidized BFDMA). (We note here for clarity that complexes formed 

from reduced BFDMA and siRNA at a CR of 1.4:1, for example, contain the same molar 
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amounts of BFDMA and siRNA as complexes formed by oxidized BFDMA and siRNA at a CR 

of 4.2:1 due to differences in the net charges of reduced (+1) and oxidized (+3) BFDMA; see 

Figure 1). The selection of this range of lipid concentrations and CRs for these initial studies was 

guided by the results of our past transfection studies using lipoplexes prepared using BFDMA 

and DNA.29,30,32 The results of dynamic light scattering and characterization by cryo-TEM 

demonstrated that BFDMA and siRNA combined at these CRs form lipoplexes with sizes and 

structures typical of lipoplexes formed by nucleic acids and other cationic lipids (the results of 

those characterization studies are described in greater detail in the sections below). We used 

serum-free media for all of the cell-based studies reported here to permit comparison to the 

results of past studies on BFDMA/DNA lipoplexes and to facilitate biophysical 

characterization.28-30,32,34,35 

 
 
Figure 2: Percent luciferase expression in COS-7 cells 48 hours after treatment with lipoplexes of 
reduced BFDMA and Luc-siRNA (black bars), lipoplexes of oxidized BFDMA and Luc-siRNA (gray 
bars), or lipoplexes of oxidized BFDMA and Luc-siRNA subsequently treated with ascorbic acid (AA, 
white bars). Data are shown normalized to levels of luciferase in untreated control cells (striped bar).  
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Figure 2 shows the percent reduction of luciferase expression in COS-7 cells promoted 

by lipoplexes formed using BFDMA and siRNA specific for luciferase (Luc-siRNA). These 

results reveal that lipoplexes of reduced BFDMA (black bars) promoted high levels of gene 

silencing [e.g., up to ~80%), as compared to untreated controls (striped bar)] at concentrations of 

BFDMA ranging from 6-10 μM. This level of knockdown is comparable to levels reported in 

several past studies using conventional cationic lipids or other lipid-like molecules to promote 

sequence-specific gene silencing in vitro21,24,41 Further inspection reveals that lipoplexes of 

oxidized BFDMA (gray bars) promoted significantly lower levels of knockdown (e.g., ~30%) 

over this same range of concentrations. These results demonstrate that BFDMA can promote 

high levels of siRNA-mediated knockdown in cells and that the oxidation state of BFDMA plays 

a significant role in determining the extent to which BFDMA/siRNA lipoplexes are able to do so. 

These results also reveal that levels of gene silencing promoted by reduced and oxidized 

BFDMA do not vary significantly over this range of lipid concentrations and CRs. Past studies 

on DNA-based lipoplexes indicated that the cytotoxicity of reduced BFDMA increases at 

concentrations above 10 μM;29 lipoplexes prepared at lipid concentrations above 10 μM were 

therefore not investigated in this Chapter. The results of other experiments to characterize 

cytotoxicity and investigate the potential influence of other non-specific effects that could 

influence the results of these studies are described in more detail below. 

We demonstrated in past studies that the addition of small-molecule chemical reducing 

agents (such as glutathione30 or ascorbic acid32) to lipoplexes of oxidized BFDMA and plasmid 

DNA can be used to activate these otherwise “inactive” lipoplexes and promote higher levels of 

cell transfection. Additional results shown in Figure 2 (white bars) demonstrate that this 
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approach can also be used as a practical means to activate lipoplexes of oxidized BFDMA and 

siRNA. We used AA as a reducing agent in these experiments because it reduces oxidized 

BFDMA rapidly,32 and because we have demonstrated that it can be used to activate DNA-based 

lipoplexes directly (and in the presence of cells) by simple addition of aliquots AA to lipoplex-

containing cell culture media.32 The addition of a 10-fold molar excess of AA to lipoplexes of 

siRNA and oxidized BFDMA resulted in substantially lower levels of luciferase expression 

(white bars) compared to cells exposed to lipoplexes of oxidized BFDMA that were not treated 

with AA (gray bars, as discussed above) at all BFDMA concentrations and CRs tested. Levels of 

knockdown after the addition of AA were highest (~75%, as compared to untreated controls) at 

concentrations of 10 μM; under these conditions, levels of knockdown promoted by AA-treated 

(chemically activated) lipoplexes were similar to the levels of knockdown mediated by 

lipoplexes formed using reduced BFDMA (black bars). On the basis of these results, all 

subsequent studies were performed using formulations of lipids or lipoplexes prepared at 

concentrations of 10 μM BFDMA. 

The results of additional control experiments and cytotoxicity screens demonstrated that 

the high levels of gene silencing mediated by lipoplexes of reduced BFDMA and AA-treated 

lipoplexes of oxidized BFDMA shown in Figure 2 are the result of sequence-specific knockdown 

mediated by Luc-siRNA and not a result of lipid toxicity or other nonspecific effects associated 

with the individual components of these lipoplexes. Figure 3 shows levels of luciferase 

expression in cells 48 hours after incubation in the presence of: (i) lipid only (either reduced 

BFDMA, oxidized BFDMA, or AA-treated samples of oxidized BFDMA; all at 10 μM lipid 

concentrations), (ii) lipoplexes of BFDMA formed using siRNA specific for green fluorescent 
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protein instead of luciferase (GFP-siRNA; prepared at 10 μM lipid concentrations), and (iii) 

samples of Luc-siRNA alone (naked siRNA).  

 

These control experiments indicate that Luc-siRNA alone does not mediate significant 

levels of knockdown in the absence of BFDMA, and that BFDMA alone (in both its reduced or 

oxidized forms) does not promote substantial non-specific gene silencing. Treatment of cells 

with lipoplexes of GFP-siRNA and BFDMA (in either its reduced or oxidized forms) resulted in 

small reductions in average levels of luciferase expression (~20-25%) that were not statistically 

different from levels observed in untreated controls (P > 0.05). Although it is possible that small 

amounts of non-specific gene silencing could occur, the levels of reduced expression observed in 

 
 
Figure 3: Percent luciferase expression in COS-7 cells 48 hours after incubation in the presence of (i) 
lipid only (either reduced BFDMA, oxidized BFDMA, or AA-treated samples of oxidized BFDMA at 10 
μM lipid concentrations), (ii) lipoplexes of BFDMA formed using control GFP-siRNA, and (iii) samples 
of Luc-siRNA alone (naked siRNA).  Data are shown normalized to levels of luciferase in untreated 
control cells.  
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these experiments are also significantly lower than the levels of knockdown mediated by reduced 

BFDMA and AA-treated lipoplexes of Luc-siRNA shown in Figure 2 (black or white bars; 

reductions of ~75-80%; P < 0.05), suggesting that the majority of knockdown observed in those 

experiments was sequence-specific. The results of live/dead cytotoxicity assays shown in Figure 

4 demonstrate that the lipoplexes of reduced, oxidized, and AA-treated lipoplexes of BFDMA 

used in these experiments (prepared at a concentration of 10 μM BFDMA) are not substantially 

cytotoxic.  

 

Characterization of Cellular Internalization of Lipoplexes of BFDMA and siRNA. Figure 5 

shows LSCM images of COS-7 cells after 4 hours of incubation in the presence of lipoplexes of 

(A) reduced BFDMA, (B) oxidized BFDMA, and (C) lipoplexes of oxidized BFDMA treated 

with AA (all prepared at 10 μM concentrations of lipid, as described above for cell-based 

knockdown experiments). Cells were rinsed extensively with a heparin solution prior to imaging 
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Figure 4: Percentage of live (black) and dead (grey) cells after treatment with (i) lipoplexes of reduced 
BFDMA and Luc-siRNA, (ii) lipoplexes of oxidized BFDMA and Luc-siRNA, and (iii) lipoplexes of 
oxidized BFDMA and Luc-siRNA subsequently treated with AA. All lipoplexes were prepared at a 
BFDMA concentration of 10 μM (see text). 
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to promote removal of lipoplexes bound to but not internalized by cells. In these images, 

fluorescence signals correspond to Cy5-labeled siRNA (red), endosome/lysosome stain (blue), 

cell membrane stain (green), and nuclear stain (gray).  

 

 
Figure 5: Representative confocal micrographs showing internalization of siRNA by COS-7 cells 
treated with (A) lipoplexes of reduced BFDMA and Luc-siRNA, (B) lipoplexes of oxidized BFDMA 
and Luc-siRNA, and (C) lipoplexes of oxidized BFDMA and Luc-siRNA subsequently treated with AA. 
All lipoplexes were prepared at BFDMA concentrations of 10 μM (see text). Fluorescence signals 
correspond to Lysotracker Red (endosome/lysosome stain; false-colored blue), WGA-Alexa Fluor 488 
(membrane stain; false-colored green), Cy5-labeled siRNA (false-colored red), and Hoechst 34580 
(nuclear stain; false-colored gray). Arrows point to internalized lipoplexes co-localized with endosomes 
and/or lysosomes (magenta color) and arrowheads point to internalized lipoplexes that are not co-
localized with these vesicles. 
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Images of cells treated with lipoplexes of reduced BFDMA (Figure 5A) and lipoplexes of 

oxidized BFDMA treated with AA (Figure 5C) both reveal significant levels of internalized 

siRNA. Internalized siRNA was observed in two locations: (i) co-localized with endosomes 

and/or lysosomes (identified by white arrows; when blue signal corresponding to 

endosome/lysosome stain is merged with the red signal corresponding to Cy-5 labeled siRNA, 

magenta-colored spots are formed), and (ii) inside cells but not co-localized with endosomes or 

lysosomes (identified by white arrowheads). In contrast to these results, images of cells 

incubated with lipoplexes of oxidized BFDMA and siRNA (Figure 5B) show very low levels of 

internalized siRNA (examples of visible red punctate structures are again identified by white 

arrowheads). These results demonstrate that changes in the oxidation state of BFDMA can be 

used to influence or control the extent to which siRNA is internalized by cells.  

 

Physicochemical Characterization of Lipoplexes of BFDMA and siRNA. We performed 

additional experiments to provide insight into oxidation state-dependent differences in the 

physicochemical and biophysical properties of BFDMA/siRNA lipoplexes that could underlie 

differences in gene silencing and cellular internalization reported above. Table 1 shows the zeta 

potentials and average sizes of lipoplexes of reduced BFDMA, lipoplexes of oxidized BFDMA, 

and lipoplexes of oxidized BFDMA that were treated with AA prior to characterization. These 

experiments were conducted in Opti-MEM cell culture medium using lipoplexes formed at lipid 

concentrations and BFDMA/siRNA CRs identical to those used in the cell-based experiments 

described above (i.e., BFDMA/siRNA CRs of 1.4:1 and 4.2:1 for lipoplexes of reduced and 

oxidized BFDMA, respectively, at a 10 μM overall lipid concentration).  
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The average size of lipoplexes of oxidized BFDMA was measured to be ~150 nm and the 

averages sizes of reduced BFDMA lipoplexes or AA-treated (chemically reduced) lipoplexes of 

oxidized BFDMA were ~370 nm in size (Table 1). The distribution of sizes in these samples was 

sufficiently large to prevent meaningful conclusions regarding differences in size as a function of 

oxidation state of BFDMA. The zeta potentials of these lipoplexes were all negative, irrespective 

of the oxidation state of BFDMA or treatment with AA, but the zeta potentials of lipoplexes of 

oxidized BFDMA were more negative (–14 ± 2 mV) than those of lipoplexes of reduced 

BFDMA or AA-treated lipoplexes oxidized BFDMA (–7 ± 1 mV and –8 ± 1 mV, respectively).  

 

 

Finally, we used cryo-TEM to characterize BFDMA/siRNA lipoplexes and determine (i) 

whether changes in the oxidation state of BFDMA influence the nanostructures of these 

lipoplexes, and, more generally, (ii) whether the nanostructures of lipoplexes formed using 

substantially smaller siRNA constructs are similar to those formed using much larger plasmid 

DNA constructs. These analyses were performed using lipoplexes formed in serum-free cell 

culture medium at the same BFDMA/siRNA CRs used in the experiments described above, but 

Table 1: Zeta potentials and intensity-average sizes of lipoplexes.a 

Sample Zeta Potential (mV) Diameter (nm) 
Reduced BFDMA -7 ± 1 370 ± 270 
Oxidized BFDMA -14 ± 2 150 ± 70 

Oxidized BFDMA + AA -8 ± 1 370 ± 220 
aLipoplexes were prepared in aqueous Li2SO4 solution and then diluted in Opti-
MEM cell culture medium so that the final concentration of BFDMA was 10 μM in 
all cases, and lipid/siRNA CRs were fixed at 1.4:1 for lipoplexes of reduced 
BFDMA and 4.2:1 for lipoplexes of oxidized BFDMA. Lipoplexes of oxidized 
BFDMA were treated with 10-fold molar excess of AA following their dilution into 
Opti-MEM cell culture medium. See text for additional details. 
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at ~60-fold higher lipid concentrations to facilitate comparisons to the results of our past studies 

on DNA-based lipoplexes.32,35  

Figure 6A and the inset show representative cryo-TEM images of lipoplexes of siRNA 

and reduced BFDMA. These lipoplexes exhibited highly multilamellar spherical nanostructures 

with sizes ranging from ~100 to 800 nm. The periodicity of these multilamellar structures was 

 
 
Figure 6: Cryo-TEM images of (A) lipoplexes of reduced BFDMA and siRNA, (B and C) lipoplexes of 
oxidized BFDMA and siRNA, and (D) lipoplexes of oxidized BFDMA and siRNA treated with AA. 
Asterisks and arrowheads denote the perforated carbon film used to support the lipoplexes (asterisks) and 
small ice crystals formed during samples preparation (arrowheads). 
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5.3 ± 0.6 nm, as determined by image analysis; this value was typical for all aggregates 

regardless of size, and is similar to the periodicity of multilamellar lipoplexes of reduced 

BFDMA and plasmid DNA reported in past studies (5.2 ± 0.2 nm).32,35 Cryo-TEM 

characterization of lipoplexes of oxidized BFDMA and siRNA showed these samples to consist 

primarily of amorphous aggregates (Figure 6B and inset) with sizes of ~150-1000 nm. Although 

these amorphous aggregates represented the majority of species observed during these 

experiments, we also occasionally observed some aggregates in these samples exhibiting 

partially lamellar structures (Figure 6C). In stark contrast, in images of lipoplexes of oxidized 

BFDMA that were treated with AA prior to characterization (Figure 6D) we observed aggregates 

with uniformly multilamellar nanostructures with sizes in the ~200-1100 nm range, and a 

lamellar periodicity of 5.1 ± 0.6 nm.  

 

Discussion 

Our past studies demonstrate that the oxidation state of BFDMA significantly affects the 

interaction of this lipid with plasmid DNA, and that changes in oxidation state of the ferrocenyl 

groups of BFDMA can be used to dictate or control the efficiency with which DNA-based 

lipoplexes transfect cells (reduced BFDMA generally leads to high levels of cell transfection, 

whereas oxidized BFDMA generally leads to low levels of transgene expression).28-30,32,33 The 

results reported in this Chapter (Figure 2) demonstrate that control over the redox state of the 

ferrocene groups in BFDMA can also be used to exert substantial levels of control over the 

ability of BFDMA/siRNA lipoplexes to deliver siRNA to cells and promote effective gene 

silencing.  
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These observations provide a new structural and molecular basis for redox-based control 

over the functional behavior of siRNA lipoplexes – that is, BFDMA can be used, either alone or 

in combination with chemical reducing agents, to formulate siRNA lipoplexes that either (i) 

mediate cellular entry and promote robust gene silencing, (ii) do not promote efficient cellular 

entry (and, thus, do not promote effective gene silencing), or (iii) exist in a dormant or inactive 

state until they are “activated” by the addition of a small-molecule chemical reducing agent 

[achieved by addition of the naturally-occurring reducing agent ascorbic acid (AA)]. This redox-

active lipid and the methods reported here could thus lead to the development of new approaches 

that permit active spatial and/or temporal control over the delivery of siRNA to cells and tissues 

(e.g., by the controlled delivery of reducing agents, or by strategic placement of electrodes to 

affect the controlled or patterned electrochemical reduction of oxidized BFDMA). The ability to 

reversibly cycle the redox state of ferrocene under a broad range of environmental conditions42,43 

– and to use resulting differences in lipid structure to influence the biological activities of siRNA 

lipoplexes – renders BFDMA structurally and functionally unique among cationic lipids that 

have been investigated for the delivery of siRNA.  

Our results reveal that the large differences in gene silencing mediated by reduced 

BFDMA (high levels) and oxidized BFDMA (low levels) shown in Figure 2 are primarily a 

consequence of the relative inability of oxidized BFDMA to promote efficient internalization of 

siRNA (that is, these differences in the ability of reduced or oxidized BFDMA to knock down 

gene expression do not appear to arise from differences in the ability of these two forms of 

BFDMA to mediate other downstream, intracellular processes, such as endosomal escape, etc.). 

