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ABSTRACT 

 

CONTROLLING DNA COMPACTION WITH CATIONIC AMPHIPHILES FOR 

EFFICIENT DELIVERY SYSTEMS- 

A step forward towards non-viral Gene Therapy 

 

SUSHMA SAVARALA 

Temple University, 2012 

Doctoral Advisory Committee Chair: Dr. Stephanie.L.Wunder, Ph.D. 

 

The synthesis of pyridinium cationic lipids, their counter-ion exchange, and the 

transfection of lipoplexes consisting of these lipids with firefly luciferase plasmid DNA 

(6.7 KDa), into lung, prostate and breast cancer cell lines was investigated. The 

transfection ability of these newly synthesized compounds was found to be twice as high 

as DOTAP/cholesterol and Lipofectamine
TM

 (two commercially available successful 

transfection agents). The compaction of the DNA onto silica (SiO2) nanoparticles was 

also investigated. For this purpose, it was necessary to study the stability and fusion 

studies of colloidal systems composed of DMPC (1,2-dimyristoyl-sn-glycero-3-

phosphocholine), a zwitterionic lipid, and mixtures of DMPC with cationic DMTAP (1,2-

dimyristoyl-3-trimethylammonium-propane). 

 

 

 



iv 

 

ACKNOWLEDGEMENTS 

I wish to express my appreciation to Dr. Allen Nicholson, Dr. Susan Jansen 

Varnum, Dr. Marc Illies and Dr. Stephanie Wunder for their suggestions guidance, and 

willingness to serve on my doctoral committee. 

I wish to express my deep gratitude and eternal indebtedness to my advisor and 

mentor, Dr. Stephanie Wunder for her guidance and patience throughout the course of 

this work. Her knowledge, intuition and analytical thinking served as a backbone for this 

work. This work would not have been possible without her resolute support in tough 

times. Her scientific curiosity and ability to invoke new ideas is something I will cherish 

and try to inculcate in me throughout my life. 

I was very fortunate to work with our collaborator Dr.Marc Illies from the Temple 

school of pharmacy. His guidance and suggestions in every step of my work is what 

made it possible. I thank him and am indebted to him. 

I am also greatly indebted to my good friends and colleagues at Temple 

University. Throughout my research period at Temple, I have made many good friends 

not only in the department of chemistry, but also in other departments. I joined 

department of chemistry in fall 2007, and I was fortunate enough to work with 

Dr.Wunders group members. Hairong has been really good friend and colleague 

throughout my PhD. she is a nice person at heart and is always willing to help you. Jelena 

has joined our research group recently and has been working for past few semesters. She 

became a good friend in no time. I would also like to give special thanks to my good 

friend Soujanya from Dr. strongins lab. We have spent lots of quality time together and 



v 

 

she helped me a lot with my research. I use to discuss all my difficulties with her. Our 

previous lab members Dr. Sunil Kulkarni, Dr. Rajesh Madathingal, are acknowledged for 

their guidance and help. 

I also wish to express my appreciation to my friends, Satarupa, Poornima, 

Harshini, Obioma, Suleyman, Vishnu, Venkat velvadapu, Lokendra, Avinash and  

prabodh for their encouragement, support,  love and patience. I would also like to thank 

Dr.Michel for his help and support during the TA sessions. 

I am thankful to the Department of Chemistry, Temple University and Dr. 

Wunder for their financial support through teaching and research assistantships 

respectively. I also give special thanks to the official staff of Department of chemistry. 

Bobby, Regina, Genet, Sharon all have been very nice to me all the time and helped me 

when ever needed. I would also like to thank Late Mr. George for sharing all his wisdom. 

Finally, I wish to express my deepest love and gratitude to my parents Sudhakara 

rao and Sandhya Rani, brother Sandeep my husband Srikanth Pratti and my in-laws 

Siva Sankar and Padmasree for their unconditional love and support and 

encouragement to pursue my interests in the field of science and technology.  I owe 

everything to them. 

 

 

 

 

 



vi 

 

 

 

 

 

 

 

 

 

 

 

DEDICATION 
 

 

 

This thesis is dedicated to my beloved parents, S.V.S Sudhakara Rao and 

C.K Sandhya Rani. I thank them for their unconditional love and support 

throughout my life.  

 

 

 

 

 

 

 

 

 

 

 



vii 

 

TABLE OF CONTENTS 

 

ABSTRACT……………………………………………………………………………….i 

ACKNOWLEDGEMENTS………………………………...……………………….……iv 

DEDICATION……………………………………………………………………………vi 

LIST OF FIGURES……………………………………………………………………..xvi 

LIST OF TABLES…………………………………………………………………….xxiii 

 

CHAPTER 1. INTRODUCTION…………………………………………….…………1 

1.1 Nano-particulate Chemistry: Biological Implications………………...………5 

1.2 Cationic Lipids as Novel Transfection agents……………………….………10 

1.2.1 Introduction…………………………………………………...…...10 

1.2.2 Motivation…………………………………………….…..………..15 

1.2.3 Objective………………………………………………..………….17 

 1.3 Silica Nanoparticles as Gene/drug delivery agent…………………..………18 

1.3.1 Introduction………………………………………………...………18 

1.3.2 Motivation…………………………………………………..…..….21 

1.3.3 Objective…………………………………………………………...22 

1.4 Organization of the Thesis…………………………….……………..24 

REFERENCES……………………………………………………………….….26 

CHAPTER 2. EXPERIMENTALS AND INSTRUMENTATION………………….40 

2.1 General Procedure for Synthesis………………………….…………...…….40 



viii 

 

2.2 Exchange of counter-Ions……………………………………………………40 

2.3 Preparation of liposomes (MLVs/SUVs) ……………………………………41 

2.3.1 Preparation of MLVs………………………………………………41 

2.3.2 Preparation of SUVs………………………………………….……42 

2.4 Differential Scanning Calorimetry (DSC) ……………………………..……44 

2.4.1 Basic Theory of DSC………………………………………………44 

2.4.2 DSC Instrumentation………………………………………….…...47 

2.5 Nano-DSC……………………………………………………………………48 

2.5.1 Basic Theory of N-DSC………………………...………………….48 

2.5.2 Nano DSC Instrumentation……………………………….…..…....51 

2.6 Dynamic Light Scattering (DLS) and Zeta potential…………………..…….52 

2.6.1 Basic Theory of DLS and Zeta Potential…......................................52 

2.6.2 DLS Instrumentation…………………………………………….....55 

2.7 Transition Electron Microscopy (TEM) ……………………………….……57 

2.7.1 Basic Theory of TEM………………………………..……….……57 

2.7.2 TEM Instrumentation…………………………………………....…60 

2.7.3 Staining Procedure of TEM samples…………………….……..….60 



ix 

 

2.7.4 Preparation of TEM Samples……………………..……………..…60 

2.8 Nuclear Magnetic Resonance (NMR) …………………………………….…61 

2.8.1 Basic Theory of NMR……………………………………...………61 

2.8.2 NMR Instrumentation………………………………………..…….61 

2.9 Small-angle X-ray scattering (SAXS) ……………………………….…….. 62 

2.9.1 Basic Theory of SAXS…………………………………….……….62 

2.9.2 X-Ray Crystallography Instrumentation…………………...………63 

REFERENCES……………………………………………………………..……64 

CHAPTER 3. TUNING THE SELF ASSEMBLING OF PYRIDINIUM CATIONIC 

LIPIDS FOR EFFICIENT DNA COMPACTION AND HIGH TRANSFECTION 

EFFICIENCY…………………………………………………………………………...66 

3.1 Introduction……………………………………………………………….….66  

3.2 Experimental protocols…………………………………………………..…..73 

3.2.1 Physicochemical characterization……….……………….……..….73 

3.2.1.1 Materials…………………………………...…………….73 

3.2.1.2 Techniques…………………………………..………..….74 

3.2.2 General procedure for the synthesis………………………………..75 



x 

 

3.2.2.1 Preparation of 1-(3,4-dihydroxyphenylethyl)-2,4,6- 

trimethyl pyridinium hexafluorophosphate …………….…….….75 

3.2.2.2 General procedure for the preparation of pyridinium 

lipids……………………………………………………….…..…76 

3.2.3    Ion Exchange Procedure………………………………...…….…81 

3.2.4    Liposomal preparation and characterization……………..………84 

  3.2.4.1 Liposome Preparation……………………………………84 

3.2.4.2 Liposome Characterization…………………………..…..86 

3.2.5    Lipoplex preparation and characterization……………………….85 

3.2.5.1 Lipoplex preparation……………………………….…….85  

3.2.5.2 Gel electrophoresis of lipoplexes………………..……….86 

3.2.5.3 Lipoplex characterization………………………..….....…86 

3.2.6 General procedure for transfection and cytotoxicity experiments 

3.2.6.1 Preparation of lipoplexes……………………...…..….….87 

3.2.6.2 Transfection and viability experiments………………..…87 

3.2.6.3 Transfection efficiency…………………..………………88 

3.2.6.4 Viability assay……………………………………………89 



xi 

 

3.2.6.5 Lipoplex characterization………………………..……….90 

3.2.7 General procedure for transfection experiments in the presence of 

variable amounts of serum……………………………………………….90 

3.3 Results and Discussion………………………………………………...…….91 

3.3.1 Synthesis of pyridinium lipids…………………………………..…91 

3.3.2 Self-assembling of novel amphiphiles in bulk and in solution and 

physicochemical properties of their supramolecular assemblies………...93 

3.3.3 Lipoplex optimization and transfection experiments……………..103 

3.4 Conclusions…………………………………………………….……..….…119 

REFERENCES…………………………………………………………...…….120 

CHAPTER 4. FORMATION AND COLLOIDAL STABILITY OF DMPC 

SUPPORTED LIPID BILAYERS ON SIO2 NANOBEADS……………………….126 

4.1Introduction……………………………………………………………….…126 

4.2 Experimental Methods…………………………………………...…………129 

4.2.1 Materials…………………………………………………….……129 

4.2.2 Lipid Formulation: SUVs……………………………….………..130 

4.2.3 Supported Lipid Bilayer (SLB) Preparation…….………..…........131 

4.2.4 Nano-Differential Scanning Calorimetry (Nano-DSC), Zeta Potential 

(ζ), and Dynamic Light Scattering (DLS)……………………….…..….132 

4.3 Results…………………………………………………..….…………….…133 



xii 

 

4.3.1 Nano-system Stability…………………………………………….133 

4.3.2 Nano-DSC Data. …………………………………………………133 

4.3.3 Dynamic Light Scattering Data and Zeta Potential Measurements of 

DMPC/SiO2     Nanosystems………………………………………....….143 

4.3.4 Dynamics of SLB Formation……………………………………..146 

4.3.5 Interaction of DMPC with 4-6 SiO2 Nanobeads………...………..147 

 4.3.6 Zeta Potential (ζ) Data…………………………........................…150 

4.4 Discussion…………………………………………………………..………160 

4.5 Conclusion………………………………………………………….………165 

REFERENCES…………………………………………………………………167 

CHAPTER 5. STABILIZATION OF SOFT LIPID COLLOIDS: COMPETING 

EFFECTS OF NANOPARTICLE DECORATION AND SUPPORTED LIPID 

BILAYER FORMATION…………………………………………………….………173 

5.1       Introduction……………………………………………………..………173 

5.2        Experimental Methods…………………………………………………177 

  5.2.1    Preparation of Suspensions……………………………………..177 

5.3       Analysis…………………………………………………………………189 

5.3.1    DLS and Zeta (ζ) Potentials. Dynamic light scattering…….......189 

5.3.2    Nano differential Scanning Calorimetry (Nano-DSC)…...….....190 

5.3.3    TEM……………………………………………………….……190 

5.4       Results……………………………………………………………..……190 

5.4.1    Stability…………………………………………………………190 



xiii 

 

5.4.2    Dynamic Light Scattering…………………………………...….191 

5.4.3    Zeta Potential Measurements…………………………...………197 

5.4.4    TEM……………….………………………………...………….199 

5.4.5    Nano-DSC………………………………………...…………….201 

5.5       Discussion……………………………………………...……………….203 

5.6       Conclusion…………………………………………….………………..209 

REFERENCES…………………………………………………………………211 

CHAPTER 6. SUPPORTED LIPID BILAYER NANOSYSTEMS: 

STABILIZATION BY UNDULATORY-PROTRUSION FORCES AND 

DESTABILIZATION BY LIPID BRIDGING………………………………………217 

6.1       Introduction……………………………………………………………..218 

6.2       Experimental Methods………….……………………..….……….……221 

6.2.1    Preparation of suspensions………………………………...……221 

6.3       Analysis…………………………………………………………………222 

6.3.1    Nano-differential scanning calorimetry …………………..…....222 

6.3.2    Dynamic light scattering (DLS) and zeta (ζ) potential 

measurements…………………………………………………………...223 

6.3.3    TEM measurements……………….……………...…………….224 

6.4       Results………………………………………………………………..…225 

6.4.1 Effect of ionic strength on the formation and stability of DMPC 

SLBs…………………………………………………………………….225 

6.4.1.1 Nano-DSC measurements……………………..…….….225 

6.4.1.2 Stability…………………………………………...…….227 



xiv 

 

6.4.1.3 DLS and Zeta Potential Data………………….……..…227 

6.4.2 The formation and stability of DMPC SLBs at incomplete SiO2 

surface coverage SASUV/SASiO2 < 1/1……………………….……….....230 

6.4.2.1 Short-Term Behavior…………………………………...234 

6.4.2.2 Long Term Behavior………………………..…………..237 

6.4.3 Formation and stability of DMPC SLBs at SiO2 surface coverage 

SASUV/SASiO2 > 2/1…………………………………………………..…244 

6.5 Discussion………………………………………………………………..…246 

6.5.1    Influence of ionic strength on SLB stability……….………..….247 

6.5.2 Effect of Surface Coverage on the SLB formation and 

stability………………………………………………………………….249 

6.5.2.1 Lipid excess: SASUV/SASiO2 > 1…………….………..…249 

6.5.2.2 Lipid deficit: SASUV/SASiO2 < 1……………….……..…251 

6.6 Conclusions…………………………………………………………………254 

REFERENCES…………………………………………………………………257 

CHAPTER 7. COMPACTION OF DNA WITH LIPID MODIFIED SILICA 

NANOPARTICLES…………………………………………………………………...263 

7.1 Introduction…………………………………………………………………264 

7.2 Experimental Methods…………….……………….……..………………...268 

7.2.1    Materials…………………….……………..….………………..268 

7.2.2    Lipid Formulation: SUVs……………….………..…………….268 

7.2.3    Supported Lipid Bilayer (SLB) Preparation…………….….…..269 

   7.2.4   Lipoplex preparation……………………………….………..…..270 



xv 

 

   7.2.5    Gel electrophoresis of lipoplexes……………………………….271 

7.2.6 Nano-Differential Scanning Calorimetry (Nano-DSC), Zeta Potential 

(ζ), Dynamic Light Scattering (DLS)…………………………………..271 

7.2.7    TEM measurements ……………………………………………272 

7.3       Results………………………………………………………………..…273 

7.3.1    Nano-system Stability…………….…………….…………....…273 

7.3.2   Nano DSC Data………………………………………….………277 

7.3.3 Preferential adsorption of lipids onto the SiO2 nanoparticles during 

SLB formation……………………………………………………….…283 

7.3.4 Dynamic Light Scattering Data and Zeta Potential Measurements of 

DMTAP-DMPC/SiO2 Nanosystems……………………………………289 

7.3.5    Gel electrophoresis……………………………………………...293 

7.3.6    TEM Experiments………………………………………………295 

7.4   Discussion…………………………………………………………………297 

7.5   Conclusions…………………………………………………………….….301 

REFERENCES…………………………………………………………………303 

BIBLIOGRAPHY………………………………………………………………305 

 

 

 

 



xvi 

 

LIST OF FIGURES: 

Figure 1.1: Proposed mechanism for transfer of lipoplexes/genosomes to the nucleus...14 

Figure  1.2: Cartoon of a colloidal silica nanopartic…………………………………….19 

Figure 2.1: Process of preparation of the Liposomes (MLVs/SUVs) where A) represents    

the dry    film after drying with nitrogen or a rotovapor B) represents the formation of 

SUVs after extrusion……………………………………………………………………..43 

Figure  2.2: Features of DSC Curve…………………………………………………….46 

Figure 2.3: N-DSC block diagram………………………………………………………50 

Figure 2.4: Schematic and the Components of the DLS and the zeta potential system...54 

Figure 2.5:  Layout of Basic components of TEM……………………………………...59 

Figure  2.6: Schematic representation of SAXS………………………………………...62 

Figure  3.1: DSC traces (5 
o
C/min) of the cationic lipids 4 (panels a, c) and 5 (panels b, 

d). For both lipid libraries the second heating (panels a, b) and second cooling (panels c, 

d) are shown……………………………………………………………………………...97 

Figure 3.2: Nano-DSC traces of lipids 4 (panel a) and 5 (panel b), in MLV form 

(hydrated), performed at 1 
o
C/min in deionized water. Second cooling is shown in both 

cases, together with the transition temperature for each lipid…………………...………99 

Figure 3.3: Size (nm, panels a, b) and zeta potential (mV, panels c, d) of liposomes 

generated from lipids 4 and 5, either alone, or co-formulated with cholesterol (C) or 

DOPE (D) at 1:1 molar ratio. The standard cationic lipid transfection system 

DOTAP/cholesterol (1:1 molar ratio, DOTAP/C) was added as reference, in orange…101 



xvii 

 

Figure 3.4:  The effect of cationic lipid/DNA charge ratio on the size (nm, panel a) and 

zeta potential (mV, panel b) of lipoplexes generated from three different formulation 

based on lipid 5 Ole: cationic lipid alone, or co-formulated with cholesterol (C) or DOPE 

(D) at 1:1 molar ratio). TEM data (panel c, depicting 5 Ole/DNA 3/1 charge ratio 

lipoplexes). Zeta potential measurements were confirmed by electrophoretic mobility 

experiments (panel d, depicting gel electrophoresis of lipoplexes generated from 5 Ole/D 

at various cationic lipid/DNA charge ratios, against starting (uncomplexed) DNA, and 

ladder DNA)…………………………………………………………………………….104 

Figure 3.5: Size (nm, panel a), zeta potential (mV, panel b), transfection efficiency 

(RLU/g protein, NCI-H23 cell line, panel c) and cytotoxicity (% of control, NCI-H23 

cell line, panel d) of lipoplexes generated from lipids 5 (alone, or co-formulated with 

cholesterol (C) or DOPE (D) at 1:1 molar ratio)……………………………………….107 

Figure 3.6: -H23 cell line, panel a) and 

associated cytotoxicity (% of control, NCI-H23 cell line, panel b) for transient 

transfection with lipoplexes generated from lipids 5 Dec and 5 Ole (alone, or co-

formulated with cholesterol (C) or DOPE (D) at 1:1 molar ratio………………………110 

Figure 3.7: Transfection efficiency (RLU/g protein) of lipoplexes generated from lipids 

5 Dec and 5 Ole (alone, or co-formulated with cholesterol (C) or DOPE (D) at 1:1 molar 

ratio) as compared with the standard transfection system DOTAP/C (1:1 molar ratio) and 

Lipofectamine as references, on MCF7 (a), PC-3 (b), DU 145 (c), A459 (d), Caco-2 (e) 

cancer cell lines……………………………………………………….……………...…113 



xviii 

 

Figure 3.8: -H23 cell line) of lipoplexes 

generated from lipids 5 Dec (a) and 5 Ole (b) formulated alone, or co-formulated with 

cholesterol (C) or DOPE (D) at 1:1 molar ratio, in the presence of media with increased 

serum concentrations (indicated as %)……………………………………..…………..116 

Figure 4.1: Nano-DSC thermograms of DMPC MLVs, SUVs, and DMPC SLBs on 100 

nm SiO2 (SAlipid/SASiO2 = 1/1) in H2O, incubated at 50 
o
C after 1 h; 3 h; and 16 h; and 

DMPC SLBs on 100 nm SiO2 (SAlipid/SASiO2 = 1/1) after 1 h in 0.75 mM NaCl …...…136 

Figure 4.2: Nano-DSC thermograms of SAlipid/SASiO2 = 1/1 on 100, 40-50, 20-30, 10 20, 

and 4-5 nm SiO2 in 0.1 mM NaCl after 1 h incubation at 50
o
…………………….……138 

Figure 4.3: Histogram of SLB as a function of nanoparticle size……………………...141 

Figure 4.4: Hydrodynamic radii of SiO2, SUVs, and SLBs of DMPC/SiO2 (1/1) in 

0.75mM NaCl as a function of nanoparticle size. See Table 4.2 for 

details……………………………………………...……………………………………146 

Figure 4.5: Nano-DSC thermograms of DMPC SUVs and SLBs on 10-20 nm SiO2 after 

1 h and 10 h incubation at 40 
o
C, and 10 h incubation at RT………….……………….148 

Figure 4.6: Zeta potential of 5-100 nm SiO2 in water/0.75 mM NaCl and SLBs in 0.75 

mM NaCl. See Tables 4.1 and 4.2 for details………………………………….…….....152 

Figure 5.1: ΔD
v
 = D

v
SUV+SiO2-D

v
SiO2 versus log (#SiO2/#SUVDMPC). D

v
SUV+SiO2 

corresponds to the diameter of the SiO2 decorated DMPC SUVs, and D
v
SiO2 corresponds 

to the diameter of the SiO2 nanoparticles, both measured as the volume average by 

DLS.………………………………………………………………………….……..…..193 



xix 

 

Figure 5.2: Percent of nanoparticles and SiO2 decorated DMPC SUVs obtained from 

DLS volume averages for nominal: (a) 50 nm; (b) 100 nm; (c) 200 nm DMPC SUVs as a 

function of log (#SiO2/#SUVDMPC), in water………………………………..……….…196 

Figure 5.3: Average zeta potential data for suspensions of nominal (a) 50, (b) 100, and 

(c) 200 nm DMPC SUVs and 4-6, 10-20, 20-30, and 40-50 nm SiO2 nanoparticles in 

water as a function of log (#SiO2/#SUVDMPC)…………………………………….....…198 

Figure 5.4: (Top) Schematic of formation (left to right) of “decorated” SUVs, when SUV 

diameter is unchanged, increased by ca. 1 or 2 right nanoparticle diameters; (bottom) 

TEM micrographs for nominal 10-20 nm SiO2 prepared with nominal 100 nm SUVs for 

#SiO2/#SUVDMPC = 38/1 (bottom left) and 150/1 (bottom right)……………………....200 

Figure 5.5: Nano-DSC thermograms of nominal 100 nm DMPC SUVs incubated with 

nominal 40-50 SiO2 (1 h/40 
o
C): stable suspensions of SUVs in water for 1 h or 3 days, 

and precipitated SLBs in 10 mM NaCl………………………………………....………202 

Figure 6.1: Nano-DSC traces of MLVs, nominal 100 nm SUVs, and nominal 100 nm 

SUVs incubated for 1 h with nominal 20-30 nm SiO2 at ionic strengths of 0.05, 0.1, and 