The confocal microscopy images shown in Figure 5 demonstrate that lipoplexes of reduced 
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BFDMA (Figure 5A) and “activated” (chemically reduced) lipoplexes of oxidized BFDMA 

treated with AA (Figure 5C) are internalized efficiently by cells, but that lipoplexes of oxidized 

BFDMA (Figure 5B) are not. These results are similar to those arising from confocal microscopy 

characterization using DNA-based lipoplexes of BFDMA.30,32  

The results of dynamic light scattering experiments shown in Table 1 suggest that these 

differences in internalization are not likely to result from differences in the sizes of lipoplexes of 

oxidized BFDMA and lipoplexes of reduced BFDMA. Our past studies on lipoplexes of 

BFDMA and plasmid DNA showed large differences in the zeta potentials of lipoplexes formed 

using oxidized or reduced BFDMA that correlated to the extent to which they were internalized 

by cells.30,32 For example, the zeta potentials of reduced BFDMA/DNA lipoplexes were negative 

(approx. –17 mV) and readily entered cells; the zeta potentials of oxidized BFDMA/DNA 

lipoplexes were significantly more negative (approx. –34 mV) and did not enter cells 

efficiently.32 As shown in Table 1, the zeta potentials of lipoplexes of siRNA and oxidized 

BFDMA characterized here were also more negative (approx. –14 mV) than those of lipoplexes 

of reduced BFDMA (approx. –7 mV). This difference in zeta potential as a function of oxidation 

state is statistically significant (P < 0.05), but it is smaller (a difference of ~7 mV) than that 

measured for DNA-based lipoplexes (a difference of ~17 mV). Although this difference is 

smaller, these changes in zeta potential as a function of oxidation state are also consistent with 

differences in the extents of cellular internalization shown in Figure 5 and the resulting large 

differences in gene silencing shown in Figure 2.  

Our past studies also demonstrated that changes in the oxidation state of BFDMA have a 

significant impact on the nanostructures of DNA-based lipoplexes in ways that correlate with 
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differences in zeta potential and their abilities to transfect cells.30,32 For example, whereas 

lipoplexes of plasmid DNA and reduced BFDMA possess multilamellar nanostructures, 

lipoplexes of DNA and oxidized BFDMA are amorphous, as determined by small-angle neutron 

scattering and cryo-TEM.32,35 The cryo-TEM images in Figure 6 indicate that these substantial 

differences in nanostructure as a function of oxidation state of BFDMA are largely preserved in 

lipoplexes of BFDMA and significantly smaller constructs of siRNA. Lipoplexes of siRNA and 

reduced BFDMA were highly multilamellar with a periodicity similar to that observed for 

lipoplexes of DNA (e.g., 5.3 ± 0.6 nm for lipoplexes of siRNA vs. 5.2 ± 0.2 nm for lipoplexes of 

plasmid DNA32,35), and the majority of lipoplexes of siRNA and oxidized BFDMA were found 

to be amorphous. These nanostructural differences likely underlie the differences observed in the 

zeta potentials of siRNA-based lipoplexes, as discussed above.  

The cryo-TEM image in Figure 6D demonstrates that amorphous lipoplexes of oxidized 

BFDMA are transformed upon the addition of AA to lipoplexes with nanostructures that are 

almost completely multilamellar. This observation is consistent with the reduction of BFDMA 

and a subsequent and substantial physical restructuring to yield lipoplexes with nanostructures, 

zeta potentials, and biological activities that are otherwise similar to those of lipoplexes formed 

using authentic reduced BFDMA. We note that we have also observed transformations from 

amorphous to multilamellar nanostructures upon the addition of AA to lipoplexes of plasmid 

DNA and oxidized BFDMA.32 However, that past work showed AA-induced transformations of 

DNA-based lipoplexes to lead to a mixture of amorphous structures and smaller, non-spherical 

aggregates with more complex lamellar structures. It is possible that the substantially smaller 

size of the siRNA constructs in the lipoplexes used here (relative to the size of plasmid DNA) 
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permits faster and more complete structural reorganization of lipoplexes upon the chemical 

reduction of oxidized BFDMA. 

The co-localization of siRNA with endosomes and lysosomes observed in confocal 

microscopy images of cells treated with lipoplexes of reduced BFDMA (Figure 5A) and 

lipoplexes of oxidized BFDMA treated with AA (Figure 5C) is consistent with a mechanism of 

cellular entry that involves endocytosis. The observation of some siRNA that is not co-localized 

with these vesicles suggests that BFDMA could be able to facilitate escape from these vesicles. 

Additional studies will be required to investigate this possibility and evaluate mechanisms of 

internalization and intracellular trafficking more completely. In the context of this Chapter, 

however, the observation of siRNA that is not co-localized with acidic vesicles is consistent with 

cytosolic delivery and the high levels of knockdown of luciferase expression using reduced 

BFDMA lipoplexes or “activated” (AA-treated) lipoplexes of oxidized BFDMA shown in Figure 

2. The co-formulation of BFDMA/siRNA-based lipoplexes using other lipids known to facilitate 

endosomal escape, an approach used in past studies to optimize formulations of cationic lipids 

for DNA and siRNA delivery,16,44,45 could be used to design redox-active lipoplexes that promote 

even higher levels of gene silencing. 

Finally, we note that all experiments in this Chapter were conducted using the COS-7 cell 

line in serum-free culture media to provide a test for the “inactivity” of lipoplexes of oxidized 

BFDMA (as described above) and to permit comparison to the results of biophysical and 

biological characterization of DNA-based lipoplexes reported in past studies.28-33 Recent studies 

demonstrate that BFDMA can be used to transfect other cell types,32 and that both reduced and 

oxidized BFDMA can be formulated with other lipids [e.g., dioleoylphosphatidylethanolamine 
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(DOPE)] to yield DNA-based lipoplexes that transfect cells in high serum [e.g., in up to 80% 

serum (v/v)] without degrading the redox-based ‘on/off’ behavior that BFDMA affords.33 The 

similarities between the physical and structural properties of BFDMA/DNA and BFDMA/siRNA 

lipoplexes as a function of redox state, as reported here, suggest that this co-formulation 

approach could also prove useful for the design siRNA lipoplexes that provide active, redox-

based control over gene silencing in more complex biological environments (e.g., in serum-

containing media or, potentially, in vivo). 

 

Summary and Conclusions 

We have demonstrated that control over the redox state of the ferrocene groups in 

BFDMA can be used to control the ability of lipoplexes of BFDMA and siRNA to promote gene 

silencing in mammalian cells. Specifically, lipoplexes of siRNA formed using reduced BFDMA 

lead to high levels of sequence-specific gene silencing in COS-7 cells, but lipoplexes formed 

using oxidized BFDMA lead to low levels of knockdown. We have also demonstrated that 

otherwise inactive lipoplexes of oxidized BFDMA can be activated to induce high levels of gene 

silencing by the addition of the small-molecule chemical reducing agent ascorbic acid (AA), 

demonstrating a basis for active and external control over the delivery of siRNA to cells. Our 

results reveal differences in the biological activities of these lipoplexes to be a consequence of 

the relative inability of oxidized BFDMA to promote efficient cellular internalization of siRNA, 

and that, overall, this behavior correlates with significant differences in the nanostructures and 

other physical properties (e.g., the zeta potentials) of these lipoplexes as a function of the 

oxidation state of BFDMA. The ability to transform the oxidation state of the ferrocenyl groups 
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of BFDMA presents opportunities to provide control over both the physical properties and 

biological behaviors of siRNA-based lipoplexes in ways that are not possible using conventional 

cationic lipids or other lipid-like materials. Active and ‘on-demand’ control over the properties 

and biological behaviors of siRNA complexes could prove useful in a variety of fundamental 

contexts, and, with further development, in the context of emerging biomedical applications of 

RNAi.  
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Spatial and Temporal Control of the Delivery of DNA to Cells Using 

Redox-Active Lipids 
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Introduction 

Cationic lipids have been widely investigated as the basis of synthetic vehicles for the 

delivery of plasmid DNA to cells in both in vitro and in vivo contexts.1-5 This class of lipids 

binds cooperatively to DNA (via electrostatic interactions) to condense macromolecular DNA 

into compact and nanostructured complexes that can possess physical properties that enable 

passage of the DNA into intracellular environments.6 The efficiency with which lipoplexes 

formed from cationic lipids can mediate successful delivery of DNA to cells is dependent on 

their ability to overcome several barriers, including those associated with transport across the 

outer cell membrane, escape from endosomes, and transport to the nucleus.7,8 To address these 

issues, a range of cationic lipids with multifunctional domains have been designed to form stable 

complexes with DNA in extracellular environments, but to release DNA – once internalized by 

cells – in response to various intracellular stimuli (e.g., changes in pH, redox potential, or the 

presence of enzymes)9-18 or other externally applied stimuli (e.g., the application of heat, light, or 

magnetic fields).19-21 The use of such stimuli-responsive cationic lipid systems has been 

demonstrated to significantly increase the efficiency of the intracellular trafficking of DNA and 

has thus contributed significantly to the development of lipoplex-based approaches for DNA 

delivery.  

A common property of the majority of lipoplexes formed from multi-functional cationic 

lipids is that they are ‘active’ from the time at which they are first formulated and will, thus, start 

to be internalized immediately upon administration to a population of cells. The design of 

functional lipids that can be transformed actively in extracellular environments – at points in 

time or space selected and initiated externally by the investigator – has received little past 
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attention. Such functional lipids offer the potential to control the specific times at which 

otherwise quiescent lipoplexes will be internalized by cells (i.e., to achieve temporal control over 

gene delivery) or dictate with spatial control which sub-populations of cells in a system 

internalize DNA without requiring that lipoplexes be physically delivered in a spatially resolved 

manner (e.g., by spatial control over the ‘activation’ of selected regions of otherwise quiescent 

lipoplexes). The design of functional cationic lipids that permit this type of spatiotemporal 

control would constitute a significant fundamental advance that could potentially find use in a 

broad range of biomedical applications, including (i) generation of transfected arrays of cells to 

screen for protein-protein and protein-drug interactions,22,23 (ii) provision of new methods to 

achieve the patterned co-culture of cells for tissue engineering24-28 and developmental biology 

studies,29 and (iii) directed delivery of nucleic acids to sub-populations of cells or specified 

regions of tissue in in vivo applications.30-32 Here we note other approaches to spatiotemporal 

control over lipoplex-mediated DNA delivery have been reported,22,26,33-35 but that, as mentioned 

above, those approaches are based on the use of lipoplexes that are introduced into a system in an 

active state, and thus require methods for the physical patterning of the lipoplexes themselves to 

exert spatial control.  

In the study reported in this chapter, we demonstrate principles for spatial and temporal 

control of DNA to cells by using lipoplexes prepared from a redox-active lipid containing 

organometallic ferrocene groups [(bis(11-ferrocenylundecyl)dimethylammonium bromide 

(BFDMA), Figure 1].36-38 The two ferrocene groups in this lipid can be cycled reversibly 

between reduced (no net charge) and oxidized states (a charge of +1 per ferrocenium ion).37,39 

Our past studies have demonstrated that the oxidation state of the ferrocene groups of BFDMA 
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strongly influences the efficiency with which lipoplexes of BFDMA and DNA are internalized 

by cells.40,41 Specifically, lipoplexes of oxidized BFDMA (‘inactive lipoplexes’) are not 

internalized significantly by cells and, thus, mediate negligible levels of cell transfection. These 

same lipoplexes, when transformed (reduced) to contain reduced BFDMA (‘active lipoplexes’) 

are internalized readily by cells and subsequently promote high levels of cell transfection. Our 

past work demonstrates that the addition of biologically relevant small-molecule reducing agents 

(e.g., ascorbic acid) can be used as a stimulus to affect this redox transformation.41  

Here, we report experimental approaches that allow active and external control over the 

location and the timing of the delivery of redox-active transforming agents to two-dimensional 

lipoplex/cell systems that contain uniformly distributed dispersions of oxidized BFDMA 

lipoplexes. The controlled delivery of transforming agents is demonstrated to lead to 

spatiotemporal activation of sub-populations of these lipoplexes in the extracellular 

environment, thus leading to spatial and temporal control over DNA delivery without requiring 

the physical delivery of localization of lipoplexes in defined regions. We emphasize that in the 

 
 

Figure 1: Structure of bis(11-ferrocenylundecyl)dimethylammonium bromide (BFDMA). 
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systems reported in this paper, the lipoplexes are dispersed uniformly, obviating the need for 

complex procedures developed by other groups for the controlled delivery of lipoplexes.  

 

Materials and Methods 

Materials. BFDMA was synthesized using methods described previously.37 Ascorbic acid and 

lithium sulfate monohydrate were purchased from Sigma Aldrich (St. Louis, MO). 

Dodecyltrimethylammonium bromide (DTAB) was purchased from Acros Organics (Morris 

Plains, NJ). Plasmid DNA constructs encoding enhanced green fluorescent protein [pEGFP-N1 

(4.7 kb), >95% supercoiled] and firefly luciferase [pCMV-Luc, >95% supercoiled] were 

purchased from Elim Biopharmaceuticals, Inc. (San Francisco, CA). Dulbecco’s modified 

Eagle’s medium (DMEM), Opti-MEM cell culture medium, phosphate-buffered saline (PBS), 

and fetal bovine serum (FBS) were purchased from Invitrogen (Carlsbad, CA). Bicinchoninic 

acid (BCA) protein assay kits were purchased from Pierce (Rockford, IL). Glo Lysis Buffer and 

Steady-Glo Luciferase Assay kits were purchased from Promega Corporation (Madison, WI). 

Mixed cellulose ester membranes (pore size: 25 nm) were purchased from Millipore (Bedford, 

MA). Immobilized tris(2-carboxyethyl)phosphine (TCEP) disulfide reducing gel and control 

agarose resins without immobilized TCEP were purchased from Thermo Fisher Scientific Inc. 

(Rockford, IL). Deionized water (18 MΩ) was used to prepare all buffers and salt solutions. All 

commercial materials were used as received without further purification, unless otherwise noted. 

 

General Considerations. Electrochemical oxidation of BFDMA was performed as described 

previously.39 UV/vis absorbance measurements of BFDMA solutions were made using a 
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Beckman Coulter DU520 UV/vis Spectrophotometer (Fullerton, CA). Fluorescence microscopy 

images used to characterize expression of enhanced green fluorescent protein (EGFP) in cell 

transfection experiments were acquired using an Olympus IX71 microscope and processed using 

Metamorph Advanced V7.7.8.0 (Molecular Devices, LLC, Toronto, Canada). Fluorescence 

intensity analyses were performed using Image J64 (National Institutes of Health, Washington, 

DC). Luminescence and absorbance measurements used to characterize luciferase expression and 

total cell protein were performed using a PerkinElmer EnVision multilabel plate reader 

(Luciferase: Em, 700 nm cutoff. BCA: Abs 560 nm). Agarose beads with and without 

immobilized TCEP were washed twice using Opti-MEM cell culture medium before use in cell 

transfection experiments. Student’s t-test was used for statistical analyses of data (two different 

populations, n = 6). Data were considered statistically significant for P values less than 0.001.  

 

Preparation of Lipid and Lipoplex Dispersions. Solutions of reduced BFDMA were prepared by 

dissolving reduced BFDMA in aqueous Li2SO4 (1 mM, pH 5.1). Solutions of oxidized BFDMA 

were prepared by electrochemical oxidation of solutions of reduced BFDMA, as previously 

reported.39 To prepare lipoplexes, a solution of plasmid DNA (24 μg/mL in water) was added 

slowly to an aqueous Li2SO4 solution containing an amount of oxidized or reduced BFDMA 

sufficient to give the final lipid concentrations reported below (oxidized lipid/DNA charge ratios 

(CRs) were kept constant at 4.2:1; this ratio was selected on the basis of past studies 

demonstrating that lipoplexes formed at this CR do not transfect cells efficiently, but can be 

chemically reduced to yield active lipoplexes that promote high levels of transgene 

expression).40,41 Dispersions of lipoplexes were allowed to stand at room temperature for 20 min 



 
 

 

124 

before use.  

 

Chemical Reduction of Lipoplexes of Oxidized BFDMA. Reduction of lipoplexes of oxidized 

BFDMA using solutions of AA was performed as reported previously.41 For experiments 

designed to characterize the reduction of oxidized BFDMA upon treatment with beads 

containing immobilized TCEP, samples of oxidized BFDMA were diluted in Opti-MEM to a 

final lipid concentration of 250 μM and an ~10-fold molar excess of immobilized TCEP beads 

(in Opti-MEM) was added. The extent of reduction of oxidized BFDMA upon treatment with 

immobilized TCEP was monitored by measuring UV/vis absorption spectra at wavelengths 

ranging from 400-800 nm, as described previously. To eliminate clouding, DTAB was added to 

all lipid solutions prior to performing measurements of absorbance (DTAB does not absorb light 

in the range of wavelengths used in these experiments). Solutions were incubated for 1-2 min to 

allow resin beads to settle prior to measurement.  

 

Spatial Control of the Activation of Lipoplexes of Oxidized BFDMA. COS-7 cells used in 

pEGFP-based cell transfection experiments were grown in clear polystyrene 6-well culture plates 

at an initial seeding density of 9×104 cells/well in 2 mL of growth medium (90% DMEM, 10% 

fetal bovine serum; 100 units/mL penicillin and 100 μg/mL streptomycin). After plating, cells 

were incubated at 37 °C until the cell populations were ~80% confluent. Serum-containing cell 

culture medium was then aspirated and replaced by serum-free medium, Opti-MEM (2 mL), 

followed by the addition of solution of lipoplexes of oxidized BFDMA (0.5 mL) to yield a final 

lipid concentration of 30 μM. A homogenous mixture of the lipoplexes and the cell culture 
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medium was provided by gentle mixing via pipetting inside the well. Spatial control over the 

introduction of reducing agent to the lipoplexes was achieved using three different methods. In 

the first method, a hollow cylinder (radius: 0.5 cm) was placed into the middle of the cell culture 

well (radius: 1.74 cm), followed by the slow addition of AA solution (10-fold molar excess with 

respect to total lipid concentration) to the lipoplex-containing medium and cells confined within 

the cylinder. In the second method, a circular, porous hydrophilic membrane (radius: 1.5 cm; 

average pore size = 25 nm) was fixed in place on the surface of lipoplex-containing cell culture 

medium (approximately 0.1 cm above cells; the membrane was not in contact with cells in these 

experiments). This average pore size was selected to allow diffusion of AA but hinder the 

passage of larger lipoplexes (see text). A droplet of AA solution (volume of 10 μL, radius of 2 

mm, 10-fold molar excess with respect to total lipid concentration) was then carefully placed in 

the center of the membrane and AA was allowed to pass through the membrane to the lipoplex-

containing medium. In the third method, an ~10-fold molar excess of a suspension containing 

TCEP immobilized on agarose microspheres (15 μL; ~50-170 μm in size) was added to a 

predetermined location in the middle of a cell culture well containing cells (the beads used in 

these assays were more dense than water and sedimented onto the cells in these experiments). 

For all cases, at the end of 1 h of incubation, the lipoplex-containing medium was replaced with 

fresh serum-containing cell culture medium. Cells were incubated for an additional 48 h and 

relative levels of EGFP expression in cells were characterized using fluorescence microscopy.  

 

Temporal Control of the Activation of Lipoplexes of Oxidized BFDMA. For experiments 

designed to control the timing of initiation of cell transfection, COS-7 cells were grown in clear 
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or opaque 96-well culture plates at an initial seeding density of 15×103 cells/well in 200 μL of 

growth medium for EGFP- and pCMV-Luc-based experiments, respectively. After plating, cells 

were incubated at 37 °C until the cell populations were ~80% confluent. Serum-containing cell 

culture medium was then aspirated and replaced by Opti-MEM (200 μL), followed by the 

addition of a solution of lipoplexes of oxidized BFDMA (50 μL) to yield a final lipid 

concentration of 10 μM. After incubation of the lipoplexes with cells for the time periods 

reported in the text, AA solution (10-fold molar excess) was added to activate the lipoplexes and 

initiate cell transfection. After 1 h of incubation, lipoplex-containing medium was replaced with 

fresh serum-containing cell culture medium, and cells were incubated for an additional 48 h. 

Relative levels of EGFP expression in cells were characterized using fluorescence microscopy. 

For experiments in which pCMV-Luc was used, luciferase protein expression measurements 

were conducted using luminescence-based luciferase assay kits, according to the manufacturer’s 

specified protocol. Luciferase expression data were normalized against total cell protein in each 

respective well using a commercially available BCA protein assay kit. All cell transfection 

experiments were conducted in replicates of six. 

 

Characterization of the Zeta Potentials of Lipoplexes. The zeta potentials of lipoplexes were 

characterized using a Zetasizer Nano-ZS instrument (Malvern Instruments, Worcestershire, UK). 

Prior to measurement, dispersions of lipoplexes containing TCEP-immobilized agarose beads 

were incubated for 1-2 min to allow the beads to settle, and only the solution containing the 

lipoplexes was transferred to the instrument. Characterization of 1 mL samples containing 

lipoplexes was performed at ambient temperatures using an electrical potential of 150 V. Six 
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measurements were performed for each sample of lipoplexes. The Henry equation was used to 

calculate the zeta potentials from measurements of electrophoretic mobility. For these 

calculations, the viscosity of the lipoplex solutions was assumed to be same as that of water.  

 

Results and Discussion 

Principles for Localized Redox-Activation of Inactive BFDMA Lipoplexes. We first sought to 

confirm that controlled and localized delivery of a reducing agent to a system containing cells 

and uniformly dispersed, inactive lipoplexes of oxidized BFDMA would lead to localized 

activation of lipoplexes (and thus to localized delivery of DNA). Motivated by our past 

studies,40,41 we performed an initial proof of concept experiment to localize the delivery of the 

small-molecule reducing agent ascorbic acid (AA) to a small population of cells in a larger two-

dimensional culture. As background to the study reported in this chapter, we note briefly that 

lipoplexes of oxidized BFDMA exhibit negative zeta potentials and possess amorphous 

nanostructures, but are transformed upon treatment with AA into lipoplexes with ordered, 

multilamellar nanostructures and zeta potentials that are substantially less negative; these 

changes in nanostructure and zeta potential that occur upon reduction of oxidized BFDMA were 

found to promote efficient internalization of DNA by cells.41 For all of the experiments described 

below, we used lipoplexes of oxidized BFDMA and a plasmid DNA construct (pEGFP-N1) 

encoding enhanced green fluorescence protein (EGFP). These lipoplexes were prepared at 

oxidized BFDMA/DNA charge ratios (CRs) of 4.2:1 and a total lipid concentration of 30 μM, 

unless otherwise noted (see Materials and Methods for additional details).  

Our first experiment was designed to determine whether localized delivery of AA would 
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lead to localized activation of lipoplexes under a well-defined set of experimental conditions. 

Lipoplexes of oxidized BFDMA were introduced as a uniform dispersion above COS-7 cells 

growing on the bottom of a culture dish, and a hollow cylinder (Figure 2A, blue circle) was 

 
 

Figure 2: (A-H) Spatial control over the activation of lipoplexes of oxidized BFDMA. (A) Digital 
photograph showing a top-down view of a cell culture well containing inactive lipoplexes of oxidized 
BFDMA. Also shown is the location of a hollow cylinder (blue) placed in the center of the well to which 
AA was added to activate a subpopulation of the lipoplexes in this system. (B) A composite of 
fluorescence micrographs showing the central area of the cell culture well shown in A (corresponding to 
the area shown by the dotted square). The dotted circle represents the location of the hollow cylinder used 
during the delivery of AA. (C) 1.3X magnified view of the circled area in B. (D) A line intensity profile of 
green EGFP fluorescence in cells located along the dotted line shown in B. (E) Top image: digital 
photograph of a cell culture well in which a circular, porous hydrophilic membrane was fixed in place 
(using a syringe needle) on the surface of lipoplex-containing cell culture medium. This image also shown 
a small droplet of AA (center) applied to the surface of the membrane (see text). Bottom image: schematic 
showing a side view of the top image. (F) Composite fluorescence micrographs of confluent monolayer of 
COS-7 cells within the area of the cell culture well represented by dotted square in Figure 2E. Localized 
EGFP-expression was obtained by the placement of a small droplet of a solution of AA on top of a 
membrane positioned above cells after the administration of lipoplexes of oxidized BFDMA to cells. (G) 
1.3x magnified version of the circled area in Part F. (H) A line intensity profile of green EGFP 
fluorescence in cells located along the dotted line shown in F. 
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placed in the middle of the well and positioned against the bottom of the culture dish to isolate a 

small, circular sub-population of cells (Figure 2A). A solution of AA was then added, without 

mixing, to the lipoplex-containing medium confined within the cylinder; the cylinder was 

physically removed after 1 h, and cells were then washed and covered with fresh medium. Figure 

2B is a composite of fluorescence micrographs, acquired 48 hours after the initial addition of 

AA, showing the central area of the cell culture well (corresponding to the area shown with a 

dotted square in Figure 2A). The dotted circle in Figure 2B represents the location of the hollow 

cylinder used during the delivery of AA. Inspection of this image reveals EGFP expression to be 

localized to only the sub-population of cells contained in the region originally defined by the 

hollow cylinder (Figure 2D shows a line intensity profile of green EGFP fluorescence in cells 

located along the dotted line shown in Figure 2B).  

The results of this proof-of-concept experiment demonstrate that localized delivery of 

AA leads to localized activation of lipoplexes and – more importantly – that cells in other 

regions of the well that were exposed to lipoplexes of oxidized BFDMA during this experiment 

do not express high levels of transgene expression. We note here that patterns of localized 

transfection similar to that shown in Figure 2 could also be achieved by the direct addition of 

active lipoplexes (e.g., lipoplexes prepared using Lipofectamine or other conventional lipids) to 

the hollow cylinder used in the above experiment. We note further, however, that the basic 

principle demonstrated here – based on localized delivery of activating agents to otherwise 

quiescent and broadly dispersed lipoplexes – provides a means of achieving spatial control over 

transgene expression that does not require methods for the physical isolation or controlled 

placement of the lipoplexes (as demonstrated in past studies). As described below, this approach 
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can therefore be used to provide spatial control over the delivery of DNA to cells in ways that 

cannot be achieved by methods that rely on or require the local delivery of lipoplexes.   

 

Spatial and Temporal Control over DNA Delivery.The sizes and charges of lipoplexes limit the 

range of approaches that can be used to deliver or localize them with spatiotemporal control in 

many contexts (e.g., due to hindered diffusion through extracellular matrices and mucus layers, 

etc.).42,43 Small molecules such as ascorbic acid, however, can diffuse freely through many 

environments that lipoplexes cannot. Here, we demonstrate that these differences in the 

fundamental transport properties of small-molecule activating agents and lipoplexes can be 

exploited to develop new approaches to exert spatiotemporal control over DNA delivery. We 

performed a second series of experiments in which AA was delivered to a culture of lipoplexes 

and cells by passive diffusion of this small molecule through a porous hydrophilic membrane 

(Figure 2E; see Materials and Methods for a more detailed description of this experimental 

setup). The membranes used in these experiments had a pore size of 25 nm that was sufficient to 

allow free diffusion of AA, but not the passage of much larger lipoplexes of BFDMA.  

Placement of a small droplet of a solution of AA (radius = 2 mm) on top of membranes 

positioned above cells (Figure 2E) resulted in the localized expression of EGFP in a small sub-

population of cells residing in a location beneath that of the droplet (Figure 2F-H). Inspection of 

the images in Figure 2E-G reveals a circular area of cells expressing EGFP that is approximately 

2.5 times larger (radius = 5 mm) than the size of the AA droplet on the top of the membrane. 

This observation is likely the result of the combined effects of lateral diffusion of the AA in the 

cell culture medium (the calculated distance of diffusion is ~3 mm over the 1 h period over 
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which the droplet of AA and the membrane were present in this system) and convection of this 

medium during incubation. Control experiments in which droplets containing lipoplexes formed 

using BFDMA or Lipofectamine were placed on top of membranes positioned above cells did 

not result in observable transfection (data not shown), demonstrating that lipoplexes themselves 

are unable to pass through nanometer-scale pores of these materials. The results of these 

experiments, when combined, demonstrate an approach to the spatially controlled transfection of 

sub-populations of cells that exploits the relative ability of small-molecule activating agents to 

diffuse freely through a medium that is otherwise impermeable to lipoplexes. 

Because lipoplexes of oxidized BFDMA can be incubated in the presence of cells for 

prolonged periods without promoting internalization and transgene expression (as demonstrated 

above), delays in the time at which AA is added can also be used to exert control over the timing 

with which cell transfection is initiated. To demonstrate proof-of-concept and establish redox-

mediated principles for temporal control of DNA delivery, we conducted quantitative and 

qualitative transfection assays using lipoplexes prepared using oxidized BFDMA and plasmid 

DNA constructs encoding either firefly luciferase or EGFP (lipoplexes were prepared at a CR of 

4.2:1 and a total lipid concentration of 10 μM). For these experiments, cells were incubated in 

the presence of quiescent lipoplexes for 2 hrs and then an aliquot of AA was added via pipette to 

activate the lipoplexes and initiate/trigger transfection (e.g., see schematic illustration in Figure 

3A). After 1 h of incubation in the presence of AA, culture medium was replaced and cells were 

incubated for an additional 48 h prior to characterization. 
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Figure 3: (A-D) Temporal control over the activation of lipoplexes of oxidized BFDMA. (A) Schematic 
representing the experimental procedure: Lipoplexes of oxidized BFDMA were added to cell culture wells 
containing COS-7 cells. After two hours of incubation, AA was introduced (bottom schematic). Some 
wells remained untreated (top schematic) to permit comparison of the levels of EGFP expression mediated 
by AA-treated and AA-untreated lipoplexes. (B) Normalized luciferase expression mediated by untreated 
lipoplexes and lipoplexes treated with AA after two hours. (C,D) Representative fluorescence micrographs 
of cells showing EGFP expression mediated by (C) untreated lipoplexes and (D) lipoplexes treated with 
AA after two hours. (E,F) Spatiotemporal control over the activation of lipoplexes of oxidized BFDMA. 
(E) Composite fluorescence micrographs of confluent monolayer of COS-7 cells within the area of the cell 
culture well represented by dotted square in Figure 2E. Localized EGFP-expression was obtained by the 
placement of a small droplet of a solution of AA on top of a membrane positioned above cells two hour 
after the administration of lipoplexes of oxidized BFDMA to cells. (F) 1.3x magnified version of the 
circled area in Part E. 
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Figure 3B shows levels of luciferase expression (expressed as relative light units 

normalized to the total concentration of cell protein) in cells mediated by AA-triggered 

lipoplexes relative to otherwise identical cells that were cultured in the presence of lipoplexes, 

but to which no AA was added. The images in Figure 3C-D show qualitative differences in 

levels of transgene expression resulting from an otherwise identical experiment using lipoplexes 

formed using the pEGFP plasmid. The results of these two experiments demonstrate that (i) 

lipoplexes of oxidized BFDMA do not themselves promote high levels of transgene expression 

upon prolonged incubation in direct contact with cells, and (ii) the addition of an aliquot of 

activating agent can be used to initiate transfection at a time defined by the user. The results of 

additional experiments shown in Figure 3E-F demonstrate that this small-molecule activator 

approach can also be used to exert combinations of both spatial and temporal control over cell 

transfection. These experiments were performed using the membrane-based setup described 

above (and shown in Figure 2E); localized transfection in this case was initiated by the 

placement of a small droplet of AA on the membrane 2 hrs after the addition of a uniform 

dispersion of oxidized BFDMA lipoplexes to cells. Control experiments using aqueous droplets 

that did not contain AA did not result in significant levels of transfection. 

 

Spatially-Controlled Activation of Gene Expression Using Solid-Supported Reducing Agents. 

Past studies of the activation of lipoplexes of oxidized BFDMA (and those described above) used 

soluble small-molecule agents (e.g., AA or glutathione) to promote the rapid reduction of 

BFDMA. To explore further the level of spatial control over the delivery of DNA that can be 

achieved using BFDMA, we conducted an additional series of studies to determine the extent to 
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which BFDMA-containing lipoplexes could be activated using reducing agents that are 

immobilized on solid supports (e.g., on polymer microparticles). This approach offers several 

practical advantages, because polymer beads and microspheres can be added, removed, oriented, 

clustered, and otherwise be manipulated physically in cell culture environments using a variety 

of methods (e.g., physical placement, sedimentation, electromagnetic focusing, etc.) that cannot 

be used to localize soluble reducing agents. While other past studies have demonstrated 

approaches to the immobilization of lipoplexes on polymer beads44 as a basis for exerting control 

over transfection (e.g., to facilitate physical delivery of absorbed lipoplexes to defined locations), 

we are not aware of experimental approaches that exploit immobilized activating agents to 

localize transfection in systems containing uniform dispersions of lipoplexes. 