0.75 mM NaCl; pH = 7.6…………………………………………………..………..….226 

Figure 6.2:  Zeta potential dependence on the ionic strength for nominal 10-20, 20-30, 

40-50, and 100 nm SiO2 nanoparticles and for the SLBs prepared with the same SiO2 

from nominal 100 nm DMPC SUVs at SASUV/SASiO2 = 1/1………………………….. 229 

Figure 6.3: Nano-DSC thermograms of SLBs formed in 0.75 mM NaCl using nominal 

100 nm DMPC SUVs and 100 nm SiO2 nanobeads, after incubation at 40 
o
C for 2 h and 

slow cooling to RT, at SASUV/SASiO2 = 1/1, 0.5/1, and 0.25/1; nano-DSC thermogram of 

DMPC SUV is shown for comparison………………………………………………….231 



xx 

 

Figure 6.4: Schematic representation of dynamic stability of SLBs over the range 

0.005/1 ≤ SASUV/SASiO2 ≤ 1/1, for φ ≤ 0.21, pH = 7.6, I = 0.75 mM NaCl. White indicates 

complete precipitation. Light colors indicate suspended nanoparticles; dark colors 

indicate precipitates formed after nanoparticle aggregation……………………………233 

Figure 6.5: Diameters and zeta potentials for SLB nanosystem formation from nominal 

100 nm SUVs and nominal 100 nm SiO2 nanobeads, in 0.75mM NaCl, pH = 7.6, φ = 

0.21%, as a function of SASUV/SASiO2……………………………………………...…..235 

Figure 6.6: TEM images of SLBs: (top) prepared with vary SASUV/SASiO2 ratios in 0.75 

mM NaCl; and (bottom) SASUV/SASiO2 = 1/1 prepared in PBS; the measured thickness of 

a lipid patch on another portion of the SiO2 is also shown……………………..………236 

Figure 6.7: DLS diameters (volume averages, top) and TEM images (bottom) of SLB (a) 

singlets; (b) mixtures of singlets and doublets; (c) mixtures of doublets and triplets; and 

(d) aggregates…………………………………………………………………………...238 

Figure 6.8: Time-dependent aggregation behavior of SLB nanosystem generated from 

nominal 100 nm DMPC SUVs and 100 nm SiO2 nanobeads, in 0.75 mM NaCl, = 0.21 

%, at SASUV/SASiO2 = 0.35/1………………………………………………………...….243 

Figure 6.9: Schematic of structures formed at 0.75 mM NaCl, pH = 7.6, = 0.21 %, for 

0.005 < SASUV/SASiO2 < 3. Illustration is for nominal 100 nm SiO2 and 100 nm DMPC 

SUVs that have been incubated at 40 
o
C for 1 h. The TEM image is shown for 

SASUV/SASiO2 = 3/1, where SLBs are separated by the SUVs. The black particles are 

SLBs and the black circles are the SUVs……………………………………………….245 



xxi 

 

Figure 7.1: Nano DSC thermograms of MLVs lipids of DMTAP and DMPC in various 

molar ratios in water, in increasing order of the molar ratio of DMTAP from top to 

bottom…………..…………………………………………………………………...….274 

Figure 7.2: Nano DSC thermograms of SUVs lipids of DMTAP and DMPC in various 

molar ratios in water, in increasing order of the molar ratio of DMTAP from top to 

bottom……….……………………………………………………………………...…..275 

Figure 7.3: Nano-DSC thermograms of SUVs incubated with nominal 40-50 SiO2 (1 

 h/40 
o
C) to form the SLBs in 1/1 ratio in water……..……………………………....…279 

Figure 7.4: Nano-DSC thermograms of DMTAP/DMPC compositions as SUVs (
__

); 

incubated with 40-50 nm SiO2 (1 h above Tm) in a ratio of SASUV/SASiO2 = 1/1 (----); and 

incubated with 40-50 nm SiO2 (1 h above Tm) with excess SUVs (SASUV/SASiO2 > 1) in 

an amount required (see Table 7.1) to keep the suspensions stable (
…..

) all in 

water……………………………………………………………………….……………280 

Figure 7.5: Nano-DSC thermograms of DMTAP/DMPC SUVs (in water) and the SUVs 

incubated with nominal 40-50 SiO2 (1 h/40 
o
C) at SASUV/SASiO2 = 1/1 in PBS buffer to 

form the SLBs, with single Tms; all the SLBs precipitated………………………….....282 

Figures 7.6: Plots of the gel-liquid crystalline phase transition temperatures, Tms, of 

DMTAP/DMPC as a function of composition for (top) SUVS in water; and (bottom) 

SLBs in PBS buffer at SASUV/SASiO2 = 1/1………………………………………….....284 

Figure 7.7: Nano DSC plots of different molar ratios of DMTAP/DMPC for: (i) SUVs in 

water (
__

); (ii) SUVs incubated with 40-50 nm SiO2 in water at SASUV/SASiO2 = 1/1; the 

SLBs precipitate (----); (iii) SUVs incubated with 40-50 nm SiO2 in water at 

SASUV/SASiO2 = 2/1; SLBs stay suspended (
….

)………………………………………...288 



xxii 

 

Figure 7.8a: Graphical representation of DLS and the zeta potential data (in 0.75 mM 

NaCl): a) DLS data of the SiO2 beads, SLBs (DMTAP/DMPC 5/95) and the DNA on the 

SLBs (3/1 lipid/DNA charge ratio) ………………………………………………….....291 

Figure 7.8b: Zeta potential data of the SiO2, SLBs (DMTAP/DMPC 5/95) and DNA on 

the SLBs (3/1 lipid/DNA and 4/1 lipid/DNA); the negative zeta potential of the SiO2 

becomes positive upon addition of the lipid and then the DNA……………………......292 

Figure 7.9:  This is a gel electrophoresis picture of the DNA/SLB complexes. The first 

two lanes represent the Ladder and the DNA. The lanes from 3-8 represent the two SLB 

mixtures made with 1/99 and 5/95 of DMTAP/DMPC with 40-50 nm SiO2 beads in three 

different charge ratios of 1/1, 2/1 and 3/1 +/-The 3/1 +/- is the most compacted lane of 

all………………………..………………………………………………………………294 

Figure7.10: The picture above represents the TEM images. a) This picture represents 

lipid and the DNA in 1/1 ratio of the positive to the negative. (You can see lots of free 

DNA in the picture). b) This represents the lipid to DNA in the 3/1 ratio of the positive to 

negative. c) This represents the lipid to DNA in the ratio of 6/1……………………….296 

Figure 7.11: The picture above represents the TEM images. a) This is the image of a 100 

nm silica bead with a coating of the lipid b) represents the DNA/SLB structures with the 

focus on one particular structure c) represents the magnified image of DNA/SLB 

structure (the outer dark layer over the lipid is the DNA)……………………………...296 

 

 

 



xxiii 

 

LIST OF TABLES: 

Table 1.1: Biological advantages of nanotechnology-based drug delivery systems in 

cancer therapy……………………………………………………………………….…….8 

Table 1.2: Examples of companies commercializing Nano materials for bio and medical 

applications………………………………………………………………………….…….9 

Table 4.1: Size and Zeta Potential () of DMPC SUVs and 4-6 to 100 nm SiO2 

nanobeads in water for SADMPC/SASiO2 = 1/1…………………………………………..142 

Table 4.2:  Size (Diameter) and Zeta Potential of SUVs and Stable SLB DMPC/SiO2 

Suspensions……………………………………………………………………………..145 

Table 4.3: Size and Zeta potential ()of DMPC SUVs and 4-6 nm SiO2 as a function of 

SADMPC/SASiO2 in 0.75 mM NaCl………………………………………………………149 

Table 4.4:  Surface Area (SA) of SiO2 Nanobead Suspensions………………………..153 

Table 4.5: Calorimetric data for DMPC MLVs, SUVs and SLBs as a function of ionic 

strength, nanoparticle size and SADMPC/SASiO2. Except where noted, all incubations were 

at 45-50 
o
C……………………………………………………………………………...154 

Table 4.6:  Time dependent DSC measurements of DMPC MLVs and SUVs in 0.75mM NaCl 

incubated at different temperatures…………………………………………………………...…158 

Table 4.7: Calorimetric data for DMPC/4-6 nm SiO2 nanobeads in 0.75 mM NaCl as a 

function of SADMPC/SASiO2……………………………………………………………………………………………..159 

Table 4.8: Time dependent DLS and measurements of DMPC SUVs in 0.75mM NaCl 

at RT…………………………………………………………………………………….160 

Table 5.1: Diameters and Zeta Potentials of SiO2 Nanoparticles and DMPC SUVs......179 



xxiv 

 

Table 5.2: Size and Zeta potential () of the nanosystem comprised of nominal 50 nm 

DMPC SUVs and 4-6 nm (blue) or 10-20 nm (black) SiO2 nanoparticles, in water, as a 

function of SADMPC/SASiO2 . The SUVs were incubated with SiO2 nanoparticles at 40
o
C 

for 1 h and the resulting nanosystem was subsequently kept at RT……………………180 

Table 5.3: Size and Zeta potential () of the nanosystem comprised of nominal 100 nm 

DMPC SUVs and either 4-6 nm (blue), 10-20 nm (black), 20-30 Green, or 40-50 

(brown) SiO2 nanoparticles, in water, as a function of SADMPC/SASiO2 . The SUVs were 

incubated with SiO2 nanoparticles at 40
o
C for 1 h and the resulting nanosystem was 

subsequently kept at RT………………………………………………………………...182 

Table 5.4: Size and Zeta potential () of the nanosystem comprised of nominal 200 nm 

DMPC SUVs and either 4-6 nm (blue), 10-20 nm (black), 20-30 Green, or 40-50 

(brown) SiO2 nanoparticles, in water, as a function of SADMPC/SASiO2 . The SUVs were 

incubated with SiO2 nanoparticles at 40
o
C for 1 h and the resulting nanosystem was 

subsequently kept at RT………………………………………………………………...185 

Table 7.1: Table representing the different molar ratios of the cationic lipid/zwitterionic 

lipid and the ratio to the Silica bead at which they are stable in suspension…………...276 

 



1 

 

CHAPTER 1 

INTRODUCTION 

New Technologies to enhance the physio-chemical properties of cationic lipid-

DNA complexes for DNA storage and delivery are needed for various biotechnological 

applications. Novel Cationic Liposomes and SLBs (Supported Lipid Bilayers) for DNA 

delivery, the subject of the thesis, contribute two of the of the most important 

researched disciplines within the general field of Nano Science due to their potential 

impact on the fundamental aspects of Gene delivery and  Gene therapy. 

Gene therapy is a revolutionary form of therapy
 1

 that promises to treat diseases 

at the cellular level using the ultimate drug: the DNA. Its success relies on finding 

efficient vectors for the transfer and expression (transfection) of the genetic material to 

the desired location in the living organism.
2 

Thus, when the cellular machinery is 

impaired, a copy of a gene correcting a deficient (abnormal) gene can be transfected 

into cells, tissues, or organs affected by specific hereditary or acquired diseases. In 

cancer therapy, on the other hand, one hopes to deliver a gene that selectively kills or 

inhibits the malignant cells. Permanent incorporation of such a gene into the genome 

often is not desired. In contrast to conventional therapies, the limiting factor is not the 

quantity of the DNA but the efficiency of its overall delivery. 

 There is an increasing interest in using modified inorganic nanoparticles, 

polymers or hybrid polymer-inorganic nanoparticles and Cationic liposomes for use in 

DNA transfection, rather than viral vectors. In general, the main disadvantages of viral 

vectors are safety concerns such as the possibility of an inflammatory response, and the 

main problem with non-viral delivery vehicles is the relatively low level of gene 



2 

 

expression compared with viral vectors.
3, 4

 Viral delivery systems achieve greater 

transfection efficiency, but non-viral systems are more robust, with greater long-term 

storage capability, and have advantages such as ease and cost-effectiveness for GMP-

scale manufacture. There have been several comprehensive reviews of non-viral 

delivery vehicle,
5,6 

including cationic lipids
7,8

 and lipid mixtures
9
 and biomolecules, 

polysaccharides, 
10

 dendrimers 
11

 and other polymers, 
6,12  

and those systems that have 

been used in clinical trials.
13

 

Non-viral delivery systems based on binding of DNA to the surface of particles 

have also been investigated, with the advantage that, unlike systems in which the DNA 

is encapsulated,
 4 

DNA release does not depend on erosion rates of the encapsulating 

medium. In addition, since they are water based systems, they can be produced from 

GRAS substances without use of organic solvent,
4,5

 and may be steam sterilized 
7
 and 

lyophilized.
8,9,14

 The most extensively investigated DNA binding system is silica 

nanoparticles chemically surface modified with amino groups, which have exhibited 

DNA complexation and transfection.
15-19

 

 Amino modified silica nanoparticles have been prepared either using 

commercially available particles (Nissan Chemical) or synthesized using the Stober 

process,
20

 and modified with N-(2-aminoethyl)-3-aminopropyltrimethoxysilane 

(AEAPS) or N-(6 aminohexyl)-3 aminopropyltrimethoxysilane 
16

 or in water-in-oil 

microemulsions using tetraethoxysilane (TEOS) and N-(-aminoethyl)- aminopropyl 

triethoxysilane,
17

 referred to as organically modified silica (ORMOSIL). There is 

strong binding of the DNA as the result of the electrostatic interaction between the 

positively charged amino groups (at neutral pH) and the negatively charged phosphate 
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groups of DNA; 1mg of nanoparticles can bind 97.2 mg of plasmid DNA with 4.3 kb.
21 

Adsorption of the DNA to the nanoparticles prevents enzymatic degradation of the 

DNA, 
16,19

 although the reason for this protection is not completely understood. 

One suggested reason for the blocking of enzymatic digestion of the DNA was 

that surface binding resulted in a conformation variation of the DNA structure and/or 

hindered access of the enzymes to bound DNA.
15,17

 Alternatively, repulsion of Mg
2+

 

ions, which are necessary for the enzymatic reaction, by the positively charged amino 

groups  (zeta potential ~ 30mV), was suggested to account for the inhibition of 

DNaseI.
17

  However, plasmid DNA bound by non-amino terminated silica was also 

partially protected,
19

 and DNA bound to amino-silanated glass slide was digested,
17

  

making the latter mechanism less plausible. Atomic force microscopy (AFM) of the 

DNA/NH2-SiO2 complexes showed a spaghetti-meatball-like structure.
15

 There is also 

evidence that the bound DNA can subsequently be released from the particles and 

remain active, in the case investigated, by high salt (3M NaCl). 
22

 

The amino-surface modified nanoparticles have been investigated for use in 

DNA transfection
15,18,19

 and as carriers for the DNA. Transfection of the amino-

silanated SiO2 was demonstrated by the galactosidase expression plasmid DNA 

pCMV in Cos-1 cells, and in ORMOSIL by the expression of EGFP. In the former 

case, transfection was strongly increased in the presence of 100 M chloroquine in the 

incubation medium and reached approximately 30% of the efficiency of a 60 kDa 

polyethylenimine. In the latter case, the efficiency of transfection equaled or exceeded 

that obtained in studies using a viral vector. 
18
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A comparison was made between liposomes and cationic solid lipid 

nanoparticles, (prepared by hot homogenization using either Compritol ATO 888 or 

paraffin as matrix lipid, a mixture of Tween 80 and Span 85 as ten side and either EQ1 

(N,N-di-(b-steaorylethyl)-N,N-dimethylammonium chloride) or cetylpyridinium 

chloride as charge carrier), 
23

 using the same cationic lipids (DOTAP or DOTAP and 

DOPE), where it was found that reporter gene expression was comparable between all 

DOTAP based formulations.
14

 Only the DOPE containing liposomes (Escortk) 

exhibited better transfection, suggesting that cationic lipid composition was most 

important for in vitro transfection. 

Silica nanoparticles themselves have been shown to be non-cytotoxic to cells. 

Very low cytotoxicity, with LD50, with values in the milligrams per milliliter range, 

was observed for amino functionalized SiO2 in transfected Cos-1 cells.
15

 In the case of 

in vivo transfection of plasmid DNA encoding for EGFP on Ormosil nanoparticles, by 

stereotaxic injection into the mouse ventral midbrain and lateral ventricle, no 

ORMOSIL-based toxicity was observed 4 weeks after transfection.
18

 The in vivo 

biodistribution and urinary excretion of three types of surface-modified silica 

nanoparticles (OH-SiNPs, COOH-SiNPs, and PEG-SiNPs) have been investigated in 

mice after intravenous injection using an optical imaging method, with the PEG- SiNPs 

exhibiting the longest blood circulation times.
24

 By contrast, mesoposous silicates with 

particle sizes of 150nm, 800nm and 4mm exhibited in vitro toxicity in mesothelial cells, 

death in invivo intra-peritoneal and intra-venous injections in mice, but good 

biocompatibility and no toxicity with in vivo subcutaneous injection. 
25
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Over the period of past two decades means have developed to directly study 

silica-lipid surface interfaces and lipoplex structures. The scientific development in the 

field of Nanotechnology has to a large degree depended on other areas relevant to the 

extremely diverse field of Nano Science. The growing nanoscience community needs 

access to specialized techniques for the study and analysis of surfaces that involves 

both physical and chemical analysis techniques. Modern physical analysis methods 

include Transmission Electron microscopy (TEM) Differential Scanning Calorimetry 

(DSC). Other improved major facilities include, Dynamic Light Scattering (DLS), Zeta 

potential measurements and Nano Differential scattering calorimetry (N-DSC). These 

techniques have been used extensively to characterize and study the Lipid surface 

interface chemistry in this thesis. 

The research carried out in this thesis presents the synthesis of novel cationic 

lipids used as successful tranfecting agents for cancerous cell lines and studying the 

surface interactions and the colloidal stability of the silica Nanoparticles with 

zwitterionic and cationic liposomes during the process of SLB formation. This finally 

led to the discovery of a stable SLB of cationic/zwitterionic co-lipid system for the 

formation of SLB/DNA tri-layer system used as the ultimate DNA delivery vehicles. The 

studies presented, enables us to understand the important colloidal and interface 

chemistry at the Nano scale using advanced analytical tools. 

1.1       Nano-particulate Chemistry: Biological Implications  

As stated earlier in the introduction Nano-particulate chemistry has a lot of 

importance in the technology of modern gene therapy and is extensively being 

researched as a prospective drug delivery system for cancer 
26

 and other neurological 



6 

 

diseases. 
27

 There are a lot of different types of nanoparticles being used in research like 

Silica Nanoparticles, biochemically modified silica Nanoparticles 
28

 Gold 

Nanoparticles, 
29

   Silver Nanoparticles, 
30

   Cationic Lipids, 
31

   Carbon Nanotubes, 
32

   

Aptamers, 
33

   Dendrimers,
 34

   and many more which are being used in gene therapy to 

treat cancer, diabetes and many other hereditary diseases. The classification of a wide 

variety of Nanomaterials is given below- 

 

.  

Nanotechnology-based drug carriers and materials have yielded a lot of medical 

benefits in the recent years, especially the field of cancer therapy. Compared to 

conventional formations, nanocarrier systems have many advantages. For example, 

they can improve the solubility of poorly soluble drugs 
35

  protect the recombinant of 

protein and genes, 
36

 circulate in blood stream for longer time without being recognized 

by macrophages, as well as controlled release of drugs at an expected rate in the desired 

area 
37

 Table 1.1. Due to their various advantages, the nanocarrier systems and 

Nano-materials 

Mettalic 

Nanoparticles 

Non-Mettalic 

Inorganic  Organic Gold  Silver  Platinum 

 

Silica 

Nanoparticles  

Supermagnetic 

Ironoxide 

Nanoparticles  

Quantum 

DOTS 

Coreshell 

Cadmuim 

Nanoparticle 

Fullerenes Dendrimers Carbon 

nanotubes

  

Supramolecu

lar systems 

Self Assembled 

systems  

Cationic 

Lipids 
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nanomaterials have demonstrated comparable or superior anticancer efficiency to 

commercial formations and provided new strategies to fight against cancer. 

Nano materials can be used in various walks of biology and medicine. They can 

be used as Fluorescent biological labels, 
38-40 

for bio detection of pathogens, 
41    

detection of proteins, 
42

  Probing of DNA structure, 
43

  tissue engineering, 
44,45    

tumour 

destruction via heating (hyperthermia), 
46

 Separation and purification of biological 

molecules and cells, 
47

 MRI contrast enhancement 
48

 and can also be used in 

phagokinetic and pharmacokinetic studies. 
49

   

In the past two decades, there has been a progressive increase in the number of 

commercially available nanoparticle-based products. A global survey conducted by the 

European Science and Technology Observatory in 2006 showed that more than 150 

companies are developing nanoscale therapeutics. 
50

 A few of them along with their 

major area of activity and technology are mentioned in Table 1.2. 
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Table 1.1 Biological advantages of nanotechnology-based drug delivery systems in 

cancer therapy. 

 

Features 

 

Examples 

 

 References 

Solubilization effect Self-assembled polymeric micelles with 

hydrophobic core can serve as a potent nano 

container for increasing the solubility of 

hydrophobic drugs. 

 

   45   
 

Protective effect 

 

Entrapment or conjugation of a drug to 

polymeric systems may protect the drug 

from inactivation and help to store its 

activity for prolonged duration. 

 

   51   
 

Passive targeting 

 

The enhanced permeability and retention 

(EPR) effect allows for the accumulation of 

drug carriers in the interstitial fluid of the 

diseased tissue. The drug entrapped or 

conjugated to the carriers can be retained in 

the tumor tissue for a longer time, whereas 

free drug with low-molecular weight easily 

diffuse back out. 

 

   52   
 

Active targeting 

 

Active targeting can be achieved via specific 

recognition processes, including Ligand 

receptor and antibody-antigen recognition by 

the surface modification with various 

ligands, such as folate, mannose, and 

galactose. 

 

   53,54,55   
 

Controlled release of 

drugs 

The drug can be controlled release at 

diseased site when an appropriate signal is 

offered, such as pH, temperature, ultrasound, 

or special enzymes. 

 

   56,57   
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Table 1.2. Examples of companies commercializing Nano materials for bio and 

medical applications 
58
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1.2      Cationic Lipids as Novel Transfection agents 

1.2.1    Introduction 

In the last decade gene therapy has emerged as a revolutionary approach to treat 

diseases at the level where they are generated: the living cell. 
59,60,61

   When the cellular 

machinery is impaired due to a deficient gene, a functional gene incorporated into an 

appropriate vector is delivered to the affected cells/tissues. After internalization, the 

DNA is transferred to the nucleus, where the gene is integrated into the host genome. 

After transcription, it is translated into the proteins needed to correct the cellular 

imbalance. From this viewpoint gene therapy can be considered as a new way to deliver 

DNA and proteins into living cells. 