While our past physical characterization studies provide a structural and molecular-level 

framework from which to understand the chemical reduction of oxidized BFDMA lipoplexes 

(and its influence on biophysical properties that influence transfection), it was not obvious at the 

outset of the study reported in this chapter that reducing agents immobilized and sequestered on 

a solid phase bead would be able to reduce oxidized BFDMA effectively or affect 

transformations of BFDMA lipoplexes that lead to changes in biological behavior similar to 

those reported above. To explore the feasibility of this approach, we performed a series of 

experiments using commercially available agarose beads (~50-170 μm) containing covalently 

immobilized tris(2-carboxyethyl)phosphine (TCEP). TCEP is widely used to reduce the disulfide 

bonds in biological applications,45,46 and initial characterization using UV/visible 

spectrophotometry demonstrated that this agent is capable of reducing oxidized BFDMA rapidly 

in solution. Experiments demonstrated that the addition of a 10-fold molar excess of immobilized 



 
 

 

135 

TCEP to a solution of oxidized BFDMA in cell culture media resulted in the rapid and complete 

reduction of ferrocenium groups over a period of ~5 min (data not shown). Control experiments 

using culture media pre-conditioned by incubation with TCEP-immobilized beads suggested that 

this transformation was not promoted by the leaching of soluble TCEP. Additional biophysical 

characterization of the zeta potentials of the lipoplexes used in these experiments demonstrated 

that the zeta potentials of lipoplexes of oxidized BFDMA (approx. -25 mV ± 1) were 

significantly more positive (approx. -14 mV ± 2) after treatment with immobilized TCEP. These 

results are consistent with the results of our past studies using soluble reducing agents, which, as 

discussed above, demonstrated that treatment of lipoplexes of oxidized BFDMA with with AA41 

or glutathione40  resulted in significant increases in zeta potential and lipoplexes that were more 

readily internalized by cells.  

These agarose gel beads used in the experiments above are also sufficiently dense that 

they sediment readily in cell culture media and can therefore be used as components of liquid 

suspensions (or ‘inks’) that can be used to deposit clusters of beads or manually deposit lines, 

circles, and other arbitrary shapes on top of cells without substantially influencing cell viability. 

The fluorescence and phase contrast images in Figure 4A-C show the results of an experiment in 

which TCEP-immobilized beads were deposited locally via pipette in a circular pattern (~5 mm 

in diameter) in the center of a culture dish containing COS-7 cells and a uniform dispersion of 

quiescent BFDMA lipoplexes (formed using the pEGFP plasmid). The black circle in these 

images marks the approximate location to which the beads were added; the phase contrast image 

in Figure 4C shows the actual location of the cluster of beads placed in this experiment (beads  
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Figure 4: (A-C) Spatial control over the activation of lipoplexes of oxidized BFDMA using 
immobilized TCEP. (A) A composite of fluorescence micrographs of COS-7 cells. The black circle in 
these images marks the approximate location to which TCEP-immobilized beads were added; the 
phase contrast image in C shows the actual location of the cluster of beads placed in this experiment. 
(B) 2.1X magnified view of the circled area in A. (C) Phase contrast micrograph showing the locations 
of the TCEP-immobilized beads in this experiment. (D-F) Results of otherwise identical control 
experiments using agarose beads that did not contain immobilized TCEP. (G) Composite phase 
contrast and fluorescence micrographs showing the influence of the number of the beads on levels of 
localized EGFP expression (see text). (H and I) Phase contrast and fluorescence micrographs showing 
different patterns of EGFP-expressing cells created by patterned deposition of TCEP-immobilized 
beads.  
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were removed by washing after 1 hr; see Materials and Methods for additional technical details 

of these experiments). The low magnification image in Figure 4A reveals significant levels of 

EGFP expression in cells located inside the black circle (and very low or negligible levels of 

transgene expression in cells located in other lipoplex-treated regions outside this circle). 

Inspection of the higher magnification image in Figure 4B reveals the majority of EGFP 

expression to occur in cells that are located underneath or immediately adjacent to the 

microspheres shown in Figure 4C. Control experiments using an equivalent amount of otherwise 

identical agarose beads that did not contain TCEP did not result in significant levels of localized 

cell transfection (Figure 4D-F). This result suggests that the localized gene expression shown in 

Figure 4A-B was the result of the localized reduction of BFDMA by immobilized TCEP (and 

that it was not, for example, the result of non-specific effects promoted by the presence of the 

beads themselves; the average size of these beads reduces the likelihood of internalization of 

physically-adsorbed lipoplexes by the fibroblast cells used here). Close correlation between the 

positions of the beads in these experiments and the locations of transfected cells suggests that 

this solid-phase approach can be used to overcome issues of feature broadening that occur upon 

activation using soluble reducing agents (e.g., as discussed above and shown in Figure 2). 

This solid-phase approach also permitted the transfer or ‘writing’ of arbitrary patterns of 

beads to produce patterns of transfected cells with arbitrary, but well-defined, shapes. The 

images in Figure 4G show that it is possible to pattern sub-populations of transfected cells with 

feature sizes of ~500 μm by the deposition of smaller numbers of beads (e.g., using clusters 

containing as few as ~40 TCEP-supported beads in the studies reported here). The images in 

Figure 4H-I show arbitrary patterns of EGFP expression in confluent monolayers of COS-7 cells 
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induced by manual writing (via pipette) with a culture media suspension of TCEP-immobilized 

beads. The widths of the patterns of transfected cells in these images is ~2 mm, a resolution that 

was dictated primarily by the manual, pipette-based nature of the bead deposition methods used 

to draw these features the proof-of-concept study reported in this chapter. When combined other 

routine methods for the macroscale and microscale manipulation of polymer beads (including 

methods for the remote positioning of magnetic beads,33 etc.) we anticipate that it will be 

possible to fabricate higher-fidelity and smaller-scale sub-populations of transfected features 

within larger populations of non-transfected cells. The ability to spatially define regions of 

transfected cells using solid-phase activating agents that can be physically removed when they 

are no longer needed (e.g., by washing or aspiration; performed after 1 h of exposure in the 

examples above) also creates opportunities to develop serial-exposure processes that could be 

used to pattern multiple sub-populations of cells that express either the same or several different 

transgenes. Experiments to this end are currently underway. 

  

Summary and Conclusions 

In this chapter, we demonstrated that extracellular activation of lipoplexes of oxidized 

BFDMA that are uniformly dispersed over a population of cells can provide a versatile method 

for obtaining spatial and temporal control over DNA delivery. In contrast to the majority of 

cationic lipid-based DNA delivery systems (which are active when introduced into a system and, 

thus, must be placed or moved into specific locations to achieve spatial control of delivery), 

lipoplexes of oxidized BFDMA can be incubated as a uniform dispersion over all cells within a 

system without mediating the internalization of DNA. This permits a range of simple methods to 

be used to deliver the lipoplexes to a system. However, localized and controlled administration 
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of a reducing agent to these lipoplexes mediates localized activation of these complexes and thus 

promotes DNA delivery to defined populations of cells. The versatility of the approach is 

demonstrated by the use of soluble reducing agents and immobilized reducing agents to achieve 

spatial and temporal control of gene delivery. An additional merit of the system when using a 

small molecule reducing agent is that transport of the activating agent to the desired location for 

transfection can be readily achieved due to the high permeability of most materials to small 

molecules. This principle is demonstrated by delivery of the activation agent AA to inactive 

lipoplexes through a lipoplex-impermeable membrane. Our second design was based on the 

introduction of a reducing agent immobilized on agarose beads to lipoplexes of oxidized 

BFDMA to initiate DNA delivery to defined subpopulation of cells. In contrast to past 

approaches for spatial control of gene delivery that require preprinting of the lipoplexes, our 

approach is not limited to pre-determined patterns and enables dynamic patterning of populations 

of cells during culture. This statement may be a bit disingenuous – while it is true, it overlooks 

the fact that some other these things can be achieved using other methods for s/t control 

developed by other groups  -- ie, printing of lipoplexes is not the only other method that has been 

developed. 
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Abstract 

 We report an approach to the rapid release of DNA based on the application of electrochemical 

potentials to surfaces coated with polyelectrolyte-based thin films. We fabricated multilayered 

polyelectrolyte films (or ‘polyelectrolyte multilayers’, PEMs) using plasmid DNA and a model 

hydrolytically degradable cationic poly(-amino ester) (polymer 1) on stainless steel substrates 

using a layer-by-layer approach. The application of continuous reduction potentials in the range 

of -1.1 to -0.7 V (vs. a Ag/AgCl electrode) to film-coated electrodes in PBS at 37 °C resulted in 

the complete release of DNA over a period of 1-2 minutes. Film-coated electrodes incubated 

under identical conditions in the absence of applied potentials required 1-2 days for complete 

release. Control over the magnitude of the applied potential provided control over the rate at 

which DNA was released. The results of these and additional physical characterization 

experiments are consistent with a mechanism of film disruption that is promoted by local 

increases in pH at the film/electrode interface (resulting from electrochemical reduction of water 

or dissolved oxygen) that disrupt ionic interactions in these materials. The results of cell-based 

experiments demonstrated that DNA was released in a form that remains intact and able to 

promote transgene expression in mammalian cells. Finally, we demonstrate that short-term (i.e., 

non-continuous) electrochemical treatments can also be used to promote faster film erosion (e.g., 

over 1-2 h) once the potential is removed. Past studies demonstrate that PEMs fabricated using 

polymer 1 can promote surface-mediated transfection of cells and tissues in vitro and in vivo. 

With further development, the electrochemical approaches reported here could thus provide new 

methods for the rapid, triggered, or spatially patterned transfer of DNA (or other agents) from 

surfaces of interest in a variety of fundamental and applied contexts.  
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Introduction 

Materials that provide control over the release of DNA from surfaces are important in a 

variety of contexts, ranging from the development of new research tools to the development of 

gene-based therapies. Methods for the immobilization of DNA on surfaces provide 

straightforward ‘physical’ approaches to defining the locations at which DNA is made available 

(e.g., by local delivery to cells residing in the vicinity of a film-coated implant or to cells 

growing on patterned features in an assay plate, etc.).1-4 Many different approaches to the 

immobilization of DNA on surfaces5-8 and the encapsulation of DNA in polymer-based films, 

coatings, and matrices2,6,9-13 have been developed for this purpose. Much of the success with 

which these approaches can be translated for use in many applied contexts, however, will also 

depend upon the ability to exert simultaneous (and often variable) levels of control over the 

timing with which DNA is released (that is, to develop mechanisms that also allow for temporal 

control). For example, although sustained release may be desirable for some applications, others 

may require methods that can be used to promote rapid transfer or the triggered/on-demand 

release of DNA and other agents. Although many materials can promote sustained release of 

DNA from the surfaces of implants and interventional devices, the development of materials 

platforms that permit rapid or triggered release remains a general challenge. The work reported 

in this chapter takes a step toward addressing this broader goal by developing electrochemical 

approaches that can be used to promote the rapid release of plasmid DNA from surfaces coated 

with ultrathin polyelectrolyte-based films. 

The approach reported in this chapter exploits methods for the ‘layer-by-layer’ 

fabrication of thin polyelectrolyte-based films (called ‘polyelectrolyte multilayers’, or PEMs) on 

surfaces.14,15 This aqueous-based approach can be used to design films using a broad range of 
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different polyelectrolytes, including charged proteins, viruses, and DNA.16-22 In the context of 

drug delivery, these methods offer several practical advantages for the encapsulation and release 

of therapeutic agents. These advantages include: (i) precise, nanometer-scale control over film 

thickness and drug loading (by control over the number of layers incorporated), (ii) control over 

the relative locations of individual layers in a film (permitting the design of hierarchical films 

and films that can be used to release multiple agents),23-27 and (iii) the ability to fabricate thin 

films on surfaces with complex shapes.3,20-22 Provided that they can be constructed in ways that 

permit subsequent disassembly, PEMs also provide a unique platform for control over the release 

of macromolecular agents that are otherwise too large to be released by diffusion. Different 

approaches to promoting film disruption have been reviewed recently,3,4,18,20-22 and include (i) 

films that respond to changes in environmental conditions (e.g., pH or ionic strength),28-31 (ii) 

films fabricated using hydrolytically-,23,32,33 enzymatically-,34-36 and reductively-degradable37-39 

polyelectrolytes, and (iii) films that respond to the application of external stimuli (e.g., light, 

electrochemical potentials, etc.).40-45 

Several groups have demonstrated that the approaches outlined above can be used to 

design PEMs that promote the release of DNA.3 Work in our group has focused on the design of 

PEMs fabricated using plasmid DNA and hydrolytically degradable cationic poly(-amino 

ester)s such as polymer 1.33,46,47 We and others have demonstrated that films fabricated using 

DNA and polymer 1 (referred to hereafter as ‘polymer 1/DNA films’) erode in aqueous 

environments and promote the release of DNA.33,46-52 These studies have also demonstrated that 

these materials can be used to promote the localized and surface-mediated delivery of DNA to 

cells and tissues in vitro46,47 and in vivo.50,52 
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In general, polymer 1/DNA films erode and release DNA gradually when incubated in 

physiologically relevant media [e.g., over a period of ~2-4 days when incubated in phosphate-

buffered saline (pH= 7.4) at 37 oC].33,47 We have also reported the design of films that exhibit 

more extended release profiles (e.g., over weeks or months),25,26,53,54
 but we have, in general, 

found it difficult to design PEMs that erode and release DNA more rapidly (e.g., over seconds or 

minutes). As a first step toward the design of faster-releasing films, we recently reported that 

incorporation of layers of poly(acrylic acid) (a pH-dependent weak polyelectrolyte) into polymer 

1/DNA films leads to films that release DNA over 3-6 hours in physiologically relevant media.55 

Other groups have reported PEMs that can be induced to undergo rapid, triggered disassembly to 

release DNA or oligonucleotides upon exposure to chemical reducing agents (e.g., by contact of 

films containing disulfide functionality with thiol-based reducing agents).38,39,56
 This approach is 

well-suited to affecting the intracellular release of DNA or in other situations where chemical 

reducing agents (e.g., glutathione) are present. This current investigation sought to develop 

approaches that could be used to promote the rapid release of DNA in response to an externally 

applied stimulus (e.g., the application of an electrochemical potential) that would not otherwise 

be present in biological environments and would be unlikely to cause adverse effects to 

neighboring cells or tissues. 

 

Polymer 1 
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The investigation introduced in this chapter builds upon the results of past studies 

demonstrating that the application of electrochemical potentials can be used to disrupt or 

deconstruct PEMs. In general, these approaches fall into one of two categories. The first 

approach involves the fabrication of multilayers using electro-active molecules as film 

components; the application of oxidation or reduction potentials to these films changes the 

redox-states of these components and, as a result, leads to changes in intramolecular interactions 

in the films.42,45,57,58 The second approach is based on the creation of local changes in pH near 

the surfaces of film-coated electrodes by (i) electrochemical oxidation of water (which results in 

the production of hydronium ions)43,44,59-62 or (ii) electrochemical reduction of water or dissolved 

oxygen (which results in the production of hydroxide ions).63 This second approach does not 

require the use of electro-active film components, and it is useful for promoting the 

electrochemically-triggered dissolution of PEMs with components that respond to increases or 

decreases in pH. For example, electrochemically-induced decreases in local pH near electrodes 

have been used to promote the dissolution or disruption of PEMs fabricated from 

poly(lysine)/heparin,43 as well as films fabricated from poly(lysine) and fish sperm DNA,60 and 

avidin and an imminobiotin-labeled polymer.44
 Other studies have demonstrated that 

electrochemically-induced increases in local pH can be used to dissolve or deconstruct 

hydrogen-bonded multilayers fabricated from poly(vinylpyrrolidone) and tannic acid.63  

In this chapter, we report that electrochemically induced changes in pH can be used to 

accelerate dramatically the erosion of PEMs fabricated using transcriptionally active plasmid 

DNA. We demonstrate that the application of reduction potentials to stainless steel electrodes 

coated with polymer 1/DNA films results in the complete release of DNA over periods ranging 

from seconds to several minutes (as opposed to several days in the absence of applied potentials). 
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We demonstrate further that the rate of release can be tuned by adjusting the magnitude of the 

reduction potential applied to the electrode, and that the DNA that is released under these 

conditions remains transcriptionally active and able to promote transgene expression in 

mammalian cells. Our results are consistent with a mechanism of release that involves the 

localized generation of elevated pH near electrode surfaces. We note that a recent study reported 

the electron transfer-mediated release of DNA from multilayers fabricated from redox-active 

zirconium ions.45 Our current approach provides a method for the release of DNA that (i) does 

not involve electron-transfer to the film itself (or, ultimately, even direct contact of the film with 

an electrode), and (ii) exploits multilayer structures that promote the simultaneous release64 of 

DNA and a cationic polymer (polymer 1) used in several past studies to deliver DNA to 

cells.46,52,65,66 With further development, this approach could therefore lead to new methods for 

the rapid transfer or patterned delivery of DNA to cells and tissues of interest in a range of 

fundamental and applied contexts.  