The efficiency of the overall process is critical for achieving a therapeutic 

effect.
62

 Viral vectors have been most frequently employed because they have a high 

efficiency, 
63,64

 but they possess several major disadvantages, such as immunogenicity, 

permanent integration of the foreign plasmid into the host‘s DNA, difficulties 

associated with good manufacturing practice (GMP) production or storage, and a 

limited size of the plasmid that can be inserted into the virion.
59,60,61

   

Cationic lipids are a promising non-viral alternative, having low 

immunogenicity and cytotoxicity; they can involve plasmids with practically unlimited 

size, and they can be easily manufactured and stored in bulk quantities under GMP-

compliant norms.
65-69

 They are amphiphilic molecules that contain a polar (cationic) 

head linked by a spacer to a hydrophobic tail. When a certain concentration is reached, 

they can self-assemble, by co-operative hydrophobic intermolecular binding, forming 

cationic liposomes. In this form, cationic lipids can efficiently bind and compact DNA 
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molecules by electrostatic association between the positively charged polar heads of the 

lipids and the negatively charged phosphate groups of the DNA, forming cationic lipid-

DNA complexes (lipoplexes)
70

 
71,72,73

. The genetic material is protected from the action 

of nucleases and is thus able to reach the desired target cells. Similarly, cationic 

polymers can also associate and compact DNA, forming another type of chemical 

transfection systems — polyplexes.
70,74

   

The main problem associated with the therapeutic use of non-viral transfection 

systems is their lower efficiency, which amounts to a few percent of that achieved by 

viral vectors. Consequently, substantial efforts have been devoted to understanding 

these physiological barriers, their correlation with the chemical structure and physic 

chemical properties of the lipoplexes, and the ways to overcome them. 
65,68

  Despite the 

fact that a fairly large variety of commercial cationic lipid-based transfection systems 

are available nowadays (Formulas 1-7), basic characteristics, such as in vivo efficiency 

and intrinsic cytotoxicity, remain to be improved. 
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Formulas 1-7 

 

Although the efficiency and specificity of non-viral delivery systems are not yet 

very high, some of the problems concerning transfection methods are being 

successfully solved. To date, the transfection mediators that ensure effective and 

directed gene delivery into various cells have been created. Transfection of plasmid 

DNA is closely connected to the problem of condensation of its molecule since the 

plasmid is too large (13–15 kb) to effectively overcome the cellular membrane barrier. 

Besides, free DNA has to be protected from destruction by endogenous nucleases. 

Lastly, it is necessary to neutralize the negative charge on DNA. Almost all aspects of 

lipid–DNA complex structure and of gene transfer mechanism of non-viral systems 

based on them are connected to the electrostatic interactions and the decisive role of the 

charge, i.e. to bio electrochemistry and even to the bio distribution of DNA–lipid 

complexes being dependent on particles‘ surface charge. For DNA transport through 
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the cellular membrane and further into the nucleus, a variety of complex-forming and 

condensing agents are used—such as polyvalent cations (Ca2+, Mn2+, 

Co(NH3)3+,La3+), polycations (spermin, spermidin, histones, basic proteins, 

polyethylenimines), cationic polyelectrolytes (including polypeptides and dendrimers) 

and cationic liposomes. Condensation of DNA with these transfection mediators leads 

to its compaction with subsequent alterations in its superficial structure and 

hydrophobic properties and, most importantly, diminishes the size of a particle, thus 

promoting its penetration into the cell. DNA integrated into such a complex is protected 

from nuclease action. 
75.76,77,78

   

 Entry of the DNA–lipid complex into the cell may occur by two main 

pathways: (a) endocytosis with subsequent destruction of an endosome within the cell    

79-82
   and (b) direct fusion with cellular membrane

 83
 Figure 1.1. It was shown 

84
 that 

the major part of the complexes is internalized by endocytosis and only 2% of cells are 

transfected through direct complex-membrane fusion. Successful gene delivery by use 

of cationic liposomes requires the following conditions: 
85

   

 Condensation of DNA into the genosome and its protection from degradation by 

intracellular nucleases  

 Adhesion of DNA–lipid complex onto the cellular surface  

  Genosome internalization 

  Fusion of an internalized DNA–cationic liposome complex with the endosome 

membrane 

 Escape of DNA from the endosome 

 Entry of DNA into the nucleus followed by gene expression. 
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Adhesion of the complex, containing the positively charged cationic liposomes 

onto the negatively charged outer membrane of the cell occurs through electrostatic 

interactions. Removal by the use of pronase of the negatively charged glycoprotein 

from the cellular membrane diminishes the transfection efficiency, whereas the 

treatment of cells with poly-L-lysine prior to transfection enhances it. This latter effect 

is probably connected to the formation of a protective layer, consisting of positively 

charged polypeptide residues on the negatively charged cellular surface, or to the 

enhanced adhesion of the complex.
 85

  

 

 

Figure 1.1. Proposed mechanism for transfer of lipoplexes/genosomes to the nucleus 

(based on data: D. Lasic. Liposomes in Gene Transfer, CRC Press, Boca Raton, 1997).  

78  
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1.2.2    Motivation 

Even though there are a lot of cationic lipid structures for gene delivery 

presently under consideration there has been a lot of debate about their efficiency in 

gene transfection.  

There are a lot of impeding factors both systemic and cellular for the success of 

the liposomal gene delivery and transfection. 
86

  Low cellular uptake of plasmid DNA is 

one of the major limitations in cationic lipid-mediated gene transfer. The non-specific 

electrostatic interactions of positively charged lipoplexes tend to over-ride specific 

interactions at the cellular level. Although progress has been made towards deciphering 

the underlying mechanism of endosomal release,
 87

 the details of the mechanistic 

pathways for this important cellular barrier still remains pretty much an open question. 

The metabolic instability of endosomally released plasmid-DNA due to its possible 

degradation by cytosolic nucleases is another important potential cellular barrier to 

gene transfer.  
88

   The final impeding cellular factor that the plasmid DNA has to 

encounter in its voyage to nucleus is the barrier to nuclear trafficking. The efficiency of 

nuclear uptake for plasmid DNA is very low with probably one in 
104–105

 plasmids taken 

up by the cell eventually getting expressed. There are two alternative routes for nuclear 

transport of plasmid DNA: (i) entering nucleus during mitotic breakdown of the nuclear 

membrane or (ii) transport through nuclear pores. 
89,90

   

Systemic barriers are the factors that hamper the specific transport of the 

transfection vectors to the affected organ sites after systemic administration. Designing 

efficient lipoplexes for systemic administration sometimes involves delivery of 

therapeutic genes to remote target cells.  The instability of the injected lipid:DNA 
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complexes in biological fluids is a major impeding factor in systemic setting. In 

general, excess of cationic lipids are used in preparing lipid–DNA complexes so that 

the overall positive charge of the resulting lipoplexes ensures efficient endocytotic 

cellular uptake by the negatively charged biological cell surfaces. Unfortunately, such 

excess positive charges of the lipoplexes also favor their non-specific electrostatic 

interactions with negatively charged hydrophobic serum albuminate proteins and other 

cellular proteins. 
91,92,93-97

 In vivo investigations have raised concerns on the commonly 

believed non-immunogenic nature of cationic transfection lipids. Plank et al. have 

demonstrated that lipoplexes are capable of activating body‘s complement system. 
98

   

In addition, even bacterially derived plasmid  has been reported to elicit immune 

response. 
99-103

   Thus, non-immunogenic structural elements capable of reducing non-

specific interactions and promoting specific ligand-receptor bindings need to be grafted 

in the molecular architectures of lipoplexes for accomplishing systemic success. Failure 

to obtain stable transgene expression into organ tissues beyond lung after intravenous 

administration of lipid:DNA complexes is closely related to the systemic instability of 

lipoplexes. 
104-106

   

Our major motivation in this part of the thesis is to overcome the impeding 

cellular and systemic factors and design an improved Cationic lipid based gene 

delivery system with better transfection efficiency 

 

 

 

 



17 

 

1.2.3    Objective 

There are a lot of features which are considered to be decisive for transfection 

and targeting efficacy. Cationic lipid–DNA complexes represent self-assembling 

systems, supercoiled DNA being condensed inside spherical particles (50–200 nm) 

sandwiched between lipid bilayers and being a promoter of supramolecular 

organization characterized by ordered multilamellar domains (with regular spacing 70–

80 A ° ) to result in successful gene transfer. 
107,108,109,110   

The main objective of this part of the thesis is to study the impact of modifying 

the polarity of the linking group to the self assembling and transfection efficiency of a 

series of dopamine derived pyridinium cationic lipids. We synthesized a series of 

pyridinium Cationic lipids of six different chain lengths (C10, C12, C14, C16, C18, C18:1) 

with PF6 counter-ion. The counter-ion was then exchanged from PF6 to Cl- and we 

made an effort to study the impact of the changed counter ion on the hydration and 

liposome formation ability of the lipids with the help of various advanced techniques 

like DSC, Nano-DSC and DLS (Differential Light Scattering) techniques. All these are 

detailed and in Chapter 3. 

For systemic gene delivery and expression in tumor, it is important to optimize 

both parameters: cationic lipid to colipid molar ratio and lipid to plasmid charge ratio.    

111
 We made an effort to optimize the amount of Lipid-DNA ratio and lipid to colipid 

ratio and finally tranfect the lipoplexes into the cancer cells. 
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1.3       Silica Nanoparticles as Gene/drug delivery agents 

1.3.1    Introduction  

A large number of solid supports are used as delivery systems. These include 

gold nanoparticles, silver nanoparticles, carbon nanotubes, and different types of 

polymers. A solid support that is inert and non-toxic is very important for the success of 

a delivery system. Silica nanoparticles offer an interesting alternative to the above 

mentioned delivery systems. Their intrinsic hydrophilicity and biocompatibility makes 

them perfect candidates for drug delivery systems.  

Silica, a major and natural component of sand and glass, has been employed in 

material sciences and engineering for many years. It is a versatile material due to the 

variety of available chemical and physical modifications that are available. Silica is also 

a relatively benign material due to its biocompatibility – many people eat it as a dietary 

supplement.   
112

   Recently, silica has been used for gene delivery, as researchers 

around the world have pursued more efficient DNA delivery  

Silica nanoparticles have many properties that make them good candidates for 

drug and DNA delivery. Researchers have used silica as such, modified silica 

(modifications done on the OH groups),or mesoporous silica to attach drugs and other 

therapeutically important agents for use as delivery systems
.   113,114   

In this thesis we 

will use silica as the solid support to which additional layers of material with specific 

functions are incorporated. Silica is particularly suitable for the layer-by-layer (LBL) 

assemble process that has been successfully applied to planar silica surfaces and 

micron-sized SiO2 beads.
 115  
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Synthetic colloidal silica obtained from Nissan chemicals, called SNOWTEX® silica, 

which is made by growing mono-dispersed, negatively charged, amorphous silica 

particles in water, has been used in the experiments for the thesis. The pKa of SiO2 is 

ca. 3. Thus at pH 7, OH
-
 ions exist at the surface of the particles with an electric double 

layer formed by alkali ions. Stabilization is achieved by the repulsion between the same 

negatively charged particles after extensive dialysis with ultrapure water. Figure 1.2 

represents a typical silica particle, with O
- 
groups on the surface, giving it a negative 

zeta potential ( 

 

 

 

Figure 1.2 Cartoon of a colloidal silica nanoparticle 
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Silica nano-particles are inert when compared to all other solid support 

materials. A major disadvantage of the other solid support nano-particles is that they 

are not biodegradable and accumulate in the body causing long-term side effects. There 

has been much effort by researchers to make silica biodegradable for use in in vivo 

functionalities, but without much success. In 2007 Dr. Yan Shifeng Yin of Shanghai 

University developed a method for making silica biocompatible and which was also 

thought to be biodegradable. He attached lactic acid to the surface of silica modifying 

the surface and giving an outer lactic acid layer, making it biocompatible, since the 

body recognizes the system as a lactic acid system.
 116  

 

The attachment of a single lactic acid layer to the silica particle by the method 

of dehydration condensation is also hypothesized to help in easy removal of the silica 

particle from the body preventing toxic bioaccumulation of the silica, as the body 

recognizes the whole system as a lactic acid structure. The lactic acid is rapidly 

eliminated from the body in the urine. It was found that 60-240 mgs of lactic acid is 

excreted in 30 minutes from the body after short periods of running. Hence the surface 

modified silica nanoparticles can be eliminated as lactic acid particles from the body, as 

quickly as a general lactic acid molecule does. 

The surface modification of silica can be exploited in many ways for cancer 

research. The surface can be coated with cationic and zwitterionic lipids like DMPC 

and DMTAP to make it a platform for the further coating of DNA molecule for the gene 

therapy. This particular aspect of the silica nanoparticles has been explored in detail in 

this thesis 
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1.3.2    Motivation  

The use of materials in nanoscale (Nanomaterials) provides unparallel freedom 

to modify fundamental properties such as solubility, diffusivity, blood circulation half-

life, drug release characteristics, and immunogenicity. In the last two decades, a 

number of nanoparticle based therapeutic and diagnostic agents have been developed 

for the treatment of cancer, diabetes, pain, asthma, allergy, infections, and so on. 
117, 118

   

These nanomaterials may provide more effective and/or more convenient routes of 

administration, lower therapeutic toxicity, extend the product life cycle, and ultimately 

reduce health-care costs. As therapeutic delivery systems, nanoparticles allow targeted 

delivery and controlled release. For diagnostic applications, nanoparticles allow 

detection on the molecular scale: they help identify abnormalities such as fragments of 

viruses, precancerous cells, and disease markers that cannot be detected with traditional 

diagnostics. Nanoparticle-based imaging contrast agents have also been shown to 

improve the sensitivity and specificity of magnetic resonance imaging.   

Many advantages of nanoparticle-based drug delivery have been recognized.    

119,120
   It improves the solubility of poorly water-soluble drugs, prolongs the half-life of 

drug systemic circulation by reducing immunogenicity, releases drugs at a sustained 

rate or in an environmentally responsive manner and thus lowers the frequency of 

administration, delivers drugs in a target manner to minimize systemic side effects, and 

delivers two or more drugs simultaneously for combination therapy to generate a 

synergistic effect and suppress drug resistance. A lot of advantages have been 

recognized even for gene delivery aspect of these nanoparticles. Naked DNA which 
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cannot cross the cell membrane by itself and is degraded by nucleases needs a vehicle 

for it delivery and the nanoparticles are the best ones to serve the purpose.  

As mentioned in the Biological implications there are a lot of metal, non-metal 

and inorganic nanoparticles being used in the recent times for gene therapy. There are a 

lot of advantages and disadvantages to each one of them. 

A solid support that is inert and non-toxic is very important for the success of a 

delivery system. Silica nanoparticles having both these qualities and also having 

intrinsic hydrophilicity and biocompatibility makes them perfect candidates for drug 

delivery systems. 

 

1.3.3   Objective  

As mentioned above naked DNAs by themselves cannot cross the cell 

membrane barrier and are easily degraded by nucleases in biological fluids.
121

   As a 

result, delivery vehicles are needed for efficient transfection. 
122

   As mentioned earlier 

due to the intrinsic toxicity and immunogenicity of viral vectors, current research focus 

has shifted to the development of non viral carriers. 
123-129

   Its already been stated that 

Cationic lipids and liposome are quite effective in gene delivery.
130,131

    However, 

highly negatively charged DNAs can induce fusion of such liposomes to generate large 

particles, which may reduce the transfection efficiency and increase toxicity. 
132

   To 

minimize this problem, cross linked or Pegylated liposomes have been tested. 
132,133

   

Cross linked liposomes, however, may have biodegradation problems in vivo. The best 

alternative to this is the use of silica nanoparticle (NP) supported lipid bilayers for drug 

delivery applications. 
134,135

    Such supported bilayers have higher stability compared 



23 

 

to empty liposomes and the lipid layers are unlikely to fuse with each other due to the 

presence of a solid core. On the other hand, the lipids are not covalently linked and can 

still exchange and fuse with cellular lipids and be metabolized. One of the main 

advantages of the supported bilayer system is that both the silica core size and lipid 

composition of the shell can be systematically varied, which provides us a useful 

system to tune and understand the gene delivery process. 

In the present work we have done an extensive work on the formation of SLBs 

(Supported lipid bilayers) and their stability as a colloidal system with various sizes of 

Silica beads starting from 4-5 nm to 100 nm, different types of  lipids (Zwitterionic and 

cationic) and the combination of the lipids in various lipid-co lipid ratios. We have also 

tried to stabilize the DMTAP-DMPC-Silica system as the base system to add the DNA 

for the gene delivery and storage of DNA. 

The stability and preliminary aspects of this work has been described in the 

chapters 4, 5 and 6 and the formation of the stable cationic-zwitterionic system along 

with the possibilities of using this as a gene delivery system has been described in the 

chapter 7. 
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1.4      Organization of the Thesis 

Chapter 1 introduces the Nanotechnology and Gene Therapy and presents prior work 

on the Cationic Lipids and Silica Nanoparticles as successful Gene/Drug delivery 

agents. It also gives a view of the Biological and Medical implications of 

Nanotechnology. Finally it reviews the whole background and provides the motivation 

and objectives of this study 

Chapter 2 emphasizes the experimental details and instrumentation as well as the 

techniques and methodology used for this research. 

Chapter 3 focuses on studying the impact of modifying the polarity of the linking 

group to the self assembling and transfection efficiency of a series of dopamine derived 

pyridinium cationic lipids. This chapter also describes the gene delivery abilities of 

these newly synthesized cationic lipids. This work has been submitted to Biomaterials 

journal 

Chapter 4 describes the formation and colloidal stability of DMPC supported lipid 

bilayers on SiO2 nanobeads. It describes in detail the colloidal stability of Zwitterionic 

lipid (DMPC) and its formation of SLBs based on the salt concentration. This work as 

been published in Langmuir  (2010),  26(14) 

Chapter 5 describes the competing effects of nanoparticle decoration of 10-20 nm 

Silica particles around 100 nm liposomes and their supported lipid bilayer formation. It 

also discusses the stabilization of soft lipid colloids This work as been published in 

ACS Nano (2011), 5(4) 
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Chapter 6 describes the stabilization by undulatory-protrusion forces and 

destabilization by lipid bridging of supported lipid bilayer nanosystems. This work has 

been published in Langmuir (2011), 27(10) 

Chapter 7 gives a detailed account of the formation and the colloidal stability of the 

DMPC/DMTAP lipid to colipid SLBs on silica nanobeads. This also provides for 

example of a gene delivery system for the delivery and storage of DNA. This has been 

submitted to JACS communicatons. 
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CHAPTER 2 

EXPERIMENTAL PROTOCOLS AND INSTRUMENTATION 

 

2.1      General Procedure for Synthesis of New cationic Lipids 

In a round bottom flask 1-(3,4-dihydroxyphenylethyl)-2,4,6 trimethylpyridinium 

hexafluorophosphate was dissolved into dry dimethylformamide (DMF). Alkyl bromide 

was subsequently added, followed by anhydrous K2CO3. The flask was capped with a 

septum and the stirred suspension was degassed with a stream of dry nitrogen for 1h. 

The suspension was heated under stirring at 70 
o
C for 48 hours, after which it was 

quenched by pouring the reaction mixture into cold water. The oily mixture was 

extracted with CH2Cl2, and the water was discarded. The combined DCM extracts were 

washed with aqueous HPF6 and aqueous saturated NaHCO3, and were dried on 

anhydrous Na2SO4; evaporation of the solvent yielded the crude product. Flash 

chromatography (CHCl3/MeOH, using gradient elution 97.5/2.5 → 70/30 v/v) followed 

by crystallization from hexane/ethyl acetate 7/3 v/v
1
solvent mixture and/or ethanol 

yielded the pure compound. 

 

2.2      Exchange of counter-Ions  

An amount of 70 g of Dowex 1X8-200 ion exchange resin (chloride form) were 

suspended in 200 mL deionized water in an Erlenmeyer flask and kept at room 

temperature for three days to fully inflate. It was transferred into a glass column and 

washed with deionized water , with 5% aqueous HCl , then again with deionised water 
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until neutral pH was reached. After a final wash with MeOH, the resin was retrieved 

from the column and stored in an Erlenmeyer flask under MeOH.   

Prior to counterion exchange, resin was transferred into a small column and 

washed with MeOH. Separately, an amount of 50 mg of pure lipid/surfactant (as 

hexafluorophosphate) were weighed and dissolved in MeOH. The methanol solution 

was transferred on top of the ion exchange column and the compound was eluted with 

methanol (flow rate 1-3 mL/min). Sample was cycled through the column repeatedly 

(10 times minimum) until 
19

F-NMR analysis of a small aliquot taken from the eluent 

showed no fluorine peak corresponding to PF6
-
. Evaporation of solvent yielded the 

product, which was recrystallized from ethyl acetate and dried under vacuum; all 

compounds were found >96% pure by HPLC. 

2.3       Preparation of liposomes (MLVs/SUVs) 

2.3.1    Preparation of MLVs  

Appropriate amounts of lipid were dissolved in CHCl3 or CHCl3/MeOH.
2
 Dry 

lipid films were formed by evaporation of the solvent under a stream of nitrogen and 

any residual solvent was removed in a vacuum oven overnight. The lipid film was 

subsequently redispersed in NaCl solutions of varying ionic strengths or PBS buffer 

(100 mM NaCl, pH = 7.6), and incubated at a temperature, above the Tm of that 

particular lipid, for atleast an hour with periodic shaking to form hydrated multilamellar 

vesicles (MLVs).  
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2.3.2    Preparation of SUVs 

Small unilamellar vesicles (SUVs) were obtained from MLVs by freeze/thawing 

(ca 5 x) approximately 1 mL of a 5-10 mg/mL lipid solution, followed by extrusion (ca 

10 x) using polycarbonate filters with 100 nm pores until a clear suspension was 

obtained. An Avanti Mini-Extruder from Avanti Polar Lipids was employed for 

extrusion of the lipid, using 100 nm pore size polycarbonate filters. Inspection of the 

polycarbonate membrane post-extrusion indicated negligible loss of lipid during the 

formation of SUVs. Assuming no loss of lipid during the extrusion process, the SUV 

suspensions were used as prepared (5-10 mg/mL) or were diluted with salt solution or 

Water of PBS
3
 to yield vesicle stock suspensions containing 1-2 mg/mL lipid. The 

Figure 2.1 below depicts the process of preparation of the liposomes schematically.
4
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Figure 2.1   Process of preparation of the Liposomes (MLVs/SUVs) where A) 

represents    the dry    film after drying with nitrogen or a rotovapor B) represents the 

formation of SUVs after extrusion 
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2.4       Differential Scanning Calorimetry (DSC) 

2.4.1    Basic Theory of DSC 

Differential scanning calorimetry or DSC is a thermo analytical technique in 

which the difference in the amount of heat required to increase the temperature of a 

sample and reference is measured as a function of temperature.
5
 Both the sample and 

reference are maintained at nearly the same temperature throughout the experiment. 

Generally, the temperature program for a DSC analysis is designed such that the sample 

holder temperature increases linearly as a function of time. The reference sample 

should have a well-defined heat capacity over the range of temperatures to be scanned. 

The basic principle underlying this technique is that, when the sample 

undergoes a physical transformation such as phase transitions, more or less heat will 

need to flow to it than the reference to maintain both at the same temperature. Whether 

less or more heat must flow to the sample depends on whether the process is 

exothermic or endothermic. For example, as a solid sample melts to a liquid it will 

require more heat flowing to the sample to increase its temperature at the same rate as 

the reference. This is due to the absorption of heat by the sample as it undergoes the 

endothermic phase transition from solid to liquid. Likewise, as the sample undergoes 

exothermic processes (such as crystallization) less heat is required to raise the sample 

temperature. By observing the difference in heat flow between the sample and 

reference, differential scanning calorimeters are able to measure the amount of heat 

absorbed or released during such transitions. DSC may also be used to observe more 

subtle phase changes, such as glass transitions. It is widely used in industrial settings as 

http://en.wikipedia.org/wiki/Thermal_analysis
http://en.wikipedia.org/wiki/Heat
http://en.wikipedia.org/wiki/Temperature
http://en.wikipedia.org/wiki/Heat_capacity
http://en.wikipedia.org/wiki/Phase_transition
http://en.wikipedia.org/wiki/Exothermic_reaction
http://en.wikipedia.org/wiki/Endothermic_reaction
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a quality control instrument due to its applicability in evaluating sample purity and for 

studying polymer curing. Figure 2.2 shows the features of a DSC Curve 
6
 

The main assembly of the DSC cell is enclosed in a cylindrical, silver heating 

block, which dissipates heat to the specimens via a constantan disc which is attached to 

the silver block. The disc has two raised platforms on which the sample and reference 

pans are placed. A chromel disc and connecting wire are attached to the underside of 

each platform, and the resulting chromel{constantan thermocouples are used to 

determine the differential temperatures of interest. Alumel wires attached to the 

chromel discs provide the chromel-alumel junctions for independently measuring the 

sample and reference temperature. A separate thermocouple embedded in the silver 

block serves a temperature controller for the programmed heating cycle. An inert gas is 

passed through the cell at a constant flow rate of about 40 ml/min). 
7
 

A variety of temperature lags develop between the specimens and 

thermocouples, since the latter are not in direct contact with the samples. The measured 

T is not equal to TS - TR where TS and TR are the sample and reference temperatures 

respectively. TS - TR may be deduced by considering the heat flow paths in the system. 
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Figure 2.2 : Features of DSC Curve 
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2.4.2    DSC Instrumentation 

Differential scanning calorimetry (DSC) measurements were obtained on a TA 

Instruments (New Castle, DE) DSC Q 200.Samples were scanned at heating/cooling 

rates of 10 
o
C/min, using 2-5 mg total lipid in T-zero lids and T-zero pans from TA 

instruments 
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2.5       Nano- Differential Scanning Calorimetry (Nano-DSC) 

2.5.1    Basic Theory of N-DSC 

Biological and colloidal processes depend on molecular recognition. 

Recognition can be either intermolecular or intramolecular. Recognition profoundly 

affects the stability of the molecule, so understanding the relationship between stability 

and the energetics driving recognition has very practical implications. Differential 

Scanning Calorimeter is specifically designed to determine the thermal stability and 

heat capacity of lipids and other molecules in dilute solution. The versatility of the N-

DSC also allows the screening of ligands, and measuring the effects of pressure 

changes on a sample. The N-DSC can probe binding events by measuring the effect of 

an interaction on the stability of a molecule (e.g., drug binding to a target nucleic acid). 

The N-DSC is a fully automated instrument, requiring less than few hours per sample 

and only nanomoles of the material. 

In the N-DSC design (Figure 2.3) 
8 

the thermal jacket (11) is heated and cooled 

at a constant rate. Using a known reference voltage, the temperature of the jacket is 

controlled by the computer. The temperature control circuit (3) compares this reference 

voltage to that of the platinum thermometer (1) inside the calorimeter block. After 

comparison, the computer adjusts the power applied to the Heating and Cooling 

elements (4). Thus, through the Digital to Analog Converters (5), the computer has a 

direct linear control of the temperature of the jacket. This ensures the cells (6/7) are 

heated and cooled at a constant rate. For practical reasons however, the maximum 

heating or cooling rate of the N-DSC III is limited to 2°C/minute. The minimum 

temperature scan rate is actually 0°C/time (isothermal). 
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Another important feature of the N-DSC is the use of semiconductor 

thermoelectric batteries as sensors (8). Since semiconductor thermoelectric batteries 

have larger temperature coefficients than their bi-metal counterparts, they are also 

temperature dependent. To avoid these problems, the N-DSC uses a power 

compensation design. The temperature difference between the two cells, measured by 

the semiconductor thermoelectric battery (8) and amplified by the signal amplifier (14) 

is maintained near zero by applying an appropriate power difference to the two cells 

using electric heaters (9, 10). The heaters are attached directly to the cell body and 

controlled by a feedback control algorithm (12) and power compensation bridge (15). 

This power difference is also recorded as the signal by the computer (13). 
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Figure 2.3: N-DSC block diagram. Dashed rectangle represents the components 

implemented in software. 1- Platinum thermometer; 2- temperature control block; 3-

temperature measuring circuit; 4-Heating and Cooling elements; 5- temperature control 

algorithm; 6, 7- cylindrical measurement cells; 8-thermosensor; 9, 10- power 

compensation heaters; 11-jacket; 12- feedback control algorithm; 13- data file; 14- 

signal amplifier; 15- power compensation bridge; 16- manostat; 17- pressure sensor; 

18- pressure gauge. 
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2.5.2    Nano DSC Instrumentation 

Nano-differential scanning calorimetry (Nano-DSC) measurements were 

obtained on a TA Instruments (New Castle, DE) Nano DSC-6300. Samples were 

scanned at heating/cooling rates of 1
o
C/min, using 1-2 mg total lipid in a final volume 

of 0.799 mL, out of which approximately half was the sampling volume. 
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2.6       Dynamic Light Scattering (DLS) and Zeta potential 

2.6.1    Basic Theory of DLS and Zeta Potential 

Dynamic light scattering (also known as photon correlation 

spectroscopy or quasi-elastic light scattering) is a technique in physics, which can be 

used to determine the size distribution profile of 

small particles in suspension or polymers in solution.
9  

It can also be used to probe the 

behavior of complex fluids such as concentrated polymer solutions. The Dynamic Light 

Scattering technique measures the time-dependent fluctuations in the intensity of 

scattered light which occurs because the particles are undergoing random, Brownian 

motion. Analysis of these intensity fluctuations enables the determination of the 

distribution of diffusion coefficients of the particles, which are converted into a size 

distribution using established theories. 

The upper size limit of the Dynamic Light Scattering is sample density 

dependent; as dynamic light scattering requires that particles be randomly diffusing, 

this places the upper size limit as the point where sedimentation of the particle 

dominates the diffusion process. The lower size limit of Dynamic Light Scattering 

depends upon the excess scattered light the sample generates compared to the 

suspending medium. Many factors will contribute to this lower size limit including the 

sample concentration, the relative refractive index (i.e. the particle refractive index 

compared to the medium refractive index), laser power, laser wavelength, sensitivity of 

the detector and optical configuration of the instrument. The lowest particle size 

measured on an instrument containing non-invasive backscatter (NIBS) is 0.6 

nanometres. Traditionally dynamic light scattering experiments were performed at an 

http://en.wikipedia.org/wiki/Physics
http://en.wiktionary.org/wiki/particle
http://en.wikipedia.org/wiki/Suspension_(chemistry)
http://en.wikipedia.org/wiki/Polymers
http://en.wikipedia.org/wiki/Solution
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angle of 90 degrees. This meant that samples had to be very dilute to avoid multiple 

scattering phenomena. With the advent of NIBS it is now possible for Dynamic Light 

Scattering to measure at higher particle concentrations (up to 40% w/v). 
10

 Though it is 

often necessary to dilute the sample to lower concentrations in order to understand any 

effect that particle - particle interactions are having on the reported size. 

Zeta potential is an important parameter in understanding electrostatic colloidal 

dispersion stability. Zeta potential is the charge a particle acquires in a particular 

medium. It is dependent upon the pH, ionic strength or concentration of a particular 

component. The mobility of the particles undergoing electrophoresis is measured by the 

technique of laser Doppler electrophoresis. This measured electrophoretic mobility is 

then converted to zeta potential using established theories. 

Typically, the particle size of the sample needs to be less than 10 microns and the 

sample should be dilute. Therefore, for samples that require dilution prior to 

measurement, it is important to specify the dilution medium. The effect on the zeta 

potential of changes in pH, ionic strength and concentration of an additive can be 

automated to provide information such as the iso-electric point of a sample. The 

schematic of the components of the DLS and the Zeta potential measurements is given 

in Figure 2.4.
11
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Figure 2.4. Schematic and the Components of the DLS and the zeta potential system 
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2.6.2    DLS Instrumentation 

Dynamic light scattering (DLS) and zeta () potential measurements were 

obtained on a Malvern Zetasizer Nano-ZS (Malvern Instruments Ltd. Malvern, U.K.), 

equipped with a 633 nm solid state He-Ne laser and collecting the scattered light at an 

angle of 170
o
, at 25 

o
C. Disposable capillary cells (DTS1060, Malvern Instruments, 

Malvern, UK) or normal cuvettes were used in all cases. Diameters are reported either 

as z-averages or volume averages. The z-average is the intensity weighted effective 

diameter- the hydrodynamic diameter that a sphere would have in order to diffuse at the 

same rate as the particle being measured. The volume average is corrected using Mie 

scattering theory. Both were calculated based on nonlinear least square (NLLS) fits of 

the autocorrelation function with Malvern‘s Zetasizer Nano 4.2 software utilizing a 

version of the CONTIN algorithm.
12

 

Zeta potential measurements were obtained in disposable capillary (DTS1060) 

or in normal cuvettes with a dip probe (ZEN1002, Malvern Instruments, Malvern, UK), 

with an applied voltage of 30 V/cm in the former case and 3-5 V/cm in the latter case. 

Zeta potentials () are related to the measured mobilities by the Henry equation: 

UE = 2  f(a)/

where a is the particle radius,  is the dielectric constant, is the solvent viscosity, and 




 is the Debye- Hückel screening length, a measure of the electrical double layer 

thickness, and is given by: 



nmkT/(2000 e

2
INA)]

1/2
  so  (nm

-1
) 
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where is the permittivity in free space, k is Boltzmann‘s constant, T the 

absolute temperature, NA Avogadro‘s number, e is the elementary electric charge and I 

the ionic strength (in M). For water at 298K, 




where cizi

2
, zi is 

the charge of the ion and where for a 1/1 electrolyte, I = ci, and ci is expressed as a 

molarity (M).  Thus


a is the (dimensionless) ratio of the particle radius to the 

electrical double layer thickness. 

In order to obtain zeta potentials () from mobility measurements, two 

approximations are often used, one due to Smoluchowski, applicable only for large 

particles and small 
-1 

(f(a) = 1.5), and one due to Hückel, applicable only for weakly 

charged particles (small particles and large 
-1

, f(a) = 1). In the current investigation, 

we were in an intermediate regime, where neither approximation was valid, and 

tabulated values of f(a) were used to convert from mobilities to  potentials. 
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2.7       Transition Electron Microscopy (TEM) 

2.7.1     Basic Theory of TEM 

 Transmission electron microscopy (TEM) is a microscopy technique whereby a 

beam of electrons is transmitted through an ultra thin specimen, interacting with the 

specimen as it passes through. TEMs are capable of imaging at a significantly 

higher resolution than light microscopes, owing to the small de Broglie wavelength of 

electrons. This enables the instrument's user to examine fine detail—even as small as a 

single column of atoms, which is tens of thousands times smaller than the smallest 

resolvable object in a light microscope. TEM forms a major analysis method in a range 

of scientific fields, in both physical and biological sciences. TEMs find application 

in cancer research, virology, materials science as well as pollution, nanotechnology, 

and semiconductor research. 
13

 At smaller magnifications TEM image contrast is due to 

absorption of electrons in the material, due to the thickness and composition of the 

material. At higher magnifications complex wave interactions modulate the intensity of 

the image, requiring expert analysis of observed images. Alternate modes of use allow 

for the TEM to observe modulations in chemical identity, crystal orientation, electronic 

structure and sample induced electron phase shift as well as the regular absorption 

based imaging. 

Theoretically, the maximum resolution, d, that one can obtain with a light 

microscope has been limited by the wavelength of the photons that are being used to 

probe the sample, λ and the numerical aperture of the system, NA.  

 

http://en.wikipedia.org/wiki/Microscope
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Like all matter, electrons have both wave and particle properties (as theorized by Louis-

Victor de Broglie), and their wave-like properties mean that a beam of electrons can be 

made to behave like a beam of electromagnetic radiation. The wavelength of electrons 

is found by equating the de Broglie equation to the kinetic energy of an electron. An 

additional correction must be made to account for relativistic effects, as in a TEM an 

electron‘s velocity approach the speed of light, c.  

 

Where, h is Planck's constant, m0 is the rest mass of an electron and E is the energy of 

the accelerated electron.  

A TEM is composed of several components, which include a vacuum system in 

which the electrons travel an electron emission source for generation of the electron 

stream, a series of electromagnetic lenses, as well as electrostatic plates. The latter two 

allow the operator to guide and manipulate the beam as required. Also required is a 

device to allow the insertion into, motion within, and removal of specimens from the 

beam path. Imaging devices are subsequently used to create an image from the 

electrons that exit the system. The layout of the basic components of the TEM is given 

in Figure 2.5. 
14
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Figure 2.5 Layout of Basic components of TEM 
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2.7.2    TEM Instrumentation 

TEM measurements were made on a FEI Technai 12T electron microscope with 

an operating voltage of 120 KeV. Images were captured using a Gatan Dual Vision 300 

(1k), side-entry cooled CCD camera. Image capture, processing, and analysis were 

performed with Gatan ―Digital Micrograph‖ software. Some TEM measurements were 

also made on JEOL JEM 1400 EM with an operating voltage of 80 KeV. Images in this 

case were captured using a Gatan Outer SCAN 1000 CCD Camera.  Image capture, 

processing and analysis were performed with Gatan ―Digital Micrograph‖ software.  

2.7.3    Staining Procedure of TEM samples 

Initially a 3 milli molar (app 1mg-ml) solution of lipids in 0.75 mM solution were made 

and extruded to form SUVs. They were then mixed with beads in required ratios and incubated 

for 1 h above the Tm of that particular lipid. Separately a 1% solution of Uranyl acetate in 

0.75Mm NaCl was made. 
15 

 The dye and the SLBs (Supported Lipid Bilayers) were mixed and 

incubated for 30 seconds and then immediately  diluted  to make  a 1.5 milli molar ( 0.5mg-ml) 

lipid solution. 

2.7.4    Preparation of TEM Samples  

The TEM samples were made by placing approximately Two milliliters of the 

suspensions on carbon-coated, type-A 300 mesh copper TEM grids (Ted Pella, Inc., 

Redding, CA) and air-dried for at least 45 minutes.  Then the grid is then dried in 

vacuum for 30 minutes before actually viewing it in the microscopic system. 
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2.8       Nuclear Magnetic Resonance (NMR) 

2.8.1    Basic Theory of NMR 

Nuclear magnetic resonance spectroscopy, also known as NMR spectroscopy, is 

a research technique that exploits the magnetic properties of certain atomic nuclei to 

determine physical and chemical properties of atoms or the molecules in which they are 

contained. It relies on the phenomenon of nuclear magnetic resonance and can provide 

detailed information about the structure, dynamics, reaction state, and chemical 

environment of molecules.  

Most frequently, NMR spectroscopy is used by chemists and biochemists to 

investigate the properties of organic molecules, though it is applicable to any nucleus 

possessing spin. This can range from small compounds analyzed with 1-

dimensional proton or carbon-13 NMR to large proteins or nucleic acids using 3 or 4-

dimensional techniques. The impact of NMR spectroscopy on the natural sciences has 

been substantial, and can be applied to a wide variety of samples in solution and solid 

state. 

2.8.2    NMR Instrumentation 

NMR spectra were recorded at 300 K with a Bruker Avance III 400 Plus 

spectrometer equipped with a 5 mm indirect detection probe, operating at 400 MHz for 

1
H-NMR and at 100 MHz for 

13
C-NMR. Chemical shifts are reported as  values, using 

tetramethylsilane (TMS) as internal standard for proton spectra and the solvent 

resonance for carbon spectra. Assignments were made based on chemical shifts, signal 

intensity, COSY, HMQC, and HMBC sequences. 

http://en.wikipedia.org/wiki/Atom
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http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/Nucleic_acid
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2.9      Small-angle X-ray scattering (SAXS) 

2.9.1    Basic Theory of Small-angle X-ray scattering (SAXS) 

Small-angle X-ray scattering (SAXS) is a small-angle scattering (SAS) 

technique where the elastic scattering of X-rays (wavelength 0.1-0.2 nm) by a sample 

which has inhomogeneities in the nm-range, is recorded at very low angles (typically 

0.1 - 10°). This angular range contains information about the shape and size 

of macromolecules, characteristic distances of partially ordered materials, pore sizes, 

and other data. SAXS is capable of delivering structural information of macromolecules 

between 5 and 25 nm, of repeat distances in partially ordered systems of up to 

150 nm.
16 

Figure 2.6 below depicts a schematic representation of a SAXS 

 

Figure 2.6 Schematic representation of SAXS 

 

 

http://en.wikipedia.org/wiki/Small-angle_scattering
http://en.wikipedia.org/wiki/Elastic_collision
http://en.wikipedia.org/wiki/X-ray
http://en.wikipedia.org/wiki/Nanometre
http://en.wikipedia.org/wiki/Macromolecule
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2.9.2    X-Ray Crystallography Instrumentation 

Small-angle X-ray scattering (SAXS) experiments were performed on a Bruker 

AXS Nanostar U using Cu Kα radiation from a Turbo X-ray Source (TXS, focal spot = 

0.1 mm x 1 mm) running at 1.2 kW, coupled with Montel-P multilayer optics and a 

Vantec-2000 position sensitive area detector. The beam was collimated using three 

pinholes with apertures of 750, 400 and 1000 μm. Distances from source to first 

pinhole was 200 mm, from first pinhole to second pinhole was 925 mm, from second 

pinhole to third pinhole was 482 mm, from third pinhole to sample was 57 nm, and 

from sample to detector was 1132 mm. Sample was mounted in the middle of an o-ring 

and then sandwiched between mylar (or similar) windows in the powder/gel holder. 

Diameter of beamstop was 4 mm. Experimental data was worked up using SAXS for 

Windows XP software. The calibration of the system was performed using silver 

behenate. 
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CHAPTER 3 

TUNING THE SELF ASSEMBLING OF PYRIDINIUM CATIONIC 

LIPIDS FOR EFFICIENT DNA COMPACTION AND HIGH 

TRANSFECTION EFFICIENCY 

 

We are reporting a new set of bio-compatible, low-toxicity pyridinium cationic lipids 

based on a dopamine backbone on which hydrophobic alkyl tails are attached via an 

ether linkage. Due to their optimized packing parameter the new lipids are able to 

strongly self-assemble either alone or when co-formulated with co-lipids DOPE or 

cholesterol, and in this form they can efficiently condense and deliver DNA to a large 

variety of cell lines, as proved by our unique thermotropic /lyotropic /physicochemical 

/biological correlation study. Using the luciferase reporter gene plasmid we have also 

conducted a comprehensive structure activity relationship study, which identified the 

best parameters and formulations for efficient and non-toxic gene delivery. Several 

formulations surpassed established transfection systems with proved in vivo efficiency, 

being able to transfect a large variety of malignant cells in the presence of elevated 

levels of serum, a premise that recommends these synthetic vectors for future in vivo 

delivery studies for cancer treatment. 

3.1       Introduction  

The success of gene therapy as a revolutionary method to treat diseases at their 

core level relies on finding efficient and safe vectors for nucleic acid delivery 
1-3 

Cationic lipids constitute promising alternatives to the use of viruses for delivering 

genes therapeutically due to their reduced immunogenicity and cytotoxicity, which 
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allows safe repeated administration of the nucleic acid-based therapeutic agent(s).
4-7

 

When formulated alone, or in the presence of co-lipids such as cholesterol (Chol, C) or 

dioleoylphosphatidylethanolamine (DOPE), these positively charged amphiphiles can 

self-assemble forming cationic lipid bilayers or other three-dimensional assemblies.
4-9

 

These supra-molecular assemblies can associate and compact DNA or RNA, masking 

their negative charge and protecting them from the action of endogenous and 

exogenous nucleases. The process is triggered by electrostatic attraction between the 

positively-charged assemblies and negatively charged nucleic acids. The counterions of 

both entities are released, together with water molecules from the hydration shell, in a 

process with substantial entropic gain. A comprehensive three dimensional 

reorganization of both materials occurs, generating cationic lipid-DNA complexes 

(lipoplexes 
[8, 10-13]

).  

Major advantages associated with the use of cationic lipids in gene delivery are 

the practically unlimited size of the gene to be compacted and delivered, and the 

possibility to manufacture them under GMP conditions in existing facilities of 

pharmaceutical industry. However, their efficiency must be increased through a better 

understanding of the delivery barriers in vitro and in vivo and through adapting the 

structure of the lipoplex to these delivery barriers 
[4-8, 14, 15]

.  

For systemic delivery, the cationic lipid assemblies must condense the nucleic 

acid cargo strong enough to resist the interaction with various proteins, cells and other 

figurative elements of the blood. Once the target tissue is reached and the complexes 

are endocytosed, the lipid component of the lipoplex must fuse with endosomal vesicle 

and quickly release the nucleic acid into the cytoplasm, where it can exert its 
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therapeutic function (RNAs, siRNAs) or from where it will travel to the nucleus to be 

internalized, transcribed and eventually translated into proteins back into the cytoplasm 

of the target cell 
[4-8, 14, 15]

. The structural restrains imposed by these packing/releasing 

contradictory processes trigged a substantial effort from the synthetic gene delivery 

community. More than two decades after the seminal article of Felgner et al. 
[16]

 a large 

number of cationic lipids bearing various polar heads (tetraalkylammonium, 

polyamines, amidinium, guanidinium, heterocyclic) and hydrophobic tails (alkyl, 

cholesteryl) were synthesized and tested as gene delivery vectors (Chart 3.1) 
[5-7, 17-19]

. 

Many cationic lipids and cationic-lipid-based formulations are commercially available 

for in vitro gene delivery. Some of them were used successfully for in vivo delivery of 

nucleic acids in experimental animals, and a select few 
[20]

, such as DOTAP/cholesterol
 

[21, 22]
, were advanced to clinical trials for treatment of lung cancer, cystic fibrosis in 

humans 
[20]

. 
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Chart 3.1 Cationic Lipid with polar head designs used in gene delivery 

 

Among the large diversity of cationic amphiphiles for gene delivery available, 

heterocyclic cationic lipids, including imidazolium 
[23]

 and pyridinium 
[24-32]

 

representatives (Chart 3.1) introduced in recent years by several groups, proved to be 

particularly well balanced for the antagonistic processes of packing and releasing 

required for efficient nucleic acid  delivery in vitro 
[23-32]

 and in vivo 
[30]

. In these lipids 

the positive charge is delocalized on the heterocyclic moiety, thus increasing the 
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lipophilicity and decreasing hydration of the polar head, with benefic effects on self-

assembling ability of the amphiphiles. The resulted supramolecular assemblies are more 

stable and their robustness can constitute an important advantage for systemic delivery 

in vivo. Moreover, the relatively large (heterocyclic) polar head can easily generate 

packing parameters P ~ 1 in combination with standard hydrophobic anchors 

comprising two alkyl chains (Chart 3.1), thus enabling the formation of stable lamellar 

structures [Safinya] that will confer stability to lipoplexes under a wide range of 

conditions encountered in in vivo. Mention must be made that similar benefic effects 

were observed when substituting the small tetraalkylammonium polar head with larger 

phosphonium and especially arsonium congeners, as in the case of lipid EG372 (Chart 

3.1) 
[33, 34]

. 