 

Materials and Methods 

Materials. Linear poly(ethylene imine) (LPEI, MW = 25000) was purchased from Polysciences, 

Inc. (Warrington, PA). Poly(sodium 4-styrenesulfonate) (SPS, MW = 70000) was purchased 

from Aldrich Chemical Company (Milwaukee, WI). All commercial polyelectrolytes were used 

as received without further purification. Polymer 1 (Mn ~10,000) was synthesized as previously 

described.65 Stainless steel sheets (SS 304, 75 μm thick) were obtained from Trinity Brand 

Industries (Atlanta, GA). Gold-coated glass substrates were prepared by depositing thin layers of 

titanium (10 nm) and gold (200 nm) sequentially onto clean glass substrates using an electron-

beam evaporator (CHA Industries, Fremont, CA).  Plasmid DNA encoding green fluorescent 
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protein [gwiz-GFP (5757bp), >95% supercoiled] was purchased from Aldevron (Fargo, ND). 

Solutions of sodium acetate buffer (Accugene, Rockland, ME) and phosphate-buffered saline 

(PBS) (EM Science, Gibbstown, NJ) were prepared by diluting commercially available 

concentrate. Deionized water (18 MΩ) was used for all rinsing steps during film fabrication, the 

preparation of polymer and DNA solutions, and dilution of concentrated buffer solutions.  

 

General Considerations. The surfaces of stainless steel and gold-coated glass substrates (~2.5 

cm x 0.7 cm) used for the fabrication of multilayered films were prepared by rinsing with 

acetone, ethanol, methanol, and deionized water and then drying under a stream of filtered air. 

All buffers and polymer solutions (with the exception of solutions of DNA) were filtered through 

a 0.2 μm membrane syringe filter prior to use. The amount of DNA released from PEMs during 

incubation in PBS was quantified by recording UV/vis absorbance values at a wavelength of 260 

nm (corresponding to the absorbance maximum of double-stranded DNA) using a DU 520 

UV/vis spectrophotometer (Beckman Coulter, Fullerton, CA). COS-7 cells used for in vitro 

transfection experiments were purchased from the American Type Culture Collection (ATCC, 

Manassas, VA). Ellipsometric thicknesses of films deposited on silicon and gold-coated glass 

substrates were determined using a Gaertner LSE Stokes ellipsometer (632.8 nm, incident angle 

= 70°). Thicknesses were measured in at least five locations and data were processed using the 

Gaertner Ellipsometer Measurement Program software package to calculate relative thicknesses 

by assuming an average refractive index of 1.58 for the multilayered films. Prior to 

ellipsometeric measurements, the films were dried with filtered, compressed air using a 0.4 μm 

membrane syringe filter. Atomic force microscopy images were obtained in tapping mode using 

a Nanoscope Multimode atomic force microscope (Digital Instruments, Santa Barbara, CA), 
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using scan rates 5-7 of μm/s to obtain 256 x 256 pixel images. Silicon cantilevers with a spring 

constant of 40 N/m and a radius of curvature of less than 10 nm were used (model NSC15/NoA1 

MicroMasch, USA, Inc., Portland, OR) and images were processed using the NanoScope® III 

version 5.31R1 software package (Digital Instruments, Santa Barbara, CA). Height data were 

flattened using a 1st-order fit. Fluorescence microscopy images were acquired using an Olympus 

IX70 microscope and Metavue version 7.1.2.0 software package (Molecular Devices, Toronto, 

Canada). Images were analyzed using ImageJ 1.43u (National Institutes of Health; Washington, 

DC) and Photoshop CS5 (Adobe Systems; San Jose, CA). Experiments involving linear scan 

voltammetry were performed at a scan rate of 50 mV/sec in a three-electrode cell (i.e., planar 

stainless steel substrate, platinum wire, and Ag/AgCl reference electrode) to determine the 

electrochemical responses of stainless steel substrates. Potential scans were performed from 0.2 

V down to -1.4 V. 

 

Preparation of Polyelectrolyte Solutions. Solutions of LPEI and SPS used for the fabrication of 

LPEI/SPS base layers (20 mM with respect to molecular weight of the polymer repeat unit) were 

prepared using a 13 mM NaCl solution in deionized water (18 MΩ). Solutions of LPEI contained 

10 mM HCl to aid polymer solubility. Solutions of polymer 1 (5 mM with respect to molecular 

weight of the polymer repeat unit) were prepared in sodium acetate buffer (100 mM, pH = 4.9). 

Solutions of plasmid DNA were prepared at a concentration of 1 mg/mL in sodium acetate buffer 

(100 mM, pH = 4.9).  

 

Fabrication of Multilayered Films. Prior to the fabrication of polymer 1/DNA films, substrates 

were pre-coated with a multilayered film composed of 10 bilayers of LPEI/SPS, as previously 
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described.33 Polymer 1/DNA layers were then fabricated on these precursor layers using the 

following general protocol: (1) substrates were submerged in a solution of polymer 1 for 5 min, 

(2) substrates were removed and immersed in a wash bath of 100 mM sodium acetate buffer for 

1 min followed by a second wash bath for 1 min, (3) substrates were submerged in a solution of 

plasmid DNA for 5 min, and (4) substrates were rinsed as described for step (2). This cycle was 

repeated until 8 bilayers of polymer 1/DNA were deposited. Following the final rinse step, the 

substrates were dried under a stream of filtered air.  

 

Characterization of Film Erosion. Electrochemical experiments were performed using a 

bipotentiostat (Pine Instruments, Grove City, PA) and a three-electrode cell to maintain a 

constant potential between the working electrode and a Ag/AgCl reference electrode. For most 

experiments, planar stainless steel substrates coated with polymer 1/DNA films were used as a 

working electrode and a platinum wire was used as the counter electrode. The electrolyte 

solution used was PBS (pH = 7.4, 137 mM NaCl, 2.7 mM KCl, and 10 mM phosphate buffer) 

maintained at 37 °C. Experiments designed to promote erosion of the films in response to the 

application of electrochemical potentials were performed in the following general manner: film-

coated electrodes were placed in a beaker containing 3.5 mL of PBS. A reduction potential was 

then applied to the film-coated working electrode for multiple different pre-determined periods 

of time. At each time point, a 200 μL aliquot of solution was extracted and saved for: (i) analysis 

of the concentration of DNA released into solution (by measuring the absorbance of the buffer 

solution at 260 nm), (ii) characterization of the structure of released DNA (using agarose gel 

electrophoresis), and (iii) investigation of the transcriptional viability of released DNA (in cell-

based transfection assays). At the end of the electrochemical dissolution experiments, electrodes 
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were further incubated in PBS (pH = 7.4, at 37 °C) for 48 hours in the absence of potential to 

exhaustively release any remaining DNA and determine the total amount of DNA released from 

the films. Values for the percentage of DNA released reported in the text were calculated by 

dividing the amount of DNA released at each time point during electrochemical erosion 

experiments by these total amounts of DNA.  

 

Agarose Gel Electrophoresis Assays. Samples of plasmid DNA collected during film erosion 

experiments were characterized by loading 20 μL of plasmid solution into a 1% agarose gel 

(HEPES, 20 mM, pH = 7.2; 70 V, 2 h). Samples of DNA were loaded in the gel using a loading 

solution consisting of 50:50 glycerol:water (v/v). DNA bands were stained using ethidium 

bromide and visualized using a transluminator.   

 

Cell Transfection Assays. COS-7 cells (American Type Culture Collection, Manassas, VA) were 

seeded into 96-well plates at a density of 15,000 cells/well in 200 μL of Dulbecco’s modified 

Eagle medium supplemented with 10% fetal serum, 100 units/mL of penicillin, and 100 μg/mL 

of streptomycin. Cells were grown for 24 h, at which time the medium was aspirated and 

replaced with fresh medium, and 50 μL of a Lipofectamine 2000 (Invitrogen, Carlsbad, CA) and 

plasmid DNA mixture was added directly to the cells according to the general protocol provided 

by the manufacturer. The Lipofectamine 2000/plasmid DNA mixture was prepared by mixing 25 

μL of the plasmid DNA solution collected at each time point during release experiments 

(arbitrary concentrations but constant volumes) with 25 μL of diluted Lipofectamine 2000 (24 

μL stock diluted into 976 μL of Opti-MEM I Reduced Serum Medium). Fluorescence 
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microscopy images used to characterize the expression of EGFP were acquired 48 h after the 

addition of lipoplexes.  

 

Results and Discussion 

Layer-by-Layer Assembly of DNA-Containing Films on Planar Stainless Steel Substrates. All 

studies described in this chapter were conducted using PEMs composed of eight bilayers (or 

‘layer pairs’) of polymer 1 and a plasmid DNA construct encoding enhanced green fluorescent 

protein (EGFP). Films were fabricated on electrically conducting planar stainless steel substrates 

using a previously established alternating dipping procedure.33 We selected stainless steel 

substrates for this study (as opposed to other commonly used conducting materials such as 

indium-tin oxide (ITO) glass) in view of a recent study by our group on the design of PEM-

coated stainless steel microneedle arrays for the delivery of DNA to skin.51 To provide surfaces 

suitable for fabrication of DNA-containing films, substrates were precoated with 10 bilayers of 

linear poly(ethylene imine) (LPEI) and poly(sodium 4-styrenesulfonate) (SPS).33,47
 Plasmid 

DNA encoding EGFP was selected to facilitate characterization of released DNA in cell-based 

reporter gene assays (described below). Finally, we also fabricated otherwise identical films on 

the surfaces of silicon and gold-coated glass substrates for use as controls. Characterization of 

films fabricated on these reflective surfaces using ellipsometry revealed the thicknesses of 

polymer 1/DNA films eight bilayers thick to be ~100 nm.33,67 

 

Characterization of DNA Release Profiles Upon Application of Electrochemical Potentials. As 

described above, PEMs fabricated using polymer 1 and plasmid DNA erode physically and 

release DNA gradually (e.g., over a period of ~2-4 days) upon incubation in PBS at 37 °C (pH 
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7.4).33,47 We conducted a series of experiments to investigate the influence of applied 

electrochemical potentials on the release profiles of films fabricated on stainless steel substrates 

(used in these studies as the working electrode). For this study, we chose to investigate reducing 

potentials, which should generate OH- ions and increase the pH at the working electrode, as 

opposed to oxidizing potentials (which should generate H+ ions). This decision was based on the 

results of initial screening experiments investigating the influence of pH on the erosion of 

polymer 1/DNA films (performed by incubating film-coated substrates in solutions of differing 

pH). These studies revealed that the release of DNA occurred much more rapidly (e.g., over ~5 

h) under alkaline conditions than in acidic media (Figure 1). In a more general context, we note 

that approaches based on elevated pH are also potentially more attractive because while exposure 

 

 
 

Figure 1: Plot showing the release of DNA from polymer 1/DNA films incubated at 37 oC in PBS 
adjusted to pH 3 (), pH 5 (▲), pH 7.4 (), pH 9 (), and pH 10 (). Error bars represent the standard 
deviation of the calculated percentages of DNA released obtained from multiple measurements of 
samples using two different substrates. In some cases, error bars are smaller than the symbols used to 
represent the data.  
 



 
 

158 

to alkaline media can result in reversible denaturation of double stranded DNA, exposure to 

strongly acidic media is associated with other forms of irreversible degradation.68 

For the experiments reported in this chapter, substrates coated with polymer 1/DNA films 

were submerged in PBS (pH = 7.4, 137 mM NaCl, 2.7 mM KCl, and 10 mM phosphate buffer) 

maintained at 37 °C, and a constant reduction potential was applied for a pre-determined period 

of time to generate OH- ions and increase the pH at the film/electrode interface. The 

electrochemical response of the stainless steel substrate in PBS was determined using linear 

sweep voltammetry (LSV). These measurements revealed the reduction of dissolved oxygen to 

take place at a potential interval between -0.3 V and -1 V, and the reduction of water to occur at 

potentials lower than -1.0 V (Figure 2). Based on these results, we chose to investigate the 

voltage-dependent rates of erosion of our films at three different reduction potentials that result 

 

Figure 2: Linear scan voltammogram of a stainless steel substrate in PBS (37 oC) obtained at a scan rate 
of 50 mV/sec. 
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in the generation of OH- ions: at -0.7 V and -0.9 V (both in the oxygen reduction region) and at -

1.1 V (in the water reduction region). As control experiments for many of the studies outlined 

below, we also analyzed the influence of potentials of lower magnitude (e.g., -0.2 V) at which no 

oxygen or water reduction takes place (and, thus, no pH increase should occur).  

We visually confirmed the reduction reactions and accompanying formation of OH- ions 

at the selected voltages (i.e., -0.7, -0.9 and -1.1 V) by performing experiments in PBS containing 

the pH indicator phenolphthalein. Observation of the formation of a pink color near the surfaces 

of bare stainless steel substrates confirmed the generation of a high pH environment (e.g., pH >8) 

in the vicinity of the electrode surface (Figure 3). The application of a potential of -0.2 V did not 

result in the formation of pink color near the film-coated surface, confirming that a high pH 

environment is not generated at this potential. We note here that the application of reduction 

potentials to stainless steel substrates can, under certain conditions, result in reduction of the thin 

passivating oxide films present on the surface.69 Control experiments revealed that application of 

 

Figure 3: Digital pictures of three different three-electrode cells maintained at constant reduction 
potentials of -0.7 V (A), -0.9 V (B) and -1.1 V (C) for 1 min. Experiments were performed in PBS 
containing the pH indicator phenolphthalein (see text for additional details). Formation of a pink color 
near the surface of the bare stainless steel substrates confirms the generation of a high pH environment in 
the vicinity of the electrodes. 
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potentials of -0.7, -0.9 and -1.1 V to bare stainless steel substrates for short periods of time (e.g., 

up to 3 min, the longest time scale used in experiments described below) did not result in 

significant increases in the absorbance of the PBS solutions at wavelengths ranging from 200 to 

400 nm.  

Figure 4 shows DNA release profiles for stainless steel substrates coated with polymer 

1/DNA films incubated in PBS in the absence of an applied potential (Figure 4A) or in the 

presence of an applied potential (Figure 4B) as a function of time. Inspection of the data in 

Figure 4A reveals that, in the absence of an applied potential, polymer 1/DNA films coated on 

these substrates release DNA gradually over a period of ~24-48 h. These results are consistent 

with those reported in our past studies for polymer 1/DNA films on a variety of different 

substrates.33,47,51,52 Inspection of the data in Figure 4B, however, reveals that the release of DNA 

 

Figure 4: Plots showing the release of DNA from polymer 1/DNA films (A) in the absence of an applied 
electrochemical potential, and (B) in the presence of applied electrochemical potentials of -1.1 V (●), -
0.9 V (○), -0.7 V (▲), and -0.2 V (). Error bars represent the standard deviation of the calculated 
percentages of DNA released obtained from multiple samples collected from experiments using two 
different film-coated electrodes for each condition. In some cases, error bars are smaller than the 
symbols used to represent the data.  
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occurred much more rapidly (e.g., in approximately 1-2 minutes) when reduction potentials were 

applied to the substrates. 

Inspection of the data in Figure 4B also reveals that release rates varied with the 

magnitude of the applied potential. For example, whereas the application of a potential of -1.1 V 

resulted in complete (~100%) release of DNA after only 1 minute (Figure 4B, closed circles), 

complete release of DNA from films incubated at a potential of -0.9 V (open circles) required 2 

minutes. In contrast, the release of DNA from films incubated at a potential of -0.7 V (closed 

triangles) was only ~60% complete after 3 minutes. These results suggest that film erosion and 

DNA release profiles can be tuned by modulation of the electrochemical potentials applied to the 

substrates on which the films are deposited. Otherwise identical experiments in which a potential 

of -0.2 V was applied resulted in only negligible amounts of DNA release over this time period 

(Figure 4B, closed squares). As described above, neither oxygen nor water reduction takes place 

at this potential. This result thus suggests that changes in pH play an important role in promoting 

the rapid release at potentials of higher magnitude (i.e., -0.7, -0.9 and -1.1 V). 

To provide additional visual evidence of the complete release of DNA from these film-
 

 

Figure 5: Fluorescence microscopy images (40× magnification; 730 μm × 510 μm) of the edge of a 
stainless steel substrate coated with a polymer 1/DNA film 8-bilayers thick, incubated in an aqueous 
ethidium bromide solution that intercalates DNA and labels it with a red color (A) before 
electrochemically-induced erosion, and (B) after potential of -1.1 V for 1 min in PBS.  
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coated surfaces, we soaked the films in ethidium bromide (a small-molecule DNA-intercalator 

used for fluorescence-based characterization of DNA).70,71 Figure 5 shows representative 

fluorescence microscopy images of an ethidium bromide-soaked film before incubation and 

erosion (Figure 5A) and after the application of a potential of -1.1 V for 1 minute (Figure 5B). 

The absence of significant fluorescence in the image in Figure 5B is consistent with the 

exhaustive release of DNA from the surface of this substrate.  