Other self-assembling structural elements such as aromatic groups can be 

included in the structure of the cationic amphiphiles in order to enhance the assembly 

stability 
[28, 29, 35]

. In a previous study 
[29]

 we have compared the biological properties of 

cationic lipids having a trimethylpyridinium polar head connected to two hydrophobic 

tails via both aliphatic or aromatic linkers and ester bonds. The transfection efficiency 

and cytotoxicity of representatives based on aliphatic linkers such as SPYRIT-2 and 

SPYRIT-7 were found to be superior to their congeners with aromatic backbones such 

as SPYRIT-13. Formulations of these pyridinium lipids with cholesterol at 1:1 molar 

ratio have surpassed the efficiency of standard transfection system DOTAP/Chol 1:1 

both in vitro
 [29]

 and in vivo 
[30]

, while displaying reduced cytotoxicity. Transfection 

data also revealed that in the case of dopamine-derived series the aromatic ring clearly 

contributed to the self-assembling process, with the C12 member (SPYRIT-13) being 
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the most efficient in the aromatic series, while the C14 representatives SPYRIT-2 and 

SPYRIT-7 displayed the highest transfection efficiency for the aliphatic series. 

Importantly, SPYRIT-7 was more efficient than SPYRIT-2, proving that a cylindrical 

shape of the cationic lipid is superior to an angled design 
[29]

.  These observations 

prompted us to hypothesize that the lower transfection activity of dopamine-derived 

SPYRIT-13 and congeners as compared with SPYRIT-7 might be due to a bent 

conformation adopted by the former cationic lipid at the water/oil interface, positioning 

that is dictated by the pyridinium polar head and the two ester groups (Figure 3.1). 

Consequently, we have decided to replace the ester groups with the more lipophilic 

ether ones, thus allowing the aromatic linker to dive into the oil phase and to ensure a 

fully extended conformation for the entire molecule, effectively moving the water/oil 

interface at the level of the pyridinium polar head. The new design incorporating ether 

linkages was expected to confer an elongated linear shape for the hydrated amphiphile 

with a P ~ 1, allowing better packing into the horizontal dimension and enhanced self-

assembling into robust lamellar phases. We are reporting herein the synthesis, self-

assembling, physicochemical and biological properties of this new set of pyridinium 

cationic lipids. 
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Chart 3.2. The design rationale for new pyridinium amphiphiles. Changing the ester 

groups to more lipophilic ether one allows an extended conformation of amphiphile 

backbone in the oil phase, reducing the cross-section of the molecule and enhancing its 

self-assembling. 
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3.2       Experimental protocols 

3.2.1    Chemistry and physicochemical characterization 

3.2.1.1  Materials 

 3-Hydroxytyramine hydrochloride, triethylamine, acetic acid, fatty acids, salts, 

etc were from Acros and/or Fisher Scientific (Pittsburgh, PA) and were used without 

further purification. Dowex 1X8-200 was from Sigma-Aldrich (St Louis, MO) or 

BioRad (Hercules, CA). Solvents (HPLC quality) were from Fisher Scientific 

(Pittsburgh, PA), EMD (Gibbstown, NJ), and VWR International (West Chester, PA). 

Cholesterol, DOTAP, DOPE were from Avanti Polar Lipids (Alabaster, AL) and were 

used as received.  Tris Acetate EDTA (TAE) buffer, Lambda DNA/Hind III markers, 

Blue juice – Blue/Orange Loading dye were from Promega (Madison, WI). DNA 

plasmid - gWiz™ Luc plasmid encoding the firefly luciferase gene was from Aldevron 

(Fargo, ND). The GelStar Nucleic acid gel stain was from Lonza (Rockland, ME). 

Agarose (ultrapure) was from Invitrogen (Carlsbad, CA).  

 

3.2.1.2 Techniques 

 The purity and the structure identity of the intermediary and final products were 

assessed by a combination of techniques that includes thin-layer chromatography 

(TLC), high performance liquid chromatography (HPLC), differential scanning 

calorimetry (DSC and nano-DSC), 
1
H- and

 13
C-NMR, and elemental analysis. 

TLC was carried out on SiO2-precoated aluminum plates (silica gel with F254 indicator; 

layer thickness 200 m; pore size 60 Å, from Sigma-Aldrich), eluted with 

MeOH/CHCl3 10/90 (v/v) unless specified otherwise.  
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The melting points and/or transition temperatures for cationic lipids in bulk were 

determined by differential scanning calorimetry, using a TA Instruments Q200 MDSC 

(New Castle, DE) and a heating/cooling rate of 5 
o
C/min. A Thermolyne heating stage 

microscope (Dubuque, IA), equipped with an Olympus 5X objective, was also used for 

this purpose. Nano-differential scanning calorimetry (nano-DSC) measurements for the 

hydrates samples were obtained on a TA Instruments (New Castle, DE) NanoDSC-

6300. Samples were scanned at heating/cooling rates of 1 
o
C/min, using 1-2 mg lipid. 

NMR spectra were recorded at 300 K with a Bruker Avance III 400 Plus spectrometer 

equipped with a 5 mm indirect detection probe, operating at 400 MHz for 
1
H-NMR and 

at 100 MHz for 
13

C-NMR. Chemical shifts are reported as  values, using 

tetramethylsilane (TMS) as internal standard for proton spectra and the solvent 

resonance for carbon spectra. Assignments were made based on chemical shifts, signal 

intensity, COSY, HMQC, and HMBC sequences.  

HPLC was performed using a Shimadzu Prominence UFLC, equipped with an 

LC-20AD pump, vacuum degasser, column oven, and UV detector, using a Zorbax RX-

C18 column (4.6 mm x 25 cm), following the method of Mayer et al [46]. Briefly, 

cationic lipids 4 - 15 (as PF6
-
 or Cl

-
) were dissolved in methanol and 100 L of the 

homogenous solution were injected into the system. Lipids were eluted at 0.5 mL/min 

constant flow using linear gradient elution from 50% solution A (0.15% TFA in H2O) 

and 50% solution B (0.05% TFA in iPrOH) to 100% solution B in 10 min. This 

gradient was followed by a 10 min plateau at 100% solution B, before going back to the 

initial solvent mixture in 2 min. UV detection was done at 205 nm. 
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 Small-angle X-ray scattering (SAXS) experiments were performed on a Bruker 

AXS Nanostar U using Cu Kα radiation from a Turbo X-ray Source (TXS, focal spot = 

0.1 mm x 1 mm) running at 1.2 kW, coupled with Montel-P multilayer optics and a 

Vantec-2000 position sensitive area detector. The beam was collimated using three 

pinholes with apertures of 750, 400 and 1000 μm. Distances from source to first 

pinhole was 200 mm, from first pinhole to second pinhole was 925 mm, from second 

pinhole to third pinhole was 482 mm, from third pinhole to sample was 57 nm, and 

from sample to detector was 1132 mm. Sample was mounted in the middle of an o-ring 

and then sandwiched between mylar (or similar) windows in the powder/gel holder. 

Diameter of beamstop was 4 mm. Experimental data was worked up using SAXS for 

Windows XP software. The calibration of the system was performed using silver 

behenate. 

 

3.2.2   General procedure for the synthesis of pyridinium cationic lipids 

3.2.2.1Preparation of 1-(3,4-dihydroxyphenylethyl)-2,4,6-trimethyl pyridinium 

hexafluorophosphate 3 (adapted after 
[29]

) 

An amount of 2.5 g (13.18 mmol) 3-hydroxytyramine hydrochloride was 

dissolved in the minimum amount of deionized water (1-2 mL) and subsequently 

diluted with 12.5 mL ethanol. The homogeneous solution was treated with 1.85 mL 

(1.33 g, 13.12 mmol) triethylamine, dropwise, in order to generate the dopamine free 

base, and added dropwise over a stirred suspension of 5.71 g (15.82 mmol) 2,4,6-

trimethylpyrylium hexafluorophosphate [ATB Science of Synthesis] in 12.5 mL 

ethanol in 100 mL round bottom flask. The reaction mixture turns orange and all 
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pyrylium salt dissolves; it was subsequently treated with another batch of triethylamine 

(1.85 mL, 1.33 g, 13.12 mmol), refluxed for 15 min, and then treated with 4 mL (4 g, 

66.66 mmol) acetic acid. After another 3 h reflux (TLC control MeOH/DCM 2/8 v/v) it 

was treated with 4 mL aqueous NH4OH 25%, and refluxed again for 5 min in order to 

convert any unreacted pyrylium salt into the corresponding pyridine. The solvent was 

evaporated to dryness and the residue was washed with ethyl ether (50 mL) in order to 

dissolve the pyridine and any the other amines present in solution. The ether was 

decanted and discarded, and the resulting precipitate was filtered and washed two more 

times with ethyl ether (2 x 50 mL). After drying, it was suspended into 10 mL of 

deionized water, stirred for 5 minutes, filtered, and washed with 2 x 5 mL deionized 

water. The crude product was triturated with 25 mL HPF6 5%, filtered, and 

recrystallized from 75 mL methanol, yielding 2.61 g. Concentration of mother liquor 

yielded another 0.95 g product (3.56 g overall, 67%), mp 217-220 
o
C (lit 

[29]
 mp 218-

220 
o
C). 

 

3.2.2.2 General procedure for the preparation of pyridinium lipids 4 

In a 25 mL round bottom flask 0.6 g (1.5 mmol) 1-(3,4-dihydroxyphenylethyl)-

2,4,6-trimethylpyridinium hexafluorophosphate 3 were dissolved into 10 mL dry 

dimethylformamide (DMF). Alkyl bromide (3 mmol) was subsequently added, 

followed by 0.42 g (3 mmol) anhydrous K2CO3. The flask was capped with a septum 

and the stirred suspension was degassed with a stream of dry nitrogen for 1h. The 

suspension was heated under stirring at 70 
o
C for 48 hours, after which it was quenched 

by pouring the reaction mixture into 100 mL cold water. The oily mixture was extracted 
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with CH2Cl2 (5 x 30 mL), and the water was discarded. The combined DCM extracts 

were washed with 50 mL aqueous HPF6 5%, 50 mL aqueous saturated NaHCO3, and 

were dried on anhydrous Na2SO4; evaporation of the solvent yielded the crude product. 

Flash chromatography (CHCl3/MeOH, using gradient elution 97.5/2.5 → 70/30 v/v) 

followed by crystallization from hexane/ethyl acetate 7/3 v/v solvent mixture [47] 

and/or ethanol yielded the pure compound. 

1-(3,4-didecyloxyphenylethyl)-2,4,6-trimethylpyridinium hexafluorophosphate 4Dec 

(yield 48%) 
1
H-NMR (CDCl3), , ppm: 7.39 (s, 2H: H-pyridinium), 6.75 (d, J = 8.1 

Hz, 1H: H5 Ph), 6.52 (d, J = 1.9 Hz, 1H: H2 Ph), 6.47 (dd, J = 1.9, 8.1 Hz, 1H: H6 Ph), 

4.61 (t, J = 7.0 Hz, 2H: CH2-Py
+
), 3.93 (t, J = 6.6 Hz, 2H: CH2-O), 3.88 (t, J = 6.6 Hz, 

2H: CH2-O), 3.00 (t, J = 7.0 Hz, 2H: CH2-Ph), 2.60 (s, 6H: CH3 -Py
+
), 2.48 (s, 3H: 

CH3 -Py
+
), 1.77 (m, 4H: 2 CH2CH2O), 1.44 (m, 4H: 2 CH2CH2CH2O), 1.26 (m, 24H: 

12 CH2 from fatty chains), 0.88 (t, J = 6.6 Hz, 6H: 2CH3 from fatty chains); 
13

C-NMR 

(DMSO-d6), , ppm: 158.3 (C-pyridinium), 154.7 (2C-pyridinium), 150.1 (C-3, Ph), 

149.2 (C-4, Ph), 129.1 (3C, 2C-pyridinium + C-1, Ph ), 128.3 (C-2, Ph), 121.3 (C-6, 

Ph), 114.8 (C-5, Ph), 69.9 (O-CH2), 69.8 (O-CH2), 53.9 (CH2-Py
+
), 34.8 (CH2-Ph), 32.3 

(2C), 29.99 (3C), 29.95 (2C), 29.83 (3C), 29.7 (2C), 26.4 (2C), 23.0 (2C) (all from fatty 

chains), 21.7 (C-pyridinium), 21.4 (2CH3 -pyridinium), 14.4 (2C: 2 CH3 from 

fatty chains); 
19

F-NMR (DMSO-d
6
), , ppm: - 75.3 (J = 712 Hz, PF6

-
); HPLC: 96.2%; 

Anal (C36H60NO2
+
 PF6

-
) C, H, N. 

1-(3,4-didodecyloxyphenylethyl)-2,4,6-trimethylpyridinium hexafluorophosphate 

4Lau: Yield 46%; 
1
H-NMR (CDCl3), , ppm: 7.38 (s, 2H: H-pyridinium), 6.75 (d, J = 

8.1 Hz, 1H: H5 Ph), 6.52 (d, J = 1.9 Hz, 1H: H2 Ph), 6.47 (dd, J = 1.9, 8.1 Hz, 1H: H6 
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Ph), 4.61 (t, J = 6.8 Hz, 2H: CH2-Py
+
), 3.93 (t, J = 6.6 Hz, 2H: CH2-O), 3.88 (t, J = 6.6 

Hz, 2H: CH2-O), 3.00 (t, J = 6.8 Hz, 2H: CH2-Ph), 2.60 (s, 6H: CH3 -Py
+
), 2.48 (s, 

3H: CH3 -Py
+
), 1.77 (m, 4H: 2 CH2CH2O), 1.44 (m, 4H: 2 CH2CH2CH2O), 1.26 (m, 

32H: 16 CH2 from fatty chains), 0.88 (t, J = 6.6 Hz, 6H: 2CH3 from fatty chains); 
13

C-

NMR (DMSO-d6), , ppm: 158.3 (C-pyridinium), 154.8 (2C-pyridinium), 150.1 (C-

3, Ph), 149.3 (C-4, Ph), 129.1 (3C, 2C-pyridinium + C-1, Ph ), 128.3 (C-2, Ph), 121.3 

(C-6, Ph), 114.8 (C-5, Ph), 69.9 (O-CH2), 69.8 (O-CH2), 54.0 (CH2-Py
+
), 34.8 (CH2-

Ph), 32.3 (2C), 30.08 (6C), 30.0 (6C), 29.8 (2C), 29.7 (2C), 26.4 (2C), 23.0 (2C) (all 

from fatty chains), 21.8 (C-pyridinium), 21.4 (2CH3 -pyridinium), 14.4 (2C: 2 

CH3 from fatty chains); 
19

F-NMR (DMSO-d
6
), , ppm: - 73.8 (J = 712 Hz, PF6

-
); 

HPLC: 96.7%; Anal (C40H68NO2
+
 PF6

-
) C, H, N. 

1-(3,4-ditetradecyloxyphenylethyl)-2,4,6-trimethylpyridiniumhexafluorophosphate 

4Myr: Yield 50%; 
1
H-NMR (CDCl3), , ppm: 7.38 (s, 2H: H-pyridinium), 6.75 (d, J = 

8.1 Hz, 1H: H5 Ph), 6.52 (d, J = 1.9 Hz, 1H: H2 Ph), 6.47 (dd, J = 1.9, 8.1 Hz, 1H: H6 

Ph), 4.61 (t, J = 7.0 Hz, 2H: CH2-Py
+
), 3.93 (t, J = 6.6 Hz, 2H: CH2-O), 3.87 (t, J = 6.6 

Hz, 2H: CH2-O), 3.00 (t, J = 7.0 Hz, 2H: CH2-Ph), 2.59 (s, 6H: CH3 -Py
+
), 2.48 (s, 

3H: CH3 -Py
+
), 1.77 (m, 4H: 2 CH2CH2O), 1.44 (m, 4H: 2 CH2CH2CH2O), 1.26 (m, 

40H: 20 CH2 from fatty chains), 0.88 (t, J = 6.6 Hz, 6H: 2CH3 from fatty chains); 
13

C-

NMR (DMSO-d6), , ppm: 158.2 (C-pyridinium), 154.7 (2C-pyridinium), 150.1 (C-

3, Ph), 149.2 (C-4, Ph), 129.1 (3C, 2C-pyridinium + C-1, Ph ), 128.3 (C-2, Ph), 121.3 

(C-6, Ph), 114.7 (C-5, Ph), 69.84 (O-CH2), 69.76 (O-CH2), 53.9 (CH2-Py
+
), 34.7 (CH2-

Ph), 32.2 (2C), 30.04 (6C), 30.0 (6C), 29.8 (2C), 29.7 (4C), 26.4 (2C), 23.0 (2C) (all 

from fatty chains), 21.7 (C-pyridinium), 21.3 (2CH3 -pyridinium), 14.4 (2C: 2 
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CH3 from fatty chains); 
19

F-NMR (DMSO-d
6
), , ppm: - 73.8 (J = 712 Hz, PF6

-
); 

HPLC: 97.1 %; Anal (C44H76NO2
+
 PF6

-
) C, H, N. 

 

1-(3,4-dihexadecyloxyphenylethyl)-2,4,6-trimethylpyridinium hexafluorophosphate 

4Pal: Yield 48%; 
1
H-NMR (CDCl3), , ppm: 7.38 (s, 2H: H-pyridinium), 6.78 (d, J = 

8.1 Hz, 1H: H5 Ph), 6.52 (d, J = 1.9 Hz, 1H: H2 Ph), 6.47 (dd, J = 1.9, 8.1 Hz, 1H: H6 

Ph), 4.61 (t, J = 7.0 Hz, 2H: CH2-Py
+
), 3.93 (t, J = 6.6 Hz, 2H: CH2-O), 3.87 (t, J = 6.6 

Hz, 2H: CH2-O), 3.00 (t, J = 7.0 Hz, 2H: CH2-Ph), 2.59 (s, 6H: CH3 -Py
+
), 2.48 (s, 

3H: CH3 -Py
+
), 1.77 (m, 4H: 2 CH2CH2O), 1.43 (m, 4H: 2 CH2CH2CH2O), 1.26 (m, 

48H: 24 CH2 from fatty chains), 0.87 (t, J = 6.6 Hz, 6H: 2CH3 from fatty chains); 
13

C-

NMR (DMSO-d6), , ppm: 158.2 (C-pyridinium), 154.7 (2C-pyridinium), 150.1 (C-

3, Ph), 149.2 (C-4, Ph), 129.1 (3C, 2C-pyridinium + C-1, Ph ), 128.3 (C-2, Ph), 121.3 

(C-6, Ph), 114.7 (C-5, Ph), 69.9 (O-CH2), 69.8 (O-CH2), 53.9 (CH2-Py
+
), 34.7 (CH2-

Ph), 32.3 (2C), 30.1 (10C), 30.0 (6C), 29.8 (2C), 29.7 (4C), 26.4 (2C), 23.0 (2C) (all 

from fatty chains), 21.7 (C-pyridinium), 21.3 (2CH3 -pyridinium), 14.4 (2C: 2 

CH3 from fatty chains); 
19

F-NMR (DMSO-d
6
), , ppm: - 73.5 (J = 712 Hz, PF6

-
); 

HPLC: 96.0%; Anal (C48H84NO2
+
 PF6

-
) C, H, N. 

1-(3,4-dioctadecyloxyphenylethyl)-2,4,6-trimethylpyridinium hexafluorophosphate 

4Ste: Yield 44%; 
1
H-NMR (CDCl3), , ppm: 7.39 (s, 2H: H-pyridinium), 6.75 (d, J = 

8.1 Hz, 1H: H5 Ph), 6.52 (d, J = 1.9 Hz, 1H: H2 Ph), 6.47 (dd, J = 1.9, 8.1 Hz, 1H: H6 

Ph), 4.62 (t, J = 7.0 Hz, 2H: CH2-Py
+
), 3.93 (t, J = 6.6 Hz, 2H: CH2-O), 3.88 (t, J = 6.5 

Hz, 2H: CH2-O), 3.00 (t, J = 7.0 Hz, 2H: CH2-Ph), 2.60 (s, 6H: CH3 -Py
+
), 2.49 (s, 

3H: CH3 -Py
+
), 1.77 (m, 4H: 2 CH2CH2O), 1.44 (m, 4H: 2 CH2CH2CH2O), 1.26 (m, 
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56H: 28 CH2 from fatty chains), 0.88 (t, J = 6.8 Hz, 6H: 2CH3 from fatty chains); 
13

C-

NMR (DMSO-d6), , ppm: 158.2 (C-pyridinium), 154.8 (2C-pyridinium), 150.1 (C-

3, Ph), 149.3 (C-4, Ph), 129.1 (3C, 2C-pyridinium + C-1, Ph ), 128.3 (C-2, Ph), 121.3 

(C-6, Ph), 114.7 (C-5, Ph), 69.9 (O-CH2), 69.8 (O-CH2), 53.9 (CH2-Py
+
), 34.8 (CH2-

Ph), 32.3 (2C), 30.1 (12C), 30.0 (8C), 29.8 (2C), 29.7 (4C), 26.4 (2C), 23.0 (2C) (all 

from fatty chains), 21.7 (C-pyridinium), 21.4 (2CH3 -pyridinium), 14.4 (2C: 2 

CH3 from fatty chains); 
19

F-NMR (DMSO-d
6
), , ppm: -74.0 (J = 712 Hz, PF6

-
); HPLC: 

96.1%; Anal (C52H92NO2
+
 PF6

-
) C, H, N. 

1-(3,4-dioleyloxyphenylethyl)-2,4,6-trimethylpyridinium hexafluorophosphate 4Ole 

(yield 42%); 
1
H-NMR (CDCl3), , ppm: 7.39 (s, 2H: H-pyridinium), 6.75 (d, J = 8.0 

Hz, 1H: H5 Ph), 6.53 (s, 1H: H2 Ph), 6.47 (d, J = 8.0 Hz, 1H: H6 Ph), 5.34 (m, 4H, 2 

CH=CH), 4.62 (t, J = 7.0 Hz, 2H: CH2-Py
+
), 3.93 (t, J = 6.6 Hz, 2H: CH2-O), 3.88 (t, J 

= 6.5 Hz, 2H: CH2-O), 3.00 (t, J = 7.0 Hz, 2H: CH2-Ph), 2.60 (s, 6H: CH3 -Py
+
), 2.49 

(s, 3H: CH3 -Py
+
), 2.00 (m, 8H, 4 CH2-CH=CH), 1.77 (m, 4H: 2 CH2CH2O), 1.44 (m, 

4H: 2 CH2CH2CH2O), 1.31 (m, 24H: 12 CH2 from fatty chains),  1.26 (m, 16H: 8 CH2 

from fatty chains), 0.88 (t, J = 6.8 Hz, 6H: 2CH3 from fatty chains); 
13

C-NMR (DMSO-

d6), , ppm: 158.2 (C-pyridinium), 154.7 (2C-pyridinium), 150.1 (C-3, Ph), 149.2 

(C-4, Ph), 130.2 (2C, CH=CH), 130.1 (2C, CH=CH), 129.1 (3C, 2C-pyridinium + C-

1, Ph ), 128.3 (C-2, Ph), 121.3 (C-6, Ph), 114.7 (C-5, Ph), 69.9 (O-CH2), 69.8 (O-CH2), 

53.9 (CH2-Py
+
), 34.8 (CH2-Ph), 32.2 (2C), 30.2 (2C), 30.1 (3C), 29.9 (3C), 29.8 (2C), 

29.7 (2C), 29.6 (4C), 27.6 (4C), 26.39 (2C), 26.37 (2C), 23.0 (2C) (all from fatty 

chains), 21.7 (C-pyridinium), 21.4 (2CH3 -pyridinium), 14.4 (2C: 2 CH3 from 
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fatty chains); 
19

F-NMR (DMSO-d
6
), , ppm: - 73.4 (J = 712 Hz, PF6

-
); HPLC: 98.6%; 

Anal (C52H88NO2
+
 PF6

-
) C, H, N. 

 

3.2.3    Ion Exchange Procedure.  

An amount of 70 g of Dowex 1X8-200 ion exchange resin (chloride form) were 

suspended in 200 mL deionized water in an Erlenmeyer flask and kept at room 

temperature for three days to fully inflate. It was transferred into a glass column and 

washed with deionized water (200 mL), with 5% aqueous HCl (1 L), then again with 

deionised water until neutral pH was reached. After a final wash with MeOH, the resin 

was retrieved from the column and stored in an Erlenmeyer flask under MeOH.   

Prior to counterion exchange, about 10 g resin was transferred into a small 

column and washed with 200 mL MeOH. Separately, an amount of 50 mg of pure lipid 

4 (as hexafluorophosphate) were weighed and dissolved in MeOH (1-4 mL, depending 

on the solubility of the material). The methanol solution was transferred on top of the 

ion exchange column and the compound was eluted with methanol (flow rate 1-3 

mL/min). Sample was cycled through the column repeatedly (10 times minimum) until 

19
F-NMR analysis of a small aliquot taken from the eluent showed no fluorine peak 

corresponding to PF6
-
. Evaporation of solvent yielded the product, which was 

recrystallized from ethyl acetate and dried under vacuum; all compounds were found 

>96% pure by HPLC.  

1-(3,4-didecyloxyphenylethyl)-2,4,6-trimethylpyridinium chloride 5Dec (yield 65%); 

1
H-NMR (CDCl3), , ppm: 7.39 (s, 2H: H-pyridinium), 6.75 (d, J = 8.1 Hz, 1H: H5 

Ph), 6.52 (d, J = 1.9 Hz, 1H: H2 Ph), 6.47 (dd, J = 1.9, 8.1 Hz, 1H: H6 Ph), 4.61 (t, J = 
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7.0 Hz, 2H: CH2-Py
+
), 3.93 (t, J = 6.6 Hz, 2H: CH2-O), 3.88 (t, J = 6.6 Hz, 2H: CH2-

O), 3.00 (t, J = 7.0 Hz, 2H: CH2-Ph), 2.60 (s, 6H: CH3 -Py
+
), 2.48 (s, 3H: CH3 -Py

+
), 

1.77 (m, 4H: 2 CH2CH2O), 1.44 (m, 4H: 2 CH2CH2CH2O), 1.26 (m, 24H: 12 CH2 from 

fatty chains), 0.88 (t, J = 6.6 Hz, 6H: 2CH3 from fatty chains); 
19

F-NMR (DMSO-d
6
), , 

ppm: no signal; HPLC: 97.6%; Anal (C36H60NO2
+
 Cl

-
) C, H, N. 

 

1-(3,4-didodecyloxyphenylethyl)-2,4,6-trimethylpyridinium chloride 5Lau (yield 

78.6%); 
1
H-NMR (CDCl3), , ppm: 7.38 (s, 2H: H-pyridinium), 6.75 (d, J = 8.1 Hz, 

1H: H5 Ph), 6.52 (d, J = 1.9 Hz, 1H: H2 Ph), 6.47 (dd, J = 1.9, 8.1 Hz, 1H: H6 Ph), 

4.61 (t, J = 6.8 Hz, 2H: CH2-Py
+
), 3.93 (t, J = 6.6 Hz, 2H: CH2-O), 3.88 (t, J = 6.6 Hz, 

2H: CH2-O), 3.00 (t, J = 6.8 Hz, 2H: CH2-Ph), 2.60 (s, 6H: CH3 -Py
+
), 2.48 (s, 3H: 

CH3 -Py
+
), 1.77 (m, 4H: 2 CH2CH2O), 1.44 (m, 4H: 2 CH2CH2CH2O), 1.26 (m, 32H: 

16 CH2 from fatty chains), 0.88 (t, J = 6.6 Hz, 6H: 2CH3 from fatty chains); 
19

F-NMR 

(DMSO-d
6
), , ppm: no signal; HPLC: 96.0 %; Anal (C40H68NO2

+
 Cl

-
) C, H, N. 

 

1-(3,4-ditetradecyloxyphenylethyl)-2,4,6-trimethylpyridinium chloride 5Myr (yield 

92.3%); 
1
H-NMR (CDCl3), , ppm: 7.38 (s, 2H: H-pyridinium), 6.75 (d, J = 8.1 Hz, 

1H: H5 Ph), 6.52 (d, J = 1.9 Hz, 1H: H2 Ph), 6.47 (dd, J = 1.9, 8.1 Hz, 1H: H6 Ph), 

4.61 (t, J = 7.0 Hz, 2H: CH2-Py
+
), 3.93 (t, J = 6.6 Hz, 2H: CH2-O), 3.87 (t, J = 6.6 Hz, 

2H: CH2-O), 3.00 (t, J = 7.0 Hz, 2H: CH2-Ph), 2.59 (s, 6H: CH3 -Py
+
), 2.48 (s, 3H: 

CH3 -Py
+
), 1.77 (m, 4H: 2 CH2CH2O), 1.44 (m, 4H: 2 CH2CH2CH2O), 1.26 (m, 40H: 

20 CH2 from fatty chains), 0.88 (t, J = 6.6 Hz, 6H: 2CH3 from fatty chains); 
19

F-NMR 

(DMSO-d
6
), , ppm: no signal; HPLC: 97.1 %; Anal (C44H76NO2

+
 Cl

-
) C, H, N. 
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1-(3,4-dihexadecyloxyphenylethyl)-2,4,6-trimethylpyridinium chloride 5Pal (yield 

74.8%); 
1
H-NMR (CDCl3), , ppm: 7.38 (s, 2H: H-pyridinium), 6.78 (d, J = 8.1 Hz, 

1H: H5 Ph), 6.52 (d, J = 1.9 Hz, 1H: H2 Ph), 6.47 (dd, J = 1.9, 8.1 Hz, 1H: H6 Ph), 

4.61 (t, J = 7.0 Hz, 2H: CH2-Py
+
), 3.93 (t, J = 6.6 Hz, 2H: CH2-O), 3.87 (t, J = 6.6 Hz, 

2H: CH2-O), 3.00 (t, J = 7.0 Hz, 2H: CH2-Ph), 2.59 (s, 6H: CH3 -Py
+
), 2.48 (s, 3H: 

CH3 -Py
+
), 1.77 (m, 4H: 2 CH2CH2O), 1.43 (m, 4H: 2 CH2CH2CH2O), 1.26 (m, 48H: 

24 CH2 from fatty chains), 0.87 (t, J = 6.6 Hz, 6H: 2CH3 from fatty chains); 
19

F-NMR 

(DMSO-d
6
), , ppm: no signal; HPLC: 96.3%; Anal (C48H84NO2

+
 Cl

-
) C, H, N. 

 

1-(3,4-dioctadecyloxyphenylethyl)-2,4,6-trimethylpyridinium chloride 5Ste (yield 

66.3%); 
1
H-NMR (CDCl3), , ppm: 7.39 (s, 2H: H-pyridinium), 6.75 (d, J = 8.1 Hz, 

1H: H5 Ph), 6.52 (d, J = 1.9 Hz, 1H: H2 Ph), 6.47 (dd, J = 1.9, 8.1 Hz, 1H: H6 Ph), 

4.62 (t, J = 7.0 Hz, 2H: CH2-Py
+
), 3.93 (t, J = 6.6 Hz, 2H: CH2-O), 3.88 (t, J = 6.5 Hz, 

2H: CH2-O), 3.00 (t, J = 7.0 Hz, 2H: CH2-Ph), 2.60 (s, 6H: CH3 -Py
+
), 2.49 (s, 3H: 

CH3 -Py
+
), 1.77 (m, 4H: 2 CH2CH2O), 1.44 (m, 4H: 2 CH2CH2CH2O), 1.26 (m, 56H: 

28 CH2 from fatty chains), 0.88 (t, J = 6.8 Hz, 6H: 2CH3 from fatty chains); 
19

F-NMR 

(DMSO-d
6
), , ppm: no signal; HPLC: 97.0%; Anal (C52H92NO2

+
 Cl

-
) C, H, N. 

 

1-(3,4-dioleyloxyphenylethyl)-2,4,6-trimethylpyridinium chloride 5Ole (yield 74.9%); 

1
H-NMR (CDCl3), , ppm: 7.39 (s, 2H: H-pyridinium), 6.75 (d, J = 8.0 Hz, 1H: H5 

Ph), 6.53 (s, 1H: H2 Ph), 6.47 (d, J = 8.0 Hz, 1H: H6 Ph), 5.34 (m, 4H, 2 CH=CH), 

4.62 (t, J = 7.0 Hz, 2H: CH2-Py
+
), 3.93 (t, J = 6.6 Hz, 2H: CH2-O), 3.88 (t, J = 6.5 Hz, 

2H: CH2-O), 3.00 (t, J = 7.0 Hz, 2H: CH2-Ph), 2.60 (s, 6H: CH3 -Py
+
), 2.49 (s, 3H: 
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CH3 -Py
+
), 2.00 (m, 8H, 4 CH2-CH=CH), 1.77 (m, 4H: 2 CH2CH2O), 1.44 (m, 4H: 2 

CH2CH2CH2O), 1.31 (m, 24H: 12 CH2 from fatty chains),  1.26 (m, 16H: 8 CH2 from 

fatty chains), 0.88 (t, J = 6.8 Hz, 6H: 2CH3 from fatty chains); 
19

F-NMR (DMSO-d
6
), , 

ppm: no signal; HPLC: 97.3%; Anal (C52H88NO2
+
 Cl

-
) C, H, N. 

 

3.2.4     Liposomal preparation and characterization 

3.2.4.1  Liposome Preparation 

 Stock solutions (3 mM) of the cationic lipids were prepared from powder in 

glass vials using CHCl3/MeOH (2/1) as solvent (organic stock). For DOTAP, DOPE 

and cholesterol, solutions of the same concentration (3 mM) were made in CHCl3. All 

solutions were swirled, purged with nitrogen, and capped securely; when not in use 

they were stored in the -20 
o
C freezer.  

Three preparations were made for each lipid – lipid alone, lipid mixed with an 

equimolar amount of cholesterol, and lipid mixed with an equimolar amount of DOPE. 

Thus 200 µL of the corresponding organic stock was transferred into a glass vial (total 

cationic lipid in each vial was 600 nmol). A control of DOTAP/Chol 1/1 was also 

made. The samples were diluted with CHCl3/MeOH (2/1) to a final volume of 800 µL. 

The organic solvent was evaporated to dryness in the SpeedVac for 1 h, and then the 

samples were further dried under vacuum in a dessicator for another 1 h. The dry lipid 

films were hydrated with 1 mL of deionised water yielding a 0.6 mM cationic lipid 

suspension. The vials were purged with sterile nitrogen passed through a 0.22 µm filter, 

sonicated at room temperature for 1 min, and then left overnight to hydrate. 



86 

 

The next day, each vial was freeze-thawed 10 times (-70°C/65°C) and subsequently 

sonicated twice for 15 minutes at 65°C with a 15 minute pause between cycles yielding 

homogeneous liposomal formulations.  

3.2.4.2 Liposome Characterization  

 A volume of 500 µL of each liposomal preparation was introduced into a 

disposable Malvern DTS 1060 measurement cell.  The size and zeta potential of the 

liposomes were measured using a Zetasizer Nano (Malvern Instruments). The readings 

were all made at 25°C at normal resolution, using the instrument‘s automated feature. 

For the size measurements, the volume results were used in all cases, and the results 

were reported as the average of 10-20 runs. Zeta potentials were measured in millivolts 

(mV).  

 

3.2.5    Lipoplex preparation and characterization 

3.2.5.1 Lipoplex preparation  

Solutions of plasmid DNA (gWiz™ Luc plasmid, Aldevon), and ladder Lambda 

DNA/Hind III (Promega), both 0.05 g/L, were prepared in sterile conditions, using 

nuclease-free water.  

Diluted stock solutions (0.2 mM, 300 µL each) of the cationic liposome formulations 

were made from 100 µL the original stock solutions (0.6 mM) and 200 µL nuclease-

free water. 

In six eppendorff tubes, 20 µL of diluted DNA stock were treated with  16 µL, 32 µL, 

48 µL, 64 µL, and 128 µL of diluted liposomal preparation (lipid/DNA ratios of 1/1, 

2/1, 3/1, 4/1 and 8/1). The vials were tapped gently for 1 min to ensure proper mixing, 
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and then allowed to rest at room temperature for 30 min for proper lipoplex 

compaction. The volume of all lipoplex suspensions was adjusted with nuclease-free 

water to 150 µL. This lipoplex stock solution was used for both gel electrophoresis and 

size/zeta potential measurements. 

3.2.5.2 Gel electrophoresis of lipoplexes  

 In the gel electrophoresis experiment an amount of 15 µL of each lipoplex 

formulation was aliquoted out in small eppendorf vials and each vial subsequently 

received 3 µL of Blue/Orange Loading dye (Promega). A DNA standard was made by 

mixing 2 µL of diluted DNA stock with 13 µL nuclease free water and 3 µL of of 

Blue/Orange Loading dye. The same procedure was used to make a ladder reference 

standard using the Lambda DNA/Hind III marker. The final volume in all vials was 18 

µL. The lipoplex/dye mixtures were loaded into a 1% Agarose gel in 1X TAE buffer, 

pre-stained with GelStar® (Lonza) nucleic acid stain (10 µL in 50 mL gel suspension). 

Gel electrophoresis was carried out at 75 mV for 75 min. DNA bands were visualized 

with a Mighty Bright transilluminator (Hoefer), and the gel was photographed with an 

Olympus C-5060 digital camera. 

3.2.5.3 Lipoplex characterization  

The remaining 135 µL from each lipoplex preparation was diluted to a final 

volume of 500 µL with nuclease-free water and transferred into a disposable Malvern 

DTS 1060 measurement cell.  The size and zeta potential of the lipoplexes were 

measured using a Zetasizer Nano (Malvern Instruments) at 25°C at normal resolution. 

Volume results were used for size data, and results were reported as the average of 10-

20 runs. Zeta potentials were measured in millivolts (mV). 
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3.2.6   General procedure for transfection and cytotoxicity experiments 

3.2.6.1 Preparation of lipoplexes  

This was done similarly to previous experiment, using a cationic lipid/DNA 

charge ratio of 3/1. In a typical experiment, for each cationic liposomal formulation to 

be tested an amount of 3 µL of a 0.5 mg/mL gWiz™ Luc plasmid DNA solution was 

aliquoted out in a sterile eppendorf vial and was treated with 24 µL of the liposomal 

formulation (0.6 mM, prepared as indicated above). The vials were tapped gently to 

ensure proper mixing, and then allowed to rest at room temperature for 30 min for 

complete lipoplex compaction. Nuclease-free water (92 µL) was used to dilute lipoplex 

preparation. This lipoplex stock solution was used for transfection, cytotoxicity, size, 

and zeta potential measurements.  

3.2.6.2 Transfection and viability experiments  

 From the lipoplex stock solution, an amount of 100 µL was aliquoted out for 

each cationic lipid formulation to be tested, and was diluted with 800 µL Optimem.   

The lipoplexes were tested for their ability to transfect six cancer cell lines – two lung 

carcinomas (NCI-H23, A549), one breast carcinomas (MCF-7), two prostate carcinoma 

(DU-145, PC3) and a colon carcinoma (Caco-2). The cells were maintained in 10% 

fetal bovine serum (FBS) enriched medium at 37 
o
C in a humidified atmosphere of 95% 

air/5% CO2. The following media were used: RPMI 1640 (CellGro, Houston, TX) for 

NCI-H23, MCF-7, and PC3 cells, Eagle‘s minimum essential medium (ATCC) for DU-

145 and CaCo-2 cells, Ham‘s F12K medium, Kaighn modification (CellGro) for the 

A549 cells. Twenty-four hours prior to transfection cells were transferred to 96-well 

microtiter plates (Cellstar 655180, Greiner Bio-One) at a density of 20,000 cells/well. 
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Each well received 100 µL of appropriate medium, and the plate was incubated in the 

same conditions as above. All experiments were done in quadruplicate. Two plates 

were made for each experiment, one for transfection, and another one for cytotoxicity. 

The error bars in figures represent one standard deviation from the average value. 

Immediately before transfection the medium was removed, and the cells from 

each well were briefly washed with 200 µL sterile PBS. After removal of the PBS 

solution each well received 100 µL of lipoplex stock solution, and the plates were 

returned to the incubator for 2 hours. An additional 100 µL of medium was added to 

each well at this time, and the plates were incubated for further 48 hours, after which 

the transfection efficacy was determined using the first cell plate and the associated 

cytotoxicity was assessed using the second cell plate, transfected in similar conditions 

as the first one.  

The pulse transfection experiment was done similarly, except that after 2h 

incubation time with cells the lipoplexes were removed, cells were washed with sterile 

PBS and then each well received 200 µL of medium. Cell plates were incubated for 

further 48 hours, after which the transfection efficacy was determined using the first 

cell plate and the associated cytotoxicity was assessed using the second cell plate, 

transfected in similar conditions as the first one.    

3.2.6.3 Transfection efficiency: luciferase and protein content assay 

 Forty-eight hours after transfection, the medium was aspirated and the wells 

were washed briefly with 200 µL PBS. After removal of PBS the cells were lysed by 

adding 100 µL 1X reporter lysis buffer (Promega) to each well and incubating the plate 
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at 37 
o
C for 10 minutes. The cell lysate was collected and used for luciferase and 

protein assays. 

For the luciferase assay, 20 µL of cell lysate was transferred to a test tube and 

assessed directly by means of BD Monolight 3010 luminometer (BD Biosciences, San 

Jose, CA) using a luciferase assay kit (E4030) from Promega.  

The protein content was quantified using a bicinchoninic acid (BCA) assay 

(Thermo Scientific, Rockford, IL). The BCA assay was prepared as specified in its 

manufacturer‘s instructions; 40 µL of cell lysate were treated with 1 mL of BCA 

reagent in an acryl cuvette and the solution was incubated for 1 hour at 37
o
C. The light 

absorption of the solution was then read at 562 nm by means of a Hach DR/4000U UV-

VIS Spectrometer (Loveland, CO), and the protein content was estimated by 

comparison to bovine serum albumin standards. The luciferase activity was normalized 

by the protein content and expressed as relative luminescence units/µg of protein 

(RLU/µg protein). 

 

3.2.6.4 Viability assay  

 In order to quantify the relative cytotoxicity of the non-viral cationic vectors, a 

WST-1 standard viability method
 
[42] was performed along with the luciferase and 

BCA assays. Forty-eight hours post-transfection, 20 µL of WST-1 tetrazolium dye 

solution (Roche, Mannheim, Germany) was added to each well (still containing the 

serum and the liposomal preparation). A blank was prepared by mixing 100 µL 

Optimem, 100 µL of serum and 20 µL of tetrazolium dye solution, and the plate was 

incubated at 37 
o
C in the CO2 incubator. After 3 hours the colorimetric measurement 
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was performed at 450 nm (with a reference wavelength of 650 nm that was subtracted) 

by means of a SpectramaxM2 microplate reader (Molecular Devices, Sunnyvale, CA). 

The value corresponding to the blank was deducted from the value corresponding to 

each well. Viability was expressed as percentage of the control, represented by cells 

that underwent the same treatments but without cationic lipoplexes.  

 

3.2.6.5 Lipoplex characterization  

The remaining 19 µL from each lipoplex preparation was diluted to a final 

volume of 500 µL with nuclease-free water and transferred into a disposable Malvern 

DTS 1060 measurement cell.  The size and zeta potential of the lipoplexes were 

measured using a Zetasizer Nano (Malvern Instruments) at 25°C at normal resolution. 

Volume results were used for size data, and results were reported as the average of 10-

20 runs. Zeta potentials were measured in millivolts (mV). 

 

3.2.7 General procedure for transfection experiments in the presence of variable 

amounts of serum  

The preparation and characterization of the liposomes and lipoplexes were done 

as indicated above, using a lipid/DNA charge ratio of 3/1. Besides DOTAP/Chol 1/1 

control, Lipofectamine transfection reagent (Invitrogen, Carlsbad, CA) was used as a 

positive control, following the manufacturer‘s protocol. In this case, 3.75 µL of reagent 

was diluted to 24 µL with nuclease-free water and added over 3 µL plasmid DNA stock 

solution (0.5 mg/mL) pre-diluted to 50 µL water. The vial was tapped gently to ensure 

proper mixing, and then allowed to rest at room temperature for 30 min for complete 
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lipoplex compaction. Nuclease-free water (50 µL) was used to dilute lipoplex 

preparation. This lipoplex stock solution was used for transfection, size, and zeta 

potential measurements. 