Past reports have demonstrated that PEMs fabricated using other materials can be 

disrupted by the application of electrochemical potentials that lead to local changes in pH (and 

the influx of counterions) sufficient to disrupt ionic interactions and promote film 

disassembly.43,44,59-63 Other studies have demonstrated that, at certain potentials, the generation 

of hydrogen gas can produce bubbles at PEM-coated electrodes that can also contribute to 

physical film disruption,63 and that, in certain cases, complete delamination of intact films can 

also occur.62 Our pH indicator-based results, discussed above, demonstrate that the range of 

reduction potentials used in this study is sufficient to generate OH- ions near our film-coated 

electrodes. In general, the extent to which OH- ions are generated should vary with the magnitude 

of the applied reduction potential, with the lowest potential used here (-1.1 V; at which the 

reduction of water takes place) leading to a higher concentration of OH- ions than those 

generated at -0.7 or -0.9 V (at which reduction of oxygen occurs). We note, however, that the 

application of -1.1 V also resulted in the evolution of bubbles of hydrogen gas (observed 

visually) that could also contribute to film disruption. The faster rates of DNA release at 

potentials of -1.1 V observed in Figure 4B could therefore be a consequence of both a higher 

concentration of OH- ions (and the attendant influx of counterions) and the evolution of 

hydrogen gas at the electrode/film surface. However, the formation of hydrogen should not occur 
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(and was not observed) at the potentials of lower magnitude (e.g., at -0.7 or -0.9 V) used to 

generate the results in Figure 4B. The observation of rapid DNA release at these less-negative 

potentials suggests that the formation of gas bubbles is not solely responsible for faster film 

erosion (i.e., that changes in pH and resulting ion flux – in the absence of the generation of gas 

bubbles – are sufficient to promote rapid film erosion). Finally, we note also that we did not 

observe large-scale disruption or the physical delamination of films under any of the conditions 

used in this study. 

Control experiments using otherwise identical films fabricated on gold-coated glass slides 

also eroded rapidly in the presence of applied potentials (e.g., release was ~95% complete after 

30 sec when a potential of -1.1 V was applied (Figure 6); this potential generates approximately 

the same current density on gold-coated glass as it does on our stainless steel substrates). These 

results demonstrate that any possible reduction of the passivating oxide film on the surface of the 

 

 
 

Figure 6: Plot showing the release of DNA from polymer 1/DNA films fabricated on gold coated glass 
substrates (●) and associated decrease of the ellipsometric thickness of the film (n) upon the application 
of a potential of -1.1 V for 0.5, 1, and 2 min. Error bars represent the standard deviation of the calculated 
percentage of DNA released and measured thickness values (at 5 predetermined locations) obtained 
from multiple measurements using two different substrates. In some cases, error bars are smaller than 
the symbols used to represent the data.  
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stainless steel substrates under the conditions used here (as discussed above) does not play a 

critical role in promoting film erosion or the release of DNA. More broadly, these results also 

demonstrate that this approach can be used to promote the release of DNA from films on 

electrodes fabricated from other types of conducting materials. The application of oxidizing 

potentials of +1.1 V to films on these gold-coated substrates (i.e., to promote the generation of 

acidic pH) did not result in rapid and complete release of DNA (only ~35 % of DNA was 

released over three minutes). These results are consistent with those of our solution-based 

experiments (see Figure 1 and additional discussion above) demonstrating that alkaline pH 

environments generally lead to much faster film erosion than acidic environments. These control 

experiments were performed on inert gold-coated substrates, rather than on stainless steel 

substrates, because stainless steel electrodes oxidize rapidly upon the application of a potential of 

+1.1 V. 

Finally, we mention that the majority of past studies on electrochemically-induced 

disruption of PEMs have been conducted using films fabricated using polyelectrolytes that either 

(i) do not degrade (e.g., hydrolyze) in aqueous media, or (ii) are presumed to hydrolyze slowly 

enough that film erosion can be understood broadly in terms of disruptions of internal ionic 

crosslinks within the films.43-45,59-63 In contrast to these past studies, however, it is also important 

to note that the cationic polymer used in this study (polymer 1; a cationic polyester) is also 

hydrolytically degradable.65 Past studies have demonstrated that hydrolysis plays an important 

role in promoting the erosion of PEMs fabricated using this polymer (e.g., in PBS, in the absence 

of applied potential).72,73 In addition to the potential for pH-induced disruption of ionic 

interactions in these films, it is therefore also possible that the generation of high-pH 
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environments near film-coated electrodes could promote more rapid film disassembly through a 

mechanism that also involves more rapid polymer backbone hydrolysis.  

 

Physical Characterization of Changes in Film Morphology. We used atomic force microscopy 

(AFM) to characterize changes in the surface morphologies of polymer 1/DNA films and provide 

additional insight into factors that could influence film erosion upon the application of 

electrochemical potentials. Figure 7 shows representative AFM images (5 m x 5 m) of 

polymer 1/DNA films eight bilayers thick before erosion (A) and after incubation in PBS at a 

potential of -1.1 V for 5 seconds (B) or a potential of -0.7 V for 30 seconds (C). The image in 

part A reveals the presence of a film that is rough (RMS roughness generally varied from ~20 

nm to ~100 nm) but continuous over the surface of the substrate prior to incubation. This result is 

generally consistent with those of our past studies;46,73 increased film roughness observed here 

likely results from the increased roughness of the underlying stainless steel substrates (e.g., 

relative to the flatter silicon substrates used in our past studies). 

Inspection of the images in parts B and C of Figure 7, however, reveals significant 

changes in surface structure and a film morphology characterized by the presence of a more 
 

 

Figure 7: AFM images of polymer 1/DNA films (5 μm × 5 μm) (A) before erosion, (B) after 5 sec of 
erosion at -1.1 V in PBS, and (C) after 30 sec of erosion at -0.7 V in PBS. The scale in the z-direction, 
shown at the far right, is 250 nm.  
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topographically complex pattern of valleys and ridges (~30-60 nm high). This film morphology 

is similar in many respects to those observed during the erosion and decomposition of polymer 

1/DNA films in PBS in the absence of applied potentials, which we have characterized 

extensively in past studies using AFM, scanning electron microscopy, and other analytical 

methods.73,74 That past work provided a framework for understanding these changes in film 

structure as arising from changes in pH (as opposed to changes that occur as a result of polymer 

hydrolysis, etc.) that reduce ionic crosslinking and permit the transport of film components over 

larger distances.73,74 The observation of these changes in morphology in this current study 

presented in this chapter upon the application of potentials that increase the pH near film-coated 

electrodes is also consistent with this physical picture. More generally, these observations reveal 

that although DNA release occurs much more rapidly upon the application of reduction 

potentials (e.g., Figure 4B), film erosion nevertheless appears to occur through an overall 

mechanism that is similar to that observed on the surfaces of other non-conducting substrates. (In 

this context, we also note that these AFM results also provide additional evidence that the release 

of DNA measured in Figure 4B is not the result of large-scale delamination or physical 

disruption, as discussed above.) 

 

Characterization of Released DNA. We performed agarose gel electrophoresis assays to 

characterize DNA released from polymer 1/DNA films and determine the extent to which the 

application of reduction potentials could potentially damage DNA. Figure 8A shows the results 

of an experiment using DNA collected at four different time points (after 30 sec, 1 min, 2 min, 

and 3 min; the lane labeled C shows a sample of supercoiled DNA used as a control) during the 

erosion of a film using a potential of -1.1 V. Qualitative inspection of the intensities of the bands 
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suggests that DNA release is essentially complete after a period of 1 minute (consistent with the 

quantitative data shown in Figure 4B, above). These data also reveal that the majority of the 

DNA released from these films is present as open-circular DNA, rather than supercoiled DNA 

(and that a small fraction is present as linear DNA). We note that this distribution of plasmid 

topologies is similar to that observed for films incubated in the absence of potential (which also 

release DNA in a predominantly open-circular form)33,48,52 and thus does not appear to result 

from the potentials used in these current experiments.  

 

Figure 8: (A) Agarose gel electrophoresis characterization of samples of DNA released from stainless 
steel substrates coated with polymer 1/DNA films and incubated with an applied potential of -1.1 V. Lane 
labels indicate the time at which samples were collected for analysis. The lane labeled ‘C’ corresponds to 
a pEGFP control. (B) Representative fluorescence micrographs (100× magnification; 1194 μm × 895 μm) 
of confluent monolayers of COS-7 cells showing levels of EGFP expression mediated by samples of 
released DNA collected after the electrochemically promoted erosion of polymer 1/DNA films (at an 
applied potential of -1.1 V) for 30 sec, 1 min, 2 min, and 3 min. 
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Additional characterization of PBS solutions of supercoiled DNA exposed to a potential 

of -1.1 V (using a bare stainless steel substrate as the working electrode) revealed no large 

changes in plasmid topology when potentials were applied for up to one minute (Figure 9; 

although samples incubated for longer times did exhibit significantly higher concentrations of 

open-circular DNA). While the reduction potential used above does not appear to result in 

degradation of released DNA (as revealed by gel electrophoresis), the potential for other forms 

of degradation must be borne in mind with respect to the future development of this approach 

(for example, prolonged exposure to high pH can result in reversible denaturation of DNA, and 

electron transfer processes resulting from the physical contact with electrodes could result in the 

reduction of DNA bases). In this latter context, we note that our current results (e.g., Figure 4B) 

demonstrate that it should be possible to optimize or adapt this approach further by the use of 

potentials of lower magnitude. Further, the development of mechanisms of film disassembly that 

are based on changes in pH in the vicinity of an electrode – as opposed to electron transfer 

processes promoted by direct contact of the film with an electrode – should also render it feasible 

 

Figure 9: Agarose gel electrophoresis data corresponding to solutions of plasmid DNA in PBS exposed 
to a potential of -1.1 V for time periods ranging from 30 s to 3 min. The lane labeled ‘C’ corresponds to a 
control sample of plasmid DNA that was not exposed to a reduction potential.   
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to increase the distance between these films and the electrode (e.g., by increasing the number of 

LPEI/SPS precursor layers between the electrode and the DNA-containing layers) if electron 

transfer processes are ultimately found to lead to other forms of degradation. Finally, in the 

context of this current study, we note that open-circular plasmid DNA remains transcriptionally 

active. The results of additional studies described below demonstrate that DNA released upon the 

application of a reduction potential is capable of promoting transgene expression in mammalian 

cells.  

Figure 8B shows representative low-magnification fluorescence microscopy images of 

mammalian fibroblast cells (COS-7 cells) treated with lipoplexes formed using a commercially-

available transfection agent and samples of DNA released from a film incubated at a potential of 

-1.1 V. The images correspond to cells treated with lipoplexes formed using DNA collected at 30 

sec, 1 min, 2 min, and 3 min (generated using a procedure identical to that used to perform the 

gel electrophoresis experiments, above). These images reveal significant numbers of cells 

expressing EGFP (visible as cells exhibiting green fluorescence) and demonstrate that the DNA 

released from these films remains transcriptionally viable. The results of similar experiments 

 

 

Figure 10: Fluorescence micrograph (100× mag.; 1194 μm × 895 μm) of a confluent layer of COS-7 cells 
showing EGFP expression promoted by DNA released from a polymer 1/DNA film incubated in PBS for 
48 h in the absence of an applied potential (see text). 
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performed using DNA collected from films eroded completely in the absence of an applied 

potential (e.g., over a period of 48 hours) are shown in Figure 10 and were similar to those 

reported in our past studies.33,51 

 

Influence of the Application of Electrochemical Potentials for Short Periods. The results of the 

experiments described above demonstrate that the continuous application of reduction potentials 

to film-coated electrodes can be used to accelerate film erosion dramatically. We note, however, 

that some applications for which rapid release of DNA may be useful may not be tolerant of 

electrochemical potentials (or such potentials may, for various practical reasons, be difficult or 

impossible to apply). We conducted a final series of experiments to determine whether initial 

short-term (rather than continuous) exposure of film-coated substrates to electrochemical 

potentials could be used to influence the rate of release of DNA after the potential was removed. 

Such an approach could potentially be used to ‘pre-treat’ or prepare film-coated substrates that 

erode more rapidly than ‘conventional’ polymer 1/DNA films when they are used in the absence 

of applied potentials.  

Figure 11 shows a plot of the release of DNA from a film-coated stainless steel substrate 

identical to those used in experiments described above that was (i) incubated in PBS at an 

applied potential of -1.1 V for only 5 seconds, and then (ii) transferred to and incubated further 

in fresh buffer in the absence of an applied potential. Inspection of these data reveals an initial 

burst of release (corresponding to ~30% of the total amount of DNA in the film) over the 5-

second period during which the potential was applied. Further inspection, however, also reveals 

that the release of the remaining DNA occurs much more rapidly (e.g., over a period of ~2.5 h) 

after the potential is removed than the release of DNA films that were never exposed to an initial 
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reduction potential (e.g., Figure 4A; release over ~1-2 days). Additional characterization will be 

necessary to understand the origins of this behavior more completely. However, this more 

accelerated release could result from the persistence of a high pH environment inside these films 

after the potential is removed (and is likely a consequence of the rapid changes in film structure 

that occur upon the initial application of reduction potentials; e.g., Figure 7B-C). We performed 

a final set of experiments in which film-coated electrodes were ‘pre-treated’ by the application of 

potential for 5 seconds, removed immediately from PBS, rinsed, and then dried. In contrast to the 

results shown in Figure 11, the reintroduction of these pre-treated films to solutions of PBS, in 

the absence of applied potentials, did not result in rapid release of DNA (e.g., DNA was released 

completely over a period of ~18 hours; see Figure 12). Additional optimization of these 

approaches could lead to practical methods for the in situ treatment of film-coated surfaces to 

 

Figure 11: Plot showing the release of DNA from polymer 1/DNA films incubated at an applied potential 
of -1.1 V for 5 sec and then subsequently incubated in PBS in the absence of an applied potential (see 
text). The arrow indicates the point at which the potential was removed. Error bars show the standard 
deviation of the percentage of DNA released using multiple measurements of samples during experiments 
using two different film-coated electrodes. 
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promote rapid or pulsatile-type release in environments for which it is difficult (or undesirable) 

to apply potentials continuously for prolonged periods. In this context, however, we note that 

while the approaches reported here lead to rapid and accelerated film erosion, our results do not 

constitute ideal examples of ‘triggered’ release (that is, these polymer 1/DNA films are not 

completely stable in aqueous media, and do erode, albeit much more slowly, in the absence of 

applied reduction potentials). The results of other studies on the electrochemical disruption of 

otherwise ‘stable’ PEMs,43-45,57-63 however, suggest that it should be possible to use this approach 

to trigger the onset of disruption of films fabricated using plasmid DNA and other, non-

degradable cationic polymers (such as poly(ethylene imine) (PEI), etc.). Studies to this end are 

currently underway.  

 

 

 

Figure 12: Plot showing the release of DNA from polymer 1/DNA films that were (i) incubated at an 
applied potential of -1.1 V for 5 sec and then removed immediately from PBS, rinsed, and dried, and then 
(ii) subsequently incubated in PBS in the absence of applied potential (see text). The arrow indicates the 
point at which the potential was removed. Error bars show the standard deviation of the percentage of 
DNA released using multiple measurements of samples during experiments using two different film-
coated electrodes. 
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Summary and Conclusions 

In this chapter we have reported an electrochemical approach to the rapid release of 

plasmid DNA from surfaces coated with DNA-containing thin films. Our results demonstrate 

that applied potentials in the range of -1.1 to -0.7 V (vs. a Ag/AgCl electrode) that generate local 

high-pH environments near the surfaces of electrodes can be used to disrupt PEMs fabricated 

from plasmid DNA and a model hydrolytically degradable cationic polymer. This approach leads 

to the release of DNA from film-coated electrodes over periods ranging from 1-2 minutes (as 

opposed to 1-2 days for films incubated in the absence of applied potentials). Our results 

demonstrate that the magnitudes of continuously applied potentials can be used to influence the 

rate at which DNA is released, and that DNA is released in a form that remains able to promote 

transgene expression when administered to mammalian cells in vitro. The results of our release 

studies, and those of additional physical characterization experiments, are consistent with a 

mechanism of film disruption that involves the rapid, pH-induced disruption of ionic interactions 

in these materials. Finally, the work presented in this chapter demonstrates that films exposed to 

reduction potentials for short periods of time as a pretreatment, as opposed to continuous 

application, also erode rapidly (e.g., over 1-2 h rather than 1-2 days) once the potential is 

removed. With further development, these electrochemical approaches could provide new 

methods for the rapid, triggered, or spatially patterned transfer of DNA (or other agents) from 

film-coated objects to cells and tissues of interest in a variety of fundamental studies and applied 

contexts.   

 

 

 



 
 

174 

Acknowledgments 

 Financial support was provided in part by the National Institutes of Health (R01 EB006820) and 

the Alfred P. Sloan Foundation. We thank Adam H. Broderick for assistance with AFM 

experiments and for many helpful discussions.  