From all lipoplex stock solutions, an amount of 100 µL was aliquoted out for 

each cationic lipid formulation to be tested, including the two positive controls, and was 

diluted with 800 µL of media containing the amount of serum indicated in each case 

(0%, 5%, 10%, 20%, and 40%). The lipoplexes were tested for their ability to transfect 

the NCI-H23 cell line, following the same protocol and experimental conditions as 

indicated above. Immediately before transfection the medium was removed, and the 

cells from each well were briefly washed with 200 µL sterile PBS. After removal of the 

PBS solution each well received 100 µL of lipoplex stock solution (containing in this 

case variable amounts of serum), and the plates were returned to the incubator for 2 

hours. An additional 100 µL of 10% serum medium was added to each well at this time, 

and the plates were incubated for further 48 hours, after which the transfection efficacy 

was determined via luminometry and was corrected for protein content in the standard 

way (indicated above).  
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3.3       Results and Discussion 

3.3.1    Synthesis of pyridinium lipids.  

The synthesis of the new cationic lipids is depicted in Scheme 1 and was 

achieved through direct alkylation of the 3,4-dihydroxyphenylethylpyridinium common 

intermediate 3, easily accessible from the reaction of 2,4,6-trimethylpyrylium 

hexafluorophosphate 1 with dopamine 2 
[29]

. This original convergent synthetic strategy 

[36] has at its core the generation of pyridinium polar head and linker through the 

reaction of pyrylium salts with primary amines in a single, high yield step. Variations in 

pyrylium salt substitution and in the structure of the primary amine allow for the 

generation of a wide variety of pyridinium cationic lipids, gemini surfactants, and 

lipophilic polycations [28-31]. In the present case, alkylation of pyridinium diphenol 3 

with decyl- (Dec), lauryl- (Lau), myristyl- (Myr), palmityl- (Pal), stearyl- (Ste), or oleyl 

(Ole) bromide, in the presence of dry K2CO3 in dimethylformamide (DMF), has 

generated lipids 4Dec – 4Ole (all hexafluorophosphates) in fair yields, after thorough 

purification via flash chromatography and recrystallization from ethanol and/or 

hexane/ethyl acetate mixtures (Scheme 1).  

The counterion of the cationic amphiphiles play an important role in the self-

assembling of these charged molecules and was shown to have a decisive impact on the 

physicochemical and biological properties of their DNA complexes [29, 37-39].  

Hence, two counterions, namely hexafluorophosphate and chloride, were investigated 

in the present study. These anions were selected due to their proved optimum biological 

properties (transfection efficiency/cytotoxicity ratio) manifested in conjunction with the 

pyridinium polar head 
[29]

. In this context, lipids 5Dec-5Ole, bearing the chloride 
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counterion, were synthesized from their hexafluorophosphate congeners 4 through 

anion exchange on Dowex resins and crystallization from ethyl acetate (Scheme 3.1).  
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Scheme 3.1. Synthesis of the new pyridinium cationic lipids, as hexafluorophosphates    

(4) and chlorides (5) 

3.3.2 Self-assembling of novel amphiphiles in bulk and in solution and  

physicochemical properties of their supramolecular assemblies. 

 The self-assembling properties of novel cationic lipids 4 and 5 were studied in 

bulk, as well as in hydrated form, through a combination of analytical methods that 

involved differential scanning calorimetry (DSC), thermal optical polarized microscopy 

(TOPM), small-angle X-ray diffraction (XRD) experiments, nanoDSC, dynamic light 

scattering (DLS) and zeta potential experiments. Our goal was to establish how the 

main structural elements such as the length of hydrophobic tail, the alkyl chain 

unsaturation, or the counterion are influencing the thermotropic and lyotropic 

supramolecular assemblies of these amphiphiles (Figures 1-3). 

An analysis of the heating/cooling DSC traces for lipids 4 and 5 (Figure 1) 

reveals a very different self-assembling profile in bulk for the hexafluorophosphates 

and chlorides.  Thus, the PF6
-
 counterion confers a relatively homogeneous self-

assembling behavior for lipids 4 (Figure 1a, b), with isotropisation temperatures (Ti) 
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increasing monotonously with the elongation of chain length. The difference between 

the Ti for the shortest congener 4Dec and the longest one 4Ste is less than 10 
o
C, 

pleading for a significant contribution of the lipophilic hexafluorophosphate counterion 

in templating and preserving the internal order of liquid crystalline phases, as 

confirmed recently for related pyridinium cationic lipids [40]. Isotropisation 

temperature for lipid 4Ole was found to be about 40 
o
C smaller than its congener 4Ste 

due to chain unsaturation, as expected.  

The ability of hexaflurophosphates amphiphiles 4 to accommodate thermotropic 

liquid crystalline (LC) phases on cooling from isotropic liquids appears to begin with 

the dodecyl representative 4Lau; the didecyl lipid 4Dec displays only a simple 

melting/crystallization transition (Figure 1b). Focusing on lipid 4Lau, one may observe 

the formation of a LC phase, following two successive exothermic (~ 8 kcal/mol 

overall) transitions. Crystallization of alkyl chains, which occurs at 9.5 
o
C (~ 2 

kcal/mol), freezes the molecules into an ordered crystal-like structure.  All transitions 

are reversible: a small endothermic transition at 18.2 
o
C (ΔH ~ 2 kcal/mol) 

corresponding to hydrocarbon chain melting, following by an extended LC phase that 

rearranges into other phases with inferior order via three successive transitions (~ 10 

kcal/mol overall thermal effect) before isotropisation (Figure 1a). This thermal behavior 

is shared by all three superior homologs of 4Lau, with the expected shift in 

temperatures caused by chain length elongation. Interestingly, the shift for chain 

melting transition is much larger than the shift(s) corresponding to LC phase 

change/isotropisation transitions. This is assigned to a higher contribution of 

electrostatic interactions (between PF6
-
 counterions and cationic polar heads) versus 
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alkyl chain self-assembling towards maintaining the internal order in the thermotropic 

LC phases. The fact that the amount of supercooling observed before LC phases are 

templated is small and relatively constant (about 10 
o
C) also pleads for PF6

-
 ordering 

effect.  Recent X-ray diffraction data on crystals obtained from structurally-related 

pyridinium cationic lipids showed that lipophilic hexafluorophosphate counterion is 

located in the close vicinity of the polar head of pyridinium amphiphiles, effectively 

bridging two successive amphiphiles while reducing the electrostatic repulsions 

between their polar heads and maintaining the internal order in the crystal [40].  

The alkyl chain impact becomes predominant only for lipid 4Ole, having two 

oleyl chains. The cis double bonds increase the steric requirement of the hydrophobic 

anchor of these lipids, changing the packing parameter and preventing a dense packing 

of individual molecules in crystalline and thermotropic LC phases. When comparing 

the DSC traces of 4Ole with its saturated congener 4Ste one can observe the smaller 

thermal stability (lower isotropisation temperature), bigger supercooling (about 30 
o
C) 

with wide thermal transitions, and the shift of transition temperatures to lower values in 

the case of the unsaturated lipid. 

The impact of PF6
-
 counterion on the self-assembling of pyridinium lipids in 

bulk can be assessed indirectly by examining the DSC traces of lipids 5, having Cl
-
 as 

counterion (Figure 1c, d).  Although the isotropisation temperatures are higher than in 

the case of PF6
-
 congeners 4, in accordance with previous findings 

[29]
,  lipids 5 are less 

ordered than their hexafluorophosphate counterparts 4. This is due to the fact that Cl
-
 is 

less lipophilic than PF6
-
 and tends to localize farther away from the lipophilic 

pyridinium moiety, being probably less effective in bridging the charged lipid polar 
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heads and ordering the liquid phases of lipids 5 (upon cooling). The hydrophobic tails 

are becoming the only order-inducing structural elements and this trend can be clearly 

seen for all lipids 5 (Figure 1c, 1d)  Thus, the crystalline phase of 5Dec is generated 

with more difficulties (wide transition, bigger supercooling intervals) as compared with 

4Dec when cooling the isotropic liquid (Figure 1d). The same behavior is displayed by 

the superior homolog 5Lau, which cannot adopt an ordered phase when cooled with 5 

o
C/min from the liquid phase. No clear transitions were observed on cooling; upon 

reheating the compound requires substantial activation energy (5.2 kcal/mol) at a 

relatively high temperature (about 73 
o
C) in order to form its crystalline lattice. This 

energy is fully released at melting, which occurs 40 
o
C lower than for 5Dec. This fact 

pleads again for antagonistic effects of hydrophobic chains and counterion towards 

templating internally-organized phases, and reveals the transitory status of 5Lau in 

between crystalline 5Dec and liquid-crystalline behavior of congeners 5Myr-5Ste. 

Elongation of hydrophobic tails in 5Myr allows the slow templating of an internally-

ordered phase, after a large supercooling (70 
o
C, Figure 1d). The internal order is 

changed upon heating around 70 
o
C, and then again at 88 

o
C, when a liquid crystalline 

phase is generated. The thermotropic LC phase extends till isotropisation (144 
o
C, 

Figure 1c). Further elongation of the tails (5Pal, 5Ste) increased the amplitude and the 

dynamic of internal ordering. Only in lipid 5Ste the two octadecyl chains can clearly 

template a LC phase upon cooling the isotropic liquid (in between 66.8 and 48.9 
o
C, 

Figure 1d) and this LC phase is reversibly formed upon reheating the compound, in 

between 61 
o
C and the isotropisation temperature  of 136 

o
C (Figure 1c). Interestingly, 

the isotropisation temperature monotonously decreased from 5Myr to 5Ste, probably 
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due to a larger impact of chain length than counterion towards internal ordering. The 

LC phases templated by the hydrophobic chains are most probably less 

thermodynamically stable than the crystalline ones induced by Cl
-
 counterion in 

compounds with short tail lenghts. Interestingly, the thermal behavior of 5Ste starts to 

resemble the thermal behavior of 4Ste, but with a lesser degree of internal order 

(Figures 1a-1d). Altering this internal order of 5Ste by introducing unsaturations in the 

alkyl chains makes 5Ole similar in behavior to borderline LC/crystalline behavior of 

5Leu, as expected 
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Figure 3.1 .DSC traces (5 
o
C/min) of the cationic lipids 4 (panels a, c) and 5 (panels b, 

d). For both lipid libraries the second heating (panels a, b) and second cooling (panels 

c, d) are shown. Transition temperatures (
o
C) and enthalpy changes (in parentheses, J/g) 

are indicated for each lipid 

When the lipid assemblies are hydrated through a repeated freeze-thaw 

procedure, water penetrates the lipid bilayers, generating multi-lamellar vesicles 

(MLVs). Intra-bilayer interactions are decoupled from inter-bilayer ones, allowing a 

better estimation of the impact of hydrophobic tail on the self-assembling of these novel 
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lipids (Figure 2). Data from Figure 2 proves that gel/liquid crystalline transition 

temperature is not affected dramatically by the counterion used. Irrespective of anion, 

the transition temperature of MLVs increases with the elongation of the tail, as 

expected. However, the transition temperature difference in between two lipid 

homologs increases considerably as compared with the thermotropic case. This 

behavior is attributed to the hydrophobic effect, which increases steeply with tail 

elongation, enhancing the intra-bilayer cohesion of cationic amphiphiles. Tail 

unsaturation (Ste → Ole) causes a dramatic decrease in transition temperature due to a 

more disordered packing in the bilayer, similar to the thermotropic case. Comparing 

data from Figure 2a and Figure 2b also allows us to evaluate the effect of counterion on 

the stability of the self-assembly. The chaotropic hexafluorophosphate counterion is 

more hydrophobic than chloride and was shown to prefer to locate in the close vicinity 

of the pyridinium polar head, bridging the lipid molecules and neutralizing the 

repulsions of the positively charged polar heads [40]. In combination with long 

hydrophobic tails (4Pal, 4Ste) this translates into strong intermolecular associations 

which generate sharp transition peaks for these compounds. The peaks are much 

sharper than in the case of their chloride congeners 5Pal, 5Ste. Mention must be made 

that lipid hexaflurophosphates were always much harder to fully hydrate than their 

chloride counterparts and only repeated freeze-thawing cycles on rather dilute (1 

mg/mL) samples could achieve full hydration of these lipids. The strong self-

assembling induced by the adialkoxyaryl hydrophobic anchor and the lipophilic PF6
-
 

counterion caused serious problems in formulation of these lipids for biological testing 

(vide infra). Interestingly, for shorter alkyl tails such as 4Myr and 4Lau the 
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hexafluorophosphate counterions tend to form lipid clusters on cooling from liquid 

crystalline fluid phase, broadening substantially the transition peak and revealing 

several sub-transitions (attributed to metastable clusters) within the liquid 

crystalline/gel transition. Mention must be made that the decyl derivatives did not form 

a liquid crystalline phase in hydrated form, irrespective of the counterion used. 

 

 

Figure 3.2. Nano-DSC traces of lipids 4 (panel a) and 5 (panel b), in MLV form 

(hydrated), performed at 1 
o
C/min in deionized water. Second cooling is shown in both 

cases, together with the transition temperature for each lipid. 
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For proper association with DNA the cationic lipids must be formulated in 

single unilamellar vesicles (SUVs) in order to maximize the lipid area available for 

DNA condensation and to ensure the formation of lipid/DNA complexes as structurally 

homogeneous as possible. In consequence all lipid MLVs were transformed into SUVs 

via sonication, using a sonication program previously optimized for this type of cationic 

lipids, at 65 
o
C (above the gel/liquid crystalline temperature of all lipids) 

[29].
 Dynamic 

light scattering and zeta potential experiments were performed to evaluate the size of 

SUVs and their surface charge (Figure 3).  

Lipids 4, bearing the hexafluorophosphate counterion, were extremely difficult 

to formulate, even after repeated sonication cycles. Samples had to be diluted in order 

to increased the ultrasonic power received by a lipid unit. In fact we were not able to 

generate stock solutions of liposomes from lipids 4 more concentrated than 0.1 mM. 

This is probably due to the clustering effect of the PF6
-
 counterion in conjunction with 

this structural design that enhances self-assembling and confers a packing parameter P 

close to 1 to these lipids. The zeta potential data (Figure 3c), which monotonously 

decreases from 4Myr to 4Ste, is also pleading for strong self-assembling via PF6
-
 

bridging the cationic polar heads. The SUVs generated from 4Ste were unstable and 

coalesced shortly after preparation.  

The lipid congeners 5 had a more homogeneous behavior, being rather easy to 

formulate even in concentrated form. Taking into consideration that the two lipid series 

have very similar gel/liquid crystalline transition temperatures (Figure 2), this is 

probably due to better hydration properties of chloride counterion and to its different 

localization at the water/oil interface. Thus, Cl
-
 ion is much better hydrated (borderline 



103 

 

kosmotropic) and it is known to be less strongly associated with the polar head of 

charged amphiphiles. Its residence in the Stern layer is greatly reduced as compared 

with PF6
-
 and the electrostatic repusions in between the polar head are greater since 

they are less efficiently buffered by the counterion. As a consequence the polar heads of 

lipids 5 are better hydrated and they can be formulated much easier. Also, the zeta 

potential of the chloride liposomes is higher that the PF6
-
 liposomes due to the stronger 

absorbtion of PF6
-
- at the water/oil interface (50-70 mV as compared with 40-50 mV). 

 

Figure 3.3. Size (nm, panels a, b) and zeta potential (mV, panels c, d) of liposomes 

generated from lipids 4 and 5, either alone, or co-formulated with cholesterol (C) or 

DOPE (D) at 1:1 molar ratio. The standard cationic lipid transfection system 

DOTAP/cholesterol (1:1 molar ratio, DOTAP/C) was added as reference, in orange. 
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Since the behavior of cationic lipids formulated alone was quite heterogeneous 

due to different tail lenghts and counterion, we have attempted to homogenize their 

physicochemical and self-assembling properties by blending them with two neutral 

lipids, cholesterol and DOPE, at 1/1 molar ratio. Echimolar blending with this colipids 

was expected to reduce the impact of the counterion on the lipid assemblies since the 

colipid efficiently buffers the polar head electrostatic repulsions. These blends were 

hydrated using the standard freeze-thaw procedure, then sonicated to generate SUVs. 

Their size and zeta potential are presented in Figure 3. 

While examining the data of Figure 3, one can observe that the size of 

liposomes obtained from hexafluorophosphate lipids 4 co-formulated with cholesterol 

and DOPE is still generally bigger than the size of the corresponding liposomes 

generated from  lipids 5 and the same co-lipids. DOPE was more effective than 

cholesterol in diminishing the effect of PF6
-
 counterion, probably due to its zwiterionic 

nature that forces the relocation of the hexafluorophosphate anion from the water/oil 

interface. The slightly higher zeta potential valueas obtained for chlorides vs 

hexafluorophosphates tend to confirm this hypothesis. 

Based on these premises, considering the equivalence of the two counterions in 

terms of transfection efficiency 
[29]

 and the perfect biocompatibility of the Cl- 

counterion, we have decided to continue our transfection study only with the chlorides.  
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3.3.3    Lipoplex optimization and transfection experiments 

Optimization of cationic lipid/DNA +/- charge ratio for Cl- lipoplexes was 

performed on 5Ole-based formulations (lipid alone or co-formulated with cholesterol 

(C) or DOPE (D) at 1:1 molar ratio) since this lipid is the most fluid one (see nanoDSC 

experiment, Figure 2). The gWiz plasmid encoding the firefly luciferase (from 

Aldevron) was used in all cases for reliable translation of results to future transfection 

experiments.  The +/- charge ratio was varied in beteen 1/1 and 8/1, measuring the size 

and the zeta potential of the resulting lipoplexes (Figure 4).  All formulations were able 

to efficiently condense the luciferase plasmid DNA reporter (6.7 kDa) to very small 

lipoplexes (~175 nm in diameter), at cationic lipid/DNA charge ratios of 2/1 to 3/1. 

Formulation containing co-lipids lipids have displyed a faster dynamic, with 5Ole/C 

being able to fully condense the plasmid at 2/1 +/- charge ratio, thus confirming 

previous findings 
[28-31]

 for this type of pyridinium cationic lipids. In the case of 

formulations 5Ole/D and 5Ole alone full compaction (constant size) and constant 

(positive) zeta potential (around + 40 mV) was achieved at 3/1 charge ratio (Figure 4a, 

4b).  

Compaction was confirmed by TEM measurements (Figure 4c, for 5Ole 

formulated alone) and by gel electrophoresis experiments (exemplified for 5Ole/C, 

Figure 4c), which also fully backed the size/zeta potential measurements. The fact that 

cationic lipid 5Ole can efficiently compact alone DNA plamids, without having the 

positively charge diluted by co-lipids, contitute an important finding. This is an unique 

feature displayed by many heterocyclic amphiphiles with soft, delocalized, cationic 

charge
 [28-31]

, that allows simplification of formulation process and enhancement of 
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reproducibility of the nucleic acid compaction process, yielding more homogeneous 

lipoplexes (see TEM picture, Figure 4c). Structure of lipoplexes was determined by 

TEM to be cvasi-spherical, blackberry-like. The internal lamellar, onion-like, structure 

with the nucleic acid sandwiched in between cationic lipid bilayers 
[10, 41]

 can be clearly 

seen upon higher magnification of lipoplexes generated from 5Ole (Figure 4c, main and 

inset). This periodical internal structure  of lipoplexes pleads for the efficient internally-

balanced positive charge density in the pyridinium polar head of new cationic lipids and 

for the strong lamellar self-assembling of these cylindrical engineered amphiphiles. It 

confirms the translation of liquid crystalline assembling properties of these amphiphiles 

from liposomes (hydrated bilayers) to lipoplexes (DNA/lipid bilayer composite 

structures). 

 

Figure 3.4.  The effect of cationic lipid/DNA charge ratio on the size (nm, panel a) and 

zeta potential (mV, panel b) of lipoplexes generated from three different formulation 

based on lipid 5 Ole: cationic lipid alone, or co-formulated with cholesterol (C) or 
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DOPE (D) at 1:1 molar ratio). All formulations are able to efficiently compact the 

nucleic acid, forming lipoplexes around 175 nm in diameter, as confirmed by TEM data 

(panel c, depicting 5 Ole/DNA 3/1 charge ratio lipoplexes). Note the blackberry-like, 

compact shape of lipoplexes and their distinct internal lamellar structure (panel c, 

inset).  The zeta potential measurements were confirmed by electrophoretic mobility 

experiments (panel d, depicting gel electrophoresis of lipoplexes generated from 5 

Ole/D at various cationic lipid/DNA charge ratios, against starting (uncomplexed) 

DNA, and ladder DNA).  

Following the main findings of this DNA compaction set of experiments, lipids 

5 formulated either alone, or with cholesterol or with DOPE at 1/1 molar ratio, together 

with DOTAP/C 1/1 reference transfection system, were associated with luciferase 

reporter plasmid DNA at 3/1 +/- charge ratio and were assessed for transfection 

efficiency and associated cytotoxic effect on the NCI-H23 lung carcinoma cell line 

(Figure 5c, 5d). Cells were incubated with lipoplexes for 48 hours, after which they 

were lysed with Triton X and the content of their cytoplasm was assesed for luciferase 

content, normalizing the results for total protein content. Reduced-serum media 

(Optimem) was used in all cases. A WST-1 cytotoxicity assay 
[42]

 was done in parallel 

using identical transfection parameters. The lipoplex size and zeta potential was also 

presented (Figure 3.5a, 3.5b), for correlating the physicochemical characteristics of the 

lipoplexes with their biological properties. Thus, it can be observed that size and zeta 

potential data from Figure 3.5a and 3.5b matches the results of previous experiment 

(Figure 4), confirming the ability of all members of this new class of amphiphiles to 

efficiently compact the reporter luciferase plasmid. Homogeneous lipoplex 
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formulations, with sizes around 175-200 nm and zeta potentials around +40 mV were 

generated from cationic lipids 5Dec-5Ole. Larger sizes were observed for formulations 

based on lipid 5Ste, which was more difficult to formulate due to its high Tc (Figure 

3.2) that makes it stiffer than its congeners at temperatures used in lipoplex formulation 

and testing (25-37 
o
C). Cholesterol increases the intrinsic stiffeness of the cationic 

lipids formulations, while DOPE had an opposite effect. Importantly, lack of flexibility 

of 5Lau-5Ste due to their enhanced self-assembling within the bilayer when formulated 

alone or with cholesterol had translated into a low transfection efficiency. Only 

formulations containing the very fluid lipids 5Dec and 5Ole proved efficient, with 

decyl chains being more transfection-efficient than oleyl congeners when formulated 

alone or with cholesterol at 1/1 molar ratio. Lipoplexes based on 5Dec/C lipid 

formulation surpassed the efficiency of standard transfection system DOTAP/C, while 

lipoplexes generated from lipid 5Dec alone, 5Ole alone and 5Ole/C displayed about the 

same transfection efficiency as DOTAP/C. However, the 5Dec-based formulations 

were significantly more cytotoxic than 5Ole-based ones and DOTAP/C, despite similar 

physicochemical characteristics (Figure 3.5). The levelling effect of DOPE (Tc < 0 
o
C) 

on bilayer fluidity at 37 
o
C and its known fusogenicity 

[43]
 translated into a rather 

homogeneous transfection profile for lipids 5Lau-5Ste, about half of DOTAP/C 

transfection efficiency. Cytotoxicity was very good, these formulations being pactically 

non-toxic. Lipids 5Dec and 5Ole co-formulated with DOPE were very transfection-

efficient, both surpassing DOTAP/C, but the cytotoxic effect was again higher for 

5Dec/DOPE as compared with DOTAP/C and 5Ole/DOPE. Lipoplexes generated from 

5Ole/DOPE 1/1 were the most efficient, displaying higher transfection efficiency than 
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DOTAP/C and having a lower cytotoxic effect than this standard transfection system, at 

similar physicochemical parameters (Figure 3.5). 