References 

†Portions of this chapter have been previously published as “Rapid Release of Plasmid DNA 
from Surfaces Coated with Polyelectrolyte Multilayers Promoted by the Application of 
Electrochemical Potentials” by Burcu S. Aytar, Mark R. Prausnitz, and David M. Lynn, ACS 
Applied Materials & Interfaces 2012, 4, 2726-2734. 
 

1. Takahashi, H.; Letourneur, D.; Grainger, D. W. Delivery of large biopharmaceuticals 
from cardiovascular stents: A review. Biomacromolecules 2007, 8, 3281-3293. 

2. De Laporte, L.; Shea, L. D. Matrices and scaffolds for DNA delivery in tissue 
engineering. Adv. Drug Delivery Rev. 2007, 59, 292-307. 

3. Jewell, C. M.; Lynn, D. M. Multilayered polyelectrolyte assemblies as platforms for the 
delivery of DNA and other nucleic acid-based therapeutics. Adv. Drug Delivery Rev. 
2008, 60, 979-999. 

4. Zelikin, A. N. Drug Releasing Polymer Thin Films: New Era of Surface-Mediated Drug 
Delivery. ACS Nano 2010, 4, 2494-2509. 

5. Segura, T.; Shea, L. D. Surface-tethered DNA complexes for enhanced gene delivery. 
Bioconjugate Chem. 2002, 13, 621-629. 

6. Fishbein, I.; Stachelek, S. J.; Connolly, J. M.; Wilensky, R. L.; Alferiev, I.; Levy, R. J. 
Site specific gene delivery in the cardiovascular system. J. Controlled Release 2005, 109, 
37-48. 

7. Wang, C.-H. K.; Jiang, S.; Pun, S. H. Localized cell uptake of his-tagged polyplexes 
immobilized on NTA self-assembled monolayers. Langmuir 2010, 26, 15445-15452. 

8. Blocker, K. M.; Kiick, K. L.; Sullivan, M. O. Surface immobilization of plasmid DNA 
with a cell-responsive tether for substrate-mediated gene delivery. Langmuir 2011, 27, 
2739-2746. 



 
 

175 

9. Shea, L. D.; Smiley, E.; Bonadio, J.; Mooney, D. J. DNA delivery from polymer matrices 
for tissue engineering. Nat. Biotechnol. 1999, 17, 551-554. 

10. Klugherz, B. D.; Jones, P. L.; Cui, X. M.; Chen, W. L.; Meneveau, N. F.; DeFelice, S.; 
Connolly, J.; Wilensky, R. L.; Levy, R. J. Gene delivery from a DNA controlled-release 
stent in porcine coronary arteries. Nat. Biotechnol. 2000, 18, 1181-1184. 

11. Shen, H.; Tan, J.; Saltzman, W. M. Surface-mediated gene transfer from nanocomposites 
of controlled texture. Nat. Mater. 2004, 3, 569-574. 

12. Pannier, A. K.; Anderson, B. C.; Shea, L. D. Substrate-mediated delivery from self-
assembled monolayers: Effect of surface ionization, hydrophilicity, and patterning. Acta 
Biomater. 2005, 1, 511-522. 

13. Putnam, D. Polymers for gene delivery across length scales. Nat. Mater. 2006, 5, 439-
451. 

14. Decher, G. Fuzzy nanoassemblies: Toward layered polymeric multicomposites. Science 
1997, 277, 1232-1237. 

15. Bertrand, P.; Jonas, A.; Laschewsky, A.; Legras, R. Ultrathin polymer coatings by 
complexation of polyelectrolytes at interfaces: suitable materials, structure and 
properties. Macromol. Rapid Commun. 2000, 21, 319-348. 

16. Ai, H.; Jones, S. A.; Lvov, Y. M. Biomedical applications of electrostatic layer-by-layer 
nano-assembly of polymers, enzymes, and nanoparticles. Cell Biochem. Biophys. 2003, 
39, 23-43. 

17. Peyratout, C. S.; Dahne, L. Tailor-made polyelectrolyte microcapsules: From multilayers 
to smart containers. Angew. Chem., Int. Ed. 2004, 43, 3762-3783. 

18. Tang, Z.; Wang, Y.; Podsiadlo, P.; Kotov, N. A. Biomedical applications of layer-by-
layer assembly: From biomimetics to tissue engineering. Adv. Mater. 2006, 18, 3203-
3224. 

19. Angelatos, A. S.; Katagiri, K.; Caruso, F. Bioinspired colloidal systems via layer-by-layer 
assembly. Soft Matter 2006, 2, 18-23. 

20. De Geest, B. G.; Sanders, N. N.; Sukhorukov, G. B.; Demeester, J.; De Smedt, S. C. 
Release mechanisms for polyelectrolyte capsules. Chem. Soc. Rev. 2007, 36, 636-649. 



 
 

176 

21. Lynn, D. M. Peeling back the layers: Controlled erosion and triggered disassembly of 
multilayered polyelectrolyte thin films. Adv. Mater. 2007, 19, 4118-4130. 

22. Boudou, T.; Crouzier, T.; Ren, K.; Blin, G.; Picart, C. Multiple functionalities of 
polyelectrolyte multilayer films: New biomedical applications. Adv. Mater. 2010, 22, 
441-467. 

23. Wood, K. C.; Chuang, H. F.; Batten, R. D.; Lynn, D. M.; Hammond, P. T. Controlling 
interlayer diffusion to achieve sustained, multiagent delivery from layer-by-layer thin 
films. Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 10207-10212. 

24. Jessel, N.; Oulad-Abdeighani, M.; Meyer, F.; Lavalle, P.; Haikel, Y.; Schaaf, P.; Voegel, 
J. C. Multiple and time-scheduled in situ DNA delivery mediated by beta-cyclodextrin 
embedded in a polyelectrolyte multilayer. Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 
8618-8621. 

25. Zhang, J.; Montañez, S. I.; Jewell, C. M.; Lynn, D. M. Multilayered films fabricated from 
plasmid DNA and a side-chain functionalized poly(β-amino ester): Surface-type erosion 
and sequential release of multiple plasmid constructs-from surfaces. Langmuir 2007, 23, 
11139-11146. 

26. Liu, X.; Zhang, J.; Lynn, D. M. Ultrathin multilayered films that promote the release of 
two DNA constructs with separate and distinct release profiles. Adv. Mater. 2008, 20, 
4148-4153. 

27. Meyer, F.; Dimitrova, M.; Jedrzejenska, J.; Arntz, Y.; Schaaf, P.; Frisch, B.; Voegel, J.-
C.; Ogier, J. Relevance of bi-functionalized polyelectrolyte multilayers for cell 
transfection. Biomaterials 2008, 29, 618-624. 

28. Dubas, S. T.; Schlenoff, J. B. Polyelectrolyte multilayers containing a weak polyacid: 
Construction and deconstruction. Macromolecules 2001, 34, 3736-3740. 

29. Schuler, C.; Caruso, F. Decomposable hollow biopolymer-based capsules. 
Biomacromolecules 2001, 2, 921-926. 

30. Sukhishvili, S. A.; Granick, S. Layered, erasable polymer multilayers formed by 
hydrogen-bonded sequential self-assembly. Macromolecules 2002, 35, 301-310. 

31. Sukhishvili, S. A. Responsive polymer films and capsules via layer-by-layer assembly. 
Curr. Opin. Colloid Interface Sci. 2005, 10, 37-44. 



 
 

177 

32. Vázquez, E.; Dewitt, D. M.; Hammond, P. T.; Lynn, D. M. Construction of 
hydrolytically-degradable thin films via layer-by-layer deposition of degradable 
polyelectrolytes. J. Am. Chem. Soc. 2002, 124, 13992-13993. 

33. Zhang, J. T.; Chua, L. S.; Lynn, D. M. Multilayered thin films that sustain the release of 
functional DNA under physiological conditions. Langmuir 2004, 20, 8015-8021. 

34. Serizawa, T.; Yamaguchi, M.; Akashi, M. Time-controlled desorption of ultrathin 
polymer films triggered by enzymatic degradation. Angew. Chem., Int. Ed. 2003, 42, 
1115-1118. 

35. Picart, C.; Schneider, A.; Etienne, O.; Mutterer, J.; Schaaf, P.; Egles, C.; Jessel, N.; 
Voegel, J. C. Controlled degradability of polysaccharide multilayer films in vitro and in 
vivo. Adv. Funct. Mater. 2005, 15, 1771-1780. 

36. Ren, K. F.; Ji, J.; Shen, J. C. Tunable DNA release from cross-linked ultrathin DNA/PLL 
multilayered films. Bioconjugate Chem. 2006, 17, 77-83. 

37. Zelikin, A. N.; Quinn, J. F.; Caruso, F. Disulfide cross-linked polymer capsules: En route 
to biodeconstructible systems. Biomacromolecules 2006, 7, 27-30. 

38. Blacklock, J.; Handa, H.; Manickam, D. S.; Mao, G.; Mukhopadhyay, A.; Oupicky, D. 
Disassembly of layer-by-layer films of plasmid DNA and reducible TAT polypeptide. 
Biomaterials 2007, 28, 117-124. 

39. Chen, J.; Huang, S.-W.; Lin, W.-H.; Zhuo, R.-X. Tunable film degradation and sustained 
release of plasmid DNA from cleavable polycation/plasmid DNA multilayers under 
reductive conditions. Small 2007, 3, 636-643. 

40. Radt, B.; Smith, T. A.; Caruso, F. Optically addressable nanostructured capsules. Adv. 
Mater. 2004, 16, 2184-2189. 

41. Skirtach, A. G.; Antipov, A. A.; Shchukin, D. G.; Sukhorukov, G. B. Remote activation 
of capsules containing Ag nanoparticles and IR dye by laser light. Langmuir 2004, 20, 
6988-6992. 

42. DeLongchamp, D. M.; Hammond, P. T. High-contrast electrochromism and controllable 
dissolution of assembled Prussian blue/polymer nanocomposites. Adv. Funct. Mater. 
2004, 14, 224-232. 



 
 

178 

43. Boulmedais, F.; Tang, C. S.; Keller, B.; Vörös, J. Controlled electrodissolution of 
polyelectrolyte multilayers: A platform technology towards the surface-initiated delivery 
of drugs. Adv. Funct. Mater. 2006, 16, 63-70. 

44. Sato, K.; Kodama, D.; Naka, Y.; Anzai, J.-i. Electrochemically induced disintegration of 
layer-by-layer-assembled thin films composed of 2-iminobiotin-labeled 
poly(ethyleneimine) and avidin. Biomacromolecules 2006, 7, 3302-3305. 

45. Wang, F.; Li, D.; Li, G.; Liu, X.; Dong, S. Electrodissolution of Inorganic Ions/DNA 
Multilayer Film for Tunable DNA Release. Biomacromolecules 2008, 9, 2645-2652. 

46. Jewell, C. M.; Zhang, J. T.; Fredin, N. J.; Lynn, D. M. Multilayered polyelectrolyte films 
promote the direct and localized delivery of DNA to cells. J. Controlled Release 2005, 
106, 214-223. 

47. Jewell, C. M.; Zhang, J.; Fredin, N. J.; Wolff, M. R.; Hacker, T. A.; Lynn, D. M. Release 
of plasmid DNA from intravascular stents coated with ultrathin multilayered 
polyelectrolyte films. Biomacromolecules 2006, 7, 2483-2491. 

48. Saurer, E. M.; Jewell, C. M.; Kuchenreuther, J. M.; Lynn, D. M. Assembly of erodible, 
DNA-containing thin films on the surfaces of polymer microparticles: Toward a layer-by-
layer approach to the delivery of DNA to antigen-presenting cells. Acta Biomater. 2009, 
5, 913-924. 

49. Su, X.; Kim, B.-S.; Kim, S. R.; Hammond, P. T.; Irvine, D. J. Layer-by-Layer-Assembled 
Multilayer Films for Transcutaneous Drug and Vaccine Delivery. ACS Nano 2009, 3, 
3719-3729. 

50. DeMuth, P. C.; Su, X.; Samuel, R. E.; Hammond, P. T.; Irvine, D. J. Nano-Layered 
Microneedles for Transcutaneous Delivery of Polymer Nanoparticles and Plasmid DNA. 
Adv. Mater. 2010, 22, 4851-+. 

51. Saurer, E. M.; Flessner, R. M.; Sullivan, S. P.; Prausnitz, M. R.; Lynn, D. M. Layer-by-
Layer Assembly of DNA- and Protein-Containing Films on Microneedles for Drug 
Delivery to the Skin. Biomacromolecules 2010, 11, 3136-3143. 

52. Saurer, E. M.; Yamanouchi, D.; Liu, B.; Lynn, D. M. Delivery of plasmid DNA to 
vascular tissue in vivo using catheter balloons coated with polyelectrolyte multilayers. 
Biomaterials 2011, 32, 610-618. 



 
 

179 

53. Zhang, J.; Lynn, D. M. Ultrathin multilayered films assembled from "Charge-Shifting" 
cationic polymers: Extended, long-term release of plasmid DNA from surfaces. Adv. 
Mater. 2007, 19, 4218-4223. 

54. Sun, B.; Lynn, D. M. Release of DNA from polyelectrolyte multilayers fabricated using 
'charge-shifting' cationic polymers: Tunable temporal control and sequential, multi-agent 
release. J. Controlled Release 2010, 148, 91-100. 

55. Flessner, R. M.; Yu, Y.; Lynn, D. M. Rapid release of plasmid DNA from polyelectrolyte 
multilayers: A weak poly(acid) approach. Chem. Commun. 2011, 47, 550-552. 

56. Zelikin, A. N.; Li, Q.; Caruso, F. Degradable polyelectrolyte capsules filled with 
oligonucleotide sequences. Angew. Chem., Int. Ed. 2006, 45, 7743-7745. 

57. Wood, K. C.; Zacharia, N. S.; Schmidt, D. J.; Wrightman, S. N.; Andaya, B. J.; 
Hammond, P. T. Electroactive controlled release thin films. Proc. Natl. Acad. Sci. U. S. 
A. 2008, 105, 2280-2285. 

58. Schmidt, D. J.; Moskowitz, J. S.; Hammond, P. T. Electrically triggered release of a 
small molecule drug from a polyelectrolyte multilayer coating. Chem. Mater. 2010, 22, 
6416-6425. 

59. Guillaume-Gentil, O.; Akiyama, Y.; Schuler, M.; Tang, C.; Textor, M.; Yamato, M.; 
Okano, T.; Vörös, J. Polyelectrolyte coatings with a potential for electronic control and 
cell sheet engineering. Adv. Mater. 2008, 20, 560-565. 

60. Dieguez, L.; Darwish, N.; Graf, N.; Vörös, J.; Zambelli, T. Electrochemical tuning of the 
stability of PLL/DNA multilayers. Soft Matter 2009, 5, 2415-2421. 

61. Guillaume-Gentil, O.; Abbruzzese, D.; Thomasson, E.; Vörös, J.; Zambelli, T. 
Chemically tunable electrochemical dissolution of noncontinuous polyelectrolyte 
assemblies: An in situ study using ecAFM. ACS Appl. Mater. Interfaces 2010, 2, 3525-
3531. 

62. Guillaume-Gentil, O.; Graf, N.; Boulmedais, F.; Schaaf, P.; Vörös, J.; Zambelli, T. 
Global and local view on the electrochemically induced degradation of polyelectrolyte 
multilayers: from dissolution to delamination. Soft Matter 2010, 6, 4246-4254. 

63. Schmidt, D. J.; Hammond, P. T. Electrochemically erasable hydrogen-bonded thin films. 
Chem. Commun. 2010, 46, 7358-7360. 



 
 

180 

64. Bechler, S. L.; Lynn, D. M. Characterization of degradable polyelectrolyte multilayers 
fabricated using DNA and a fluorescently-labeled Poly(β-amino ester): Shedding light on 
the role of the cationic polymer in promoting surface-mediated gene delivery. 
Biomacromolecules 2012, 13, 542-552. 

65. Lynn, D. M.; Langer, R. Degradable poly(β-amino esters): Synthesis, characterization, 
and self-assembly with plasmid DNA. J. Am. Chem. Soc. 2000, 122, 10761-10768. 

66. Lynn, D. M.; Anderson, D. G.; Akinc, A. B.; Langer, R. Polymeric gene delivery: 
Principles and applications. In Degradable Poly(β-amino ester)s for gene delivery; Amiji, 
M., Ed.; CRC Press: New York, 2004, pp 227-241. 

67. Fredin, N. J.; Zhang, J. T.; Lynn, D. M. Surface analysis of erodible multilayered 
polyelectrolyte films: Nanometer-scale structure and erosion profiles. Langmuir 2005, 21, 
5803-5811. 

68. Jelen, F.; Fojta, M.; Paleček, E. Voltammetry of native double-stranded, denatured and 
degraded DNAs. J. Electroanal. Chem. 1997, 427, 49-56. 

69. Piao, T.; Park, S. M. Spectroelectrochemical studies of passivation and transpassive 
breakdown reactions of stainless steel. J. Electrochem. Soc. 1997, 144, 3371-3377. 

70. Lvov, Y.; Decher, G.; Sukhorukov, G. Assembly of thin-films by means of succesive 
deposition of alternate layers of DNA and poly(allyamine). Macromolecules 1993, 26, 
5396-5399. 

71. Lang, J.; Lin, M. H. Layer-by-layer assembly of DNA films and their interactions with 
dyes. J. Phys. Chem. B 1999, 103, 11393-11397. 

72. Zhang, J.; Fredin, N. J.; Lynn, D. M. Erosion of multilayered films fabricated from 
degradable polyamines: Characterization and evidence in support of a mechanism that 
involves polymer hydrolysis. J. Polym. Sci., Part A: Polym. Chem. 2006, 44, 5161-5173. 

73. Fredin, N. J.; Zhang, J.; Lynn, D. M. Nanometer-scale decomposition of ultrathin 
multilayered polyelectrolyte films. Langmuir 2007, 23, 2273-2276. 

74. Fredin, N. J.; Flessner, R. M.; Jewell, C. M.; Bechler, S. L.; Buck, M. E.; Lynn, D. M. 
Characterization of nanoscale transformations in polyelectrolyte multilayers fabricated 
from plasmid DNA using laser scanning confocal microscopy in combination with 
atomic force microscopy. Microsc. Res. Tech. 2010, 73, 834-844.   



 
 

181 

 

 

 

 

 

Chapter 7 

 

Summary and Proposed Future Work 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

182 

Summary 

The potential impact of spatial and temporal control over the delivery of nucleic acids to 

cells is significant and broad and ranges from applications in basic biomedical research1,2 and the 

engineering of complex tissues,3-6 to, ultimately, the development of new gene-based therapies. 

In this context, the work reported in this thesis focused on the development of systems using 

cationic lipids and synthetic polymers that provide active and external control over the release 

and/or delivery of nucleic acids. Chapters 2-5 addressed the use of a ferrocene-containing 

cationic lipid to provide redox-based control over the internalization of nucleic acids (DNA and 

siRNA) by cells in vitro. The second approach, reported in Chapter 6, was based on the design of 

thin polyelectrolyte multilayered films that promote rapid release of DNA from surfaces. This 

final chapter provides brief summaries of the results described in Chapters 2-6 and a discussion 

of potential investigations for the continued development of that work.  

Chapter 2 described research focused on the use of a redox-active, ferrocene-containing, 

cationic lipid (BFDMA) to form complexes (lipoplexes) with DNA or siRNA that provide redox-

based control over the internalization of nucleic acids by cells in vitro. Past studies by our group 

demonstrated that the redox state of this lipid determines whether DNA is delivered effectively 

to cells.7-10 For example, whereas lipoplexes of oxidized BFDMA do mediate high levels of 

internalization of DNA by cells, lipoplexes of reduced BFDMA can promote significant levels of 

internalization of DNA by cells and, thus, promote high levels of gene expression.9,10 The work 

described in Chapter 2 built upon those observations and further focused on the transformation of 

‘inactive lipoplexes’ of oxidized BFDMA to ‘active lipoplexes’ of reduced BFDMA using a 

chemical reducing agent, ascorbic acid (vitamin C). We demostrated that this transformation can 
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be performed extracellularly in cell culture media and in the presence of cells. Physicochemical 

characterization of lipoplexes using small-angle neutron scattering, cryogenic transmission 

electron microscopy and zeta potential measurements revealed significant changes in the 

nanostructures and zeta potentials of lipoplexes of oxidized BFDMA upon reduction by ascorbic 

acid. We found that a change in the zeta potentials of lipoplexes of oxidized BFDMA from 

negative to more positive values upon treatment with ascorbic acid contributes significantly to 

more efficient internalization of the ascorbic acid-treated lipoplexes of oxidized BFDMA.  

Chapter 3 described an investigation of approaches to the chemical oxidation of BFDMA. 

We found that treatment of BFDMA with Fe(III)sulfate results in rapid and quantitative 

oxidation at room temperature. However, we demonstrated that whereas lipoplexes of 

electrochemically oxidized BFDMA do not mediate efficient DNA delivery, lipoplexes 

formulated from chemically oxidized BFDMA promote high levels of DNA delivery. Zeta 

potential measurements suggested that this observed difference in the cell transfection 

efficiencies of these lipoplexes could be due to the presence of residual Fe2+ and Fe3+ ions in 

solutions of chemically oxidized BFDMA. We demonstrated that sequestration of these Fe ions 

(using an iron chelating agent, EDTA) yields chemically oxidized BFDMA solutions that  

behave similarly to solutions of electrochemically oxidized BFDMA in terms of cell transfection. 

Further studies revealed that administration of ascorbic acid to EDTA-treated lipoplexes of 

chemically oxidized BFDMA can generate ‘active lipoplexes’ of reduced BFDMA that can 

promote high levels of cell transfection. The methods and principles developed in this chapter 

present a redox-based approach to achieving active and reversible control over DNA delivery 

and provide a versatile alternative to the electrochemical methods used in our past studies.  
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Chapter 4 reported on the preparation of lipoplexes of BFDMA and siRNA for controlled 

gene silencing applications. We demonstrated that whereas lipoplexes of oxidized BFDMA and 

siRNA lead to very low levels of gene silencing, lipoplexes of reduced BFDMA and siRNA 

promote high levels of specific gene knockdown in COS-7 cells. We further demonstrated that 

treatment of ‘inactive lipoplexes’ of oxidized BFDMA with ascorbic acid lead to the generation 

of ‘active lipoplexes’ that can mediate high levels of gene silencing. Physical characterization 

studies revealed that changes in the nanostructures and zeta potentials of the lipoplexes of 

oxidized BFDMA and siRNA upon treatment with ascorbic acid were similar to those observed 

for lipoplexes of oxidized BFDMA and DNA, even though these two types of nucleic acids 

differ considerably in terms of size and stability.11-14 The BFDMA-based siRNA delivery system 

introduced in this chapter offers opportunities to provide active and external control over the 

physical and biological properties of lipoplexes of siRNA in ways that are not possible using 

other conventional cationic lipids.  

Chapter 5 described proof-of-concept experiments designed to obtain control over the 

location and the timing of the delivery of DNA to cells in vitro. These designs were based on 

spatiotemporal activation of sub-populations of ‘inactive lipoplexes’ in the extracellular 

enviroment by providing controlled delivery of reducing agents. This chapter introduced the use 

of a soluble and an immobilized reducing agent as the activation stimulus. Using a small, soluble 

reducing agent provided the opportunity to transport the activation stimulus through materials 

that have low permeability to large molecules like lipoplexes. For example, our proof-of-concept 

experiments demostrated that diffusion of the soluble reducing agent (ascorbic acid) through a 

lipoplex-impermeable membrane mediated localized activation of ‘inactive lipoplexes’. On the 
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other hand, using a reducing agent that is immobilized on a solid support offered the opportunity 

to physically add, orient, and remove the reducing agent, which cannot be performed using 

soluble reducing agents. Using this solid-supported reducing agent, we were able to generate 

user-defined patterns of transfected cells.  

Chapter 6 described the second approach that we used to provide control over DNA 

delivery. This approach is based on the layer-by-layer fabrication of thin polyelectrolyte-based 

films (called ‘polyelectrolyte multilayers’, or PEMs) on surfaces.15,16 This approach provides 

precise control over the loading of one (or multiple) therapeutic agents17-21 on surfaces having 

complex shapes,22-24 and generates potential platforms for the localized release of DNA. The 

study described in Chapter 6 focused on electrochemically-stimulated rapid release of DNA from 

PEMs fabricated using plasmid DNA and hydrolytically degradable cationic poly(-amino 

ester)s.25-27 Previous work by our group has demonstrated that these ‘polymer/DNA’ films erode 

in aqueous environments and release DNA gradually over a period of ~2-4 days.25,27
 In Chapter 

6, we demonstrated that the application of electrochemical potentials to film-coated electrodes 

increases pH at the film/electrode interface, and that this can be used to dramatically accelerate 

the erosion of the films. For example, the application of reduction potentials to film coated 

electrodes promoted complete release of DNA from these films over periods ranging from 

seconds to minutes. The results of cell transfection experiments revealed that DNA was released 

in a form that remains intact and able to promote transgene expression in COS-7 cells. Finally, 

we demonstrated that short-term electrochemical treatments (‘pre-treatments’) can promote 

faster erosion of the films (e.g., over 1-2 h) once the potential is removed. With further 
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development, this approach could provide new methods for the rapid or spatially patterned 

delivery of DNA (or other agents) from surfaces to cells in vitro or in vivo. 

Possible directions for future investigations that build directly on work discussed in 

Chapters 2-6 of this thesis are presented in the following section.  

 

Future Studies: Development of Redox-Active Lipid Systems for Use in Serum-Containing 

Environments 

The studies described in Chapters 2-6 demonstrate that lipoplexes of BFDMA can be 

used to exert active and external control over the delivery of nucleic acids to cells in culture. 

However, past studies by our group have revealed that the presence of serum significantly 

reduces transfection efficiency. As an initial attempt to address this issue and expand the 

potential use of BFDMA in a variety of biological contexts where serum is present, we 

investigated lipoplexes formed from DNA and mixtures of BFDMA and 

dioleoylphosphatidylethanolamine (DOPE; the results of these studies were not described in this 

thesis, but have been described in a recent publication included in Appendix 2).28 DOPE was 

selected based on past studies reporting that incorporation of this lipid into lipoplexes formed 

using other cationic lipids leads to the formation of mixed lipid-lipoplexes that promote cell 

transfection in high-serum environments.29  

In our studies, we demonstrated that lipoplexes of reduced BFDMA/DOPE and 

lipoplexes of oxidized BFDMA/DOPE mediate either high or very low levels of gene expression, 

respectively, in the presence of high concentrations of serum (up to 80%). However, we have 

found it difficult to transform ‘inactive lipoplexes’ oxidized BFDMA/DOPE lipoplexes to ‘active 
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lipoplexes’ of reduced BFDMA/DOPE using the chemical methods described in Chapters 2-5. 

Future work should be directed toward developing a more thorough understanding of structural 

changes that occur in these mixed-lipid lipoplexes upon treatment with a broad range of chemical 

reducing agents. To date, this mixed-lipid approach has only been investigated using BFDMA 

and DOPE. Future work should also be directed toward investigations of mixed-lipid lipoplexes 

formed using BFDMA and other lipids reported to increase serum stability in other past 

reports.29,30 

Finally, additional work should be directed toward investigating other structural variants 

of BFDMA. Past work has demonstrated that changes in the structure of cationic lipids can lead 

to significant changes in nanostructures of lipoplexes.31,32 For example, lipid tail length and head 

group size can influence the packing and phase state of lipid tails within lipoplexes and can thus 

influence the nanostructures and physical properties of lipoplexes.33 Similarly, the addition of 

substituents to the ferrocene groups of BFDMA could influence the packing of these groups 

within lipoplexes as well as the redox properties and stability of ferrocene. Thus, investigation of 

analogs of BFDMA could lead to the design of lipoplexes that are more stable in serum or that 

are easier to transform using chemical or electrochemical methods than lipoplexes of BFDMA or 

BFDMA/DOPE investigated thus far.  

Redox-active lipoplexes that can be transformed in the presence of serum could 

significantly improve the potential impact of work described in Chapters 2-4 and enable 

BFDMA to be exploited in other contexts. For example, initial experiments performed during the 

course of the studies described in this thesis demonstrate that lipoplexes of oxidized BFDMA can 

be reduced by glutathione (GSH) and suggest that GSH released in situ from cells that have been 
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induced to undergo apoptosis can also activate lipoplexes of oxidized BFDMA. These 

preliminary results suggest the basis of approaches to targeting the transfection of cells residing 

in reducing environments (e.g., in tumors, etc.), as well as potential feedback mechanisms that 

could be used to amplify the activation of lipoplexes of oxidized BFDMA (e.g., by delivery of 

lipoplexes encoding a gene that promotes apoptosis, thereby leading to an elevation in the 

concentration of extracellular GSH, etc.). Although our initial results were encouraging, 

experiments required to evaluate this approach further unfortunately required longer-term 

incubation of cells and could not be reliably conducted in serum-free media. The design of 

redox-active lipoplexes that can be efficiently transformed in the presence of serum would 

enable these types of longer-term investigations in vitro, and would also permit investigation of 

the potential of this redox-based approach to activate lipoplexes and provide spatial and/or 

temporal control over transfection in more complex in vivo contexts.  

 

Future Studies: Electrochemical Transformation of BFDMA to Achieve Spatial and 

Temporal Control of Transfection 

The work described in Chapters 2-4 of this thesis demonstrated that lipoplexes of 

BFDMA can be transformed from an ‘inactive’ state that does not promote efficient delivery of 

DNA to cells to an ‘active’ state that can mediate high levels of cell transfection by simple 

administration of chemical reducing agents. Building upon these studies, in Chapter 5 we used 

chemical reducing agents to develop systems that exert active spatial and temporal control over 

DNA delivery. In addition to chemical approaches, electrochemical methods for the activation of 

lipoplexes could be broadly useful. However, the design of experiments that permit in situ 
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electrochemical control over the oxidation state of BFDMA in lipoplexes in the presence of cells 

requires a number of fundamental issues to be addressed. For example, whereas chemical 

reduction of oxidized BFDMA can be completed in approximately 2-5 min, electrochemical 

reduction of BFDMA generally requires 12-24 h at 37 °C. Thus, in order to be able to use 

electrochemical transformation in the context of cell transfection, systems and conditions should 

be determined to accelerate the rate of this type of transformation. To this end, our group has 

investigated the physical processes determining the rate of change of the oxidation state of 

BFDMA, such as the rate of mass transfer of the lipoplexes to electrodes or kinetics of electron 

transfer from BFDMA to electrodes. As discussed above in the previous section, ferrocene-

containing analogs of BFDMA should be included in these electrochemical investigations, since 

changes in the nanostructures of the lipoplexes based on the changes in the lipid tail length or 

substituents on the ferrocene could significantly affect rates of electrochemical transformation. 

These investigations could guide the design of cell culture-based experiments that use 

electrochemical methods to locally activate lipoplexes of oxidized BFDMA. For example, it 

should ultimately prove possible to place an electrode in culture media containing ‘inactive 

lipoplexes’ and then activate them by application of an electrochemical potential. The generation 

of ‘active lipoplexes’ and the delivery of DNA mediated by activated lipoplexes should then, in 

principle, be localized to groups of cells that are in close proximity to the electrode. This 

electrochemical approach could provide a versatile alternative to chemical methods to exert 

active and external control over DNA delivery.  
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Future Studies: Development of Systems for the Rapid Release of DNA from Surfaces 

In Chapter 6 of this thesis, we described an approach to the rapid release of DNA from 

surfaces coated with thin polyelectrolyte-based films in response to applied electrochemical 

potentials. We demonstrated that films fabricated using plasmid DNA and a hydrolytically 

degradable cationic poly(-amino ester) release DNA gradually over a period of 1-2 days in the 

absence of an applied potential; however, application of small reducing potentials resulted in the 

complete erosion of the films and thus the release of its DNA content over a period of 1-2 

minutes. This electrochemically-induced rapid release system could be used for applications that 

are either time limited or that otherwise require short delivery times. However, some applications 

for which rapid release of DNA may be useful may not be tolerant of electrochemical potentials. 

To this end, in Chapter 6 we introduced an approach that involves initial short-term (rather than 

continuous) exposure of film-coated substrates to electrochemical potentials to influence the rate 

of release of DNA after the potential was removed. These short-term electrochemical treatments 

(‘pre-treatments’) promoted the erosion of polymer/DNA films over a period of 1-2 h once the 

potential is removed. Although pre-treatment promoted much faster release of DNA compared to 

polymer/DNA films that were untreated, many potential applications could benefit from release 

that is significantly faster (e.g., ranging from seconds to minutes rather than over several hours). 

Because the application of electrochemical potentials in those studies was found to accelerate 

film erosion by creating local changes in pH at the film/electrode interface, this approach could 

be used in combination with other DNA-containing PEM systems that respond to changes in 

pH34 to design film-coated surfaces that promote faster release. 
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Appendix 1 

 

Influence of Biological Media on the Structure and Behavior of 

Ferrocene-Containing Cationic Lipid/DNA Complexes 

Used for DNA Delivery 
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Appendix 2 

 

Incorporation of DOPE into Lipoplexes Formed from a Ferrocenyl 

Lipid Leads to Inverse Hexagonal Nanostructures that Allow 

Redox-Based Control of Transfection in High Serum 
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