 

Figure 3.5. Size (nm, panel a), zeta potential (mV, panel b), transfection efficiency 

(RLU/g protein, NCI-H23 cell line, panel c) and cytotoxicity (% of control, NCI-H23 

cell line, panel d) of lipoplexes generated from lipids 5 (alone, or co-formulated with 

cholesterol (C) or DOPE (D) at 1:1 molar ratio) as compared with the standard 
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transfection system DOTAP/C (1:1 molar ratio) as reference. The cationic lipid/DNA 

charge ratio was 3/1 in all cases. 

 

Lipoplexes generated from lipids 5Dec and 5Ole were the most efficient, with 

transfection efficiency/cytotoxicity ratios surpasing DOTAP/C. These are the lipids 

who were able to induce the biggest local bilayer anisotropy due to their high fluidity 

generated via short or unsaturated alkoxy hydrocarbonate chains, and to their 

cylindrical yet flexible shape. Thus the size-ballanced aromatic and heterocyclic rings 

are connected via the ethyl linker that allows a high degree of conformational liberty to 

the polar head against the dialkoxyphenyl hydrophobic anchor. Two extreme 

conformations can be envisaged for this type of lipids: one in which the pyridinium 

polar head lies parallel with the dialkoxyphenyl plane (conformation A) and another 

one in which the two structural elements are perpendicular (conformation B, Chart 3.3). 

It is expected that the availability of the two extreme conformations will differ when 

passing from decyl to hexadecyl hydrophobic chains. For saturated derivatives, 

elongation of hydrophobic will increase the hydrophobic effect within the lyotropic 

phases, diminishing the ability of cationic lipid to adopt the high-curvature 

conformation B. 
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Chart 3.3 Two extreme confirmations available for cationic lipids. In confirmation A, 

the lipids are planar and in Confirmation B, the lipids are Cylindrical 

It is therefore expected that the two cationic lipids will have different 

transfection mechanisms. To shed some light in this direction we have tested the same 

lipoplexes of lipids 5Dec and 5Ole, DOTAP/C, and of the additional standard 

(polycationic) transfection system Lipofectamine®, on the same NCI-H23 lung cancer 

cell line, but under different transfection conditions. In the new experiment cells were 

exposed to lipoplex formulations for only 2 h, instead of 48 h as previously done.  After 

this pre-incubation time, the lipoplex formulations were removed, cells were washed 

with PBS, and have subsequently received regular serum-containing media. At 48 hours 

post-transfection cells were harvested and were assessed for luciferase amount 

expressed, normalizing the results for protein content (Figure 3.6a). A WST-1 

cytotoxicity assay was done in parallel, in similar conditions (Figure 3.6b).  
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Figure 3.6. Transfection efficiency (RLU/g protein, NCI-H23 cell line, panel a) and 

associated cytotoxicity (% of control, NCI-H23 cell line, panel b) for transient 

transfection with lipoplexes generated from lipids 5 Dec and 5 Ole (alone, or co-

formulated with cholesterol (C) or DOPE (D) at 1:1 molar ratio), as compared with the 

standard transfection systems DOTAP/C (1:1 molar ratio) and Lipofectamine as 

references. 
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The results of this transient transfection experiment are shown in Figure 6. It 

can be observed that lipoplexes generated from lipid 5Ole were again more efficient 

than DOTAP and Lipofectamine®, although the transfection level for all formulations 

was inferior to the level reached in the previous experiment due to much shorter 

exposure time of cells to the transfection system. Interestingly, all formulations based 

on 5Ole were almost equipotent, reaching the previous transfection level of lipoplexes 

5Ole formulated alone, and about half the transfection efficiency of 5Ole/C and 

5Ole/DOPE. tdIn contrast, lipoplexes based on lipid 5Dec were being almost 

completely devoid of transfection efficiency. These results are revealing different 

kinetics of transfection for formulations based on cationic lipids 5Ole and 5Dec. Lipid 

5Ole is a fast-acting compound, able to deliver DNA quickly without significant 

cytotoxicity, due to its optimum molecular parameters, flexibility (vide supra) and 

charge density, while 5Dec is significantly slower, probably efficient (at longer contact 

times) through significant temporal perturbation of internal and external membranes of 

the target cells, a process that can explain the substantial cytotoxicity associated with its 

use. It is noteworthy to emphasize that cells transfected with 5Ole-based lipoplexes 

actually proliferated under the experimental conditions used, to a larger extent than 

DOTAP/C standard transfection system. Overall, this experiment proved the impact of 

hydrophobic chain length towards the overall shape and conformational mobility of the 

molecule, and the importance of fine tuning this parameter for efficient gene delivery. 

Lipofectamine® was found to be more toxic, confirming literature data. 

Taking into consideration the good results obtained with 5Dec- and 5Ole-

lipoplexes in transfecting the NCI-H23 lung malignancy at long contact times, we 
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undertook a comprehensive screening of these formulations on breast (MCF-7), 

prostate (PC-3 and DU-145), lung (A549), and colon (Caco-2) carcinoma cell lines in 

similar conditions. Standard transfection systems DOTAP/C and Lipofectamine® were 

also included in the screening, for comparison (Figure 3.7). 

Data from Figure 3.7 revealed a strong dependence of transfection efficiency on 

the cell line type, as expected. It is though a common belief in the field of cancer gene 

delivery that different tumor types will require different transfection systems, best 

adapted to overcome specific local delivery barriers and tumor metabolic particularities. 

An overview of the multi-cell line transfection experiment reveals the very good 

transfection profile of 5Ole-based formulations, which surpassed the similar 

formulations based on congener 5Dec. Lipoplexes derived from cationic lipid 5Ole also 

proved generally superior to standard transfection systems DOTAP/C and 

Lipofectamine, irrespective of cell line tested, confirming the previous findings. Most 

efficient was the formulation 5Ole/C, with a constantly good efficiency across cell lines 

tested, sometimes more than an order of magnitude higher than DOTAP/C or 

Lipofectamine. A very good transfection profile was displayed by 5Ole when co-

formulated with DOPE, but the efficiency of 5Ole/D lipoplexes was proved to be more 

cell line-dependent than 5Ole/C. Formulation 5Ole/D was about 5 times more efficient 

than standard transfection systems on breast cancer MCF-7 cell line and prostate 

carcinoma DU-145 (a relatively hard to transfect cell line), and displayed a similar 

transfection efficiency as compared with these referentials on prostate carcinoma PC-3, 

and lung cancer A549 cell lines.  
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Figure 3.7. Transfection efficiency (RLU/g protein) of lipoplexes generated from 

lipids 5 Dec and 5 Ole (alone, or co-formulated with cholesterol (C) or DOPE (D) at 

1:1 molar ratio) as compared with the standard transfection system DOTAP/C (1:1 

molar ratio) and Lipofectamine as references, on MCF7 (a), PC-3 (b), DU 145 (c), 

A459 (d), Caco-2 (e) cancer cell lines. 

 

Remarcably, lipid 5Ole was able to transfect PC-3 and colon cnacer Caco-2 cell 

lines with significant efficiency, reaching the transfection level of standard systems 

(Figure 3.7).  

In contrast, lipoplexes derived from lipid 5Dec were less efficient than those 

based on 5Ole congener, and their efficiency was highly dependent on the cell line. 

Formulation 5Dec/D was the most transfection-competent, with significant efficiency 

on colon cancer Caco-2 cell line. Interestingly, on prostate cancer DU-145 cell line, a 

relatively hard to transfect malignancy, all formulations derived from 5Dec were again 

equipotent, reaching the level of DOTAP/C and Lipofectamine.  

Overall, data from Figure 7 confirmed that lipids 5Dec and 5Ole have very 

different mechanisms of action, with 5Ole being overall superior to both its congener 

5Dec and to the two standard transfection systems tested.  

An important delivery barrier against synthetic transfection systems in vivo is 

constituted by the presence of serum proteins and other factors, which can interact with 

lipoplexes and interfere with the transfection process 
[14, 44, 45]

. These interactions are 

responsible for lipoplex premature inactivation in vivo and account in part for the in 

vitro-in vivo translational problemes encountered by many groups.  Therefore, we have 
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decided to test the transfection efficiency of 5Dec and 5Ole-based cationic lipid 

formulations, together with standard transfection systems DOTAP/C and 

Lipofectamine, on NCI-H23 lung cancer cell line at different serum concentrations. We 

have used transfection conditions similar to experiments depicted in Figures 5 and 7, 

the only variable parameter being the percent of serum in the culture media, adjusted in 

between 0% and 40% to mimick the conditions encountered by lipoplexes during in 

vivo transfections (Figure 8). An examination of data from Figure 8 reveals that 

standard transfection systems DOTAP/C and Lipofectamine, although very efficient in 

the absence of serum, are inactivated fast by increased levels of serum in the 

transfection media, probably due to the instability of the lipoplex structure in the 

presence of serum proteins and other constitutive elements. A similar behavior is 

displayed by lipoplexes generated from lipid 5Ole alone, which probably has a too high 

charge density despite the soft charge on individual polar head. However, when the 

charge density was reduced through co-formulation with cholesterol or with DOPE the 

resistence to serum action was increased dramatically. Thus, 5Ole/C and especially 

5Ole/D displayed excellent transfection profiles in the presence of increasing levels of 

serum, while the standard transfection systems were practically devoid of any 

significant biological effect. A similar trend was observed for formulation 5Dec/D, with 

a slightly diminished transfection efficiency, thus validating our new cationic lipid 

design with enhanced self-assembling properties. Interestingly, lipoplexes generated 

from cationic lipid 5Dec alone were inefficient under the conditions tested, while 

5Dec/C formulation had a curious transfection profile, its efficiency linearly increasing 

with the concentration of serum in transfection media.  
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Figure 3.8. Transfection efficiency (RLU/g protein, NCI-H23 cell line) of lipoplexes 

generated from lipids 5 Dec (a) and 5 Ole (b) formulated alone, or co-formulated with 

cholesterol (C) or DOPE (D) at 1:1 molar ratio, as compared with the standard 

transfection systems DOTAP/C (1:1 molar ratio) and Lipofectamine as references, in 

the presence of media with increased serum concentrations (indicated as %). 
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3.4      Conclusions 

Lipoplexes had to overcome many internal and external delivery barriers, some 

of them general (e.g. interaction with proteins and other elements of serum) and some 

of them specific to the cells/tissues to be transfected. They have to maintain their 

structural integrity from the point of administration until they reach the target cells, 

where optimum elastic moduli and charge density is needed for efficient internalization, 

endosomal escape and nucleic acid cargo release. These antagonistic processes can be 

managed efficiently by using pyridinium cationic lipids, which possess a soft positive 

charge that can render an optimum binding/release profile for nucleic acid delivery. 

Conjugation of pyridinium polar head with dialkoxylphenyl structural moiety via an 

ethyl linker was proved to enhance self-assembling while maintaining a cylindrical, yet 

flexible, shape to the cationic amphiphiles, an evolution of designs which proved 

efficient in the past. Fine tuning of the self-assembling process at the level of 

counterion, hydrophobic chain, and co-lipid rendered synthetic transfection 

formulations with optimum charge density, elastic moduli for efficient DNA delivery in 

conditions mimicking in vivo environment. Experiments are underway to fully assess 

these vectors for in vivo gene delivery towards the final goal of gene therapy. 
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CHAPTER 4 

FORMATION AND COLLOIDAL STABILITY OF DMPC 

SUPPORTED LIPID BILAYERS ON SIO2 NANOBEADS 

 

Supported lipid bilayers (SLBs) of 1,2-dimyristoyl-sn-glycero-3 phosphocholine 

(DMPC) were formed on 20-100 nm silica (SiO2) nanobeads, and the formation was 

accompanied by an 8 nm increase in diameter of the SiO2, consistent with single 

nanobeads surrounded by a DMPC bilayer. Complete SLBs were formed when the 

nominal surface areas of the DMPC matched that of the silica, SADMPC/SASiO2 = 1, and 

required increasing ionic strength and time to form on smaller size nanobeads, as 

shown by a combination of nano-differential scanning calorimetry (nano-DSC), 

dynamic light scattering (DLS), and zeta potential (ζ) measurements. For 5 nm SiO2, 

where the nanoparticle and DMPC dimensions were comparable, DMPC fused and 

formed SLBs on the nanobeads, but it did not form single bilayers around them. 

Instead, stable agglomerates of 150-1000 nm were formed over a wide surface ratio 

range (0.25 < SADMPC/SASiO2 < 2) in 0.75 mM NaCl. At ionic strengths > 1 mM NaCl, 

charge shielding, as measured by zeta potential measurements (ζ    0), resulted in 

precipitation of the SLBs 

 

4.1       Introduction 

Supported lipid bilayers (SLBs) are important in many fields of research, such 

as models for the investigation of the surface chemistry of the cell, immobilization of 
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membrane proteins, microfluidic devices for the development of lab-on-a-chip based 

platforms
1
, and other diagnostic and sensor based applications

2
. The mechanism of 

fusion of lipids onto planar substrates such as silica (SiO2) has been extensively 

investigated
3,4

. SLB formation on planar substrates has been shown to depend on the 

interaction of the substrate with the lipid, which in turn depends on the electrostatics of 

both, and on the ionic strength and type of salt
5
.  

There have been fewer studies investigating the formation of supported lipid 

bilayers on nanobeads.
6-8

 In this case, the effect of curvature must be taken into 

account, and may provide a platform for the study of the effects of curvature on 

membrane composition and properties. There is some evidence that local curvature 

might mechanically control the spatial organization of membrane components,
 9

 as well 

as the ability of lipids to conform to topography/defects on planar substrates.
10

 Phase 

separated liquid-ordered (Lo) domains enriched in saturated phosphatidylcholine (PC)
 

lipids were observed to segregate in regions of low curvature compared with liquid-

disordered (Ld) domains enriched in unsaturated PC.
9
 Single lipid bilayers have been 

found to spread conformally on silica (SiO2) microgroves, in which the curvature radii 

of the sharp edges was ca. 50 nm,
11

 on 100 nm SiO2 nanobeads,
12

 on polysilicon 

nanowires over 50 nm in diameter,
13

 on pitted surfaces of 110 and 190 nm diameter, 

and on silica xerogels with 50 ± 20 nm features.
14

 Bilayer formation was found to be 

impeded on highly curved surfaces.
4
 In recent studies, DMPC bilayers were observed to 

cover spherical SiO2 particles immobilized on a planar glass substrate that were greater 

than 22 nm but bypass, by pore formation, those with diameters smaller than 22 nm.
15,16
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For suspended nanoparticles, it is of interest to determine whether supported 

bilayers are formed and the limits of colloidal stability of the system, since these 

properties will determine the eventual uses for the SLB nanosystem. Colloidal phase 

transitions in two-dimensional dispersions of lipid supported silica beads have already 

been shown to be useful for detection characterization of molecular interactions 

involving membrane bound species.
17,18

 In terms of stability, small unilamellar vesicles 

(SUVs) are stable for extended periods of time and eventually fuse to form larger SUVs 

and then multilamellar vesicles (MLVs), while MLVs precipitate on much shorter time 

scales. Stabilization of vesicles by silica particles on the exterior of vesicles has also 

been observed.
19

 In the case of silica nanoparticles, in which the density of the beads is 

greater than water; suspension stability depends on the relative effects of bead-bead 

repulsion due to the negative charge of the SiO2, and gravity, which favors settling.
20 

The formation of bilayers on silica nanoparticles alters their surface charge and 

therefore can affect their suspension stability. 

 Simulations of lipid-colloid interactions suggest that, in a mixture of particle sizes, 

where the membrane-particle interactions are attractive, the membrane curves away 

from the small particles and encapsulates the large particles.
21

 Partially wrapped, fully 

enveloped, or free colloids could be formed by nanoparticles in association with lipids, 

based on a theoretical model that took into account the competing effects of adhesion 

energy and bilayer elastic stretching and bending moduli. The resultant phase diagram 

has been shown to depend on particle and vesicle size.
22

 For a system composed of a 

charged spherical colloid on an oppositely charged flexible membrane, the ionic 
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strength plays an important role; full wrapping was found to occur only for intermediate 

salt concentrations.
23

 

In the current work we investigated the formation and stability of SLBs as a 

function of nanoparticle size (in the range of 5- 100 nm), ionic strength, and relative 

amount of lipid and SiO2, defined as surface area of a zwitterionic lipid, 1,2-dimyristoyl 

snglycero- 3-phosphocholine (DMPC), to surface area of nanoparticle 

(SADMPC/SASiO2). SLB formation from DMPC SUVs of ca. 100 nm diameter, incubated 

with SiO2 nanoparticles above the liquid-crystal to gel transition of DMPC, was 

monitored by nanocalorimetry, since the phase transition of SLBs is different from that 

of the SUVs.
24

 Dynamic light scattering (DLS) and zeta potential measurements 

showed whether SLBs occur as single nanoparticles surrounded by a DMPC bilayer or 

as aggregates. 

 

4.2        Experimental Methods 

4.2.1     Materials. 

 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC, 14:0 PC) was obtained 

from Avanti Polar Lipids (Alabaster, AL) and used without further purification. 

Snowtex colloidal silica (SiO2) beads with nominal diameters of (i) 4-6nm, ST-XS, 

20.3 wt% SiO2, lot 190515, pH 9.2, specific gravity 1.135; (ii) 10-20 nm, ST-40, 40.8 

wt % SiO2, lot 200703, pH 10.1, specific gravity 1.308; (iii) 20-30 nm, ST-50, 47.9 

wt% SiO2, lot 170418, pH 8.9, specific gravity 1.372; (iv) 40-50 nm, ST-20 L, 20 wt % 

SiO2, lot 170211, pH) 9.5-11.0, specific gravity 1.12- 1.14; and (v) 100 nm, MP-1040, 

40.7 wt % SiO2, lot 170425, pH 9.3, specific gravity 1.300 were obtained from Nissan 
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Chemical Industries, Ltd. (Japan) and used as-received. The SiO2 beads were prepared 

by the water glass process and had densities of 2.2-2.6 g/cm
3
 (reported by the 

manufacturer). All solutions/ suspensions were prepared with HPLC grade water and 

chloroform and purchased from Fisher Chemicals (Fairlawn, NJ). Solutions of 0.05, 

0.1, 0.5, 0.75, 1.0, and 5.0 mM NaCl were prepared. Phosphate buffer saline (PBS), 

pH8 with 100mM NaCl was prepared from Na2HPO4.7H2O and NaH2PO4.H2O. A mini 

extruder from Avanti Polar Lipids was used for extrusion of the lipids using 

polycarbonate membranes with a pore size of 100 nm. 

 

       4.2.2    Lipid Formulation: SUVs. 

Stock solutions of DMPC (10 mg/mL) were made in chloroform. Dry lipid films 

were formed by evaporation of the solvent in a rotavapor or under a stream of nitrogen 

and were kept under vacuum overnight at room temperature to remove any residual 

solvent. The lipid film was subsequently redispersed in either water or NaCl solutions 

of specified concentrations and incubated above Tm (ca. 40-50 
o
C) of the lipid for a 

minimum of 2 h, with periodic shaking, to form hydrated multilamellar vesicle 

(MLVs). Small unilamellar vesicles (SUVs) were obtained from MLVs after five 

freeze/thaw cycles followed by extrusion using a polycarbonate filter with a pore size 

of 100 nm. Approximately 1 mL of a 10 mg/mL lipid solution was passed back and 

forth for up to 50 times. A monodisperse population of liposomes was obtained, as 

determined by dynamic light scattering (DLS). 
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4.2.3    Supported Lipid Bilayer (SLB) Preparation.  

The amount of lipid required to achieve single bilayer coverage was calculated 

using the surface area occupied by the lipid head group (0.59 nm
2
 for DMPC

25
) and the 

total surface area of the nanobeads, with the assumption that the latter was a planar 

surface. Two solutions with known total surface areas of beads (SASiO2) and lipid 

(SADMPC) were prepared separately and were mixed to achieve the desired lipid/SiO2 

ratio. The lipid/SiO2 ratio required for a single bilayer to form on a single nanobead 

will be referred to as a nominal SADMPC/SASiO2=1/1 coverage, and other ratios refer to 

nominal fractional or multiple bilayer coverages, although actual surface areas 

determined by DLS were used to prepare the suspensions. Adsorption of the vesicles 

onto the nanobeads was accomplished by addition of approximately equal volumes of 

SiO2 dispersions to vesicle solutions held above Tm (40-50 
o
C) for 1 h with occasional 

stirring, unless otherwise indicated; the mixtures were stored at RT for not more than 1 

day. (It was found that mixing of approximately equal volumes of the two was 

preferable to the addition of small quantities of one in the other; the latter sometimes 

resulted in precipitation of the nanoparticles, possibly due to initial inhomogeneities 

upon mixing.) The total surface areas/mL for the as-received beads are given in the 

Table 4.4, using nanobead radii from DLS. The concentrations of SiO2 dispersions were 

between 20 and 40 wt % SiO2, with the specific gravity of the beads assumed to be 2.4. 

Typically, these suspensions (with pH  9) were diluted 1/4 to prepare equal volumes 

for mixing with the lipid solutions, then mixed in a 1/1 v/v ratio, and further diluted for 

the nano-DSC measurements. The pH of the mixtures after dilutions up to 1/500 was 

approximately the same as the original pH of the beads (9), and no attempt was made 
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to adjust the pH. The pH of the PBS solutions (8) did not change upon addition of the 

Nanoparticles. 

 

4.2.4 Nano-Differential Scanning Calorimetry (Nano-DSC), Zeta Potential (ζ), and                    

Dynamic Light Scattering (DLS). 

Nano-differential scanning calorimetry (nano-DSC) measurements were 

obtained on a TA Instruments (New Castle, DE) NanoDSC-6300 apparatus. Typically, 

suspensions with approximately 2mg/m lipid were run at heating and cooling scan rates 

of 1
o
C/min. Samples of 750 μL were introduced in the nano-DSC apparatus at 25 

o
C, 

equilibrated at 5 
o
C for 10 min, heated to 35 

o
C, re-equilibrated at 35 

o
C, cooled to 5 

o
C, 

and rerun with the same protocol for another cycle. The gel-to-liquid phase transition 

temperatures on heating and cooling, Tm and Tc, and their respective enthalpies, ΔHm 

and ΔHc, for the second nano-DSC scans are reported. When samples were in the form 

of stable suspensions, the concentration of lipid and the volume (0.299mL) in the nano-

DSC apparatus were used to obtain values of ΔHm and ΔHc. When the samples 

precipitated, the known quantity of lipid was used to calculate ΔHm and ΔHc. All the 

nano-DSC results are summarized in Table 4.5. Dynamic light scattering (DLS) and 

zeta potential (ζ) measurements were performed on a Zeta Sizer Nano ZS (Malvern 

Instruments Inc., Westborough, MA) instrument. Data were recorded only for samples 

that did not precipitate. Disposable capillary cells (DTS1060) or dip cells were used for 

the measurement of size and zeta potentials. In the former case, the voltage was 30 

V/cm, and in the latter cases 3-5 V/cm. The reported diameters use the volume 

distribution obtained by cumulant analysis. 
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4.3       Results 

4.3.1    Nano-system Stability. 

The stability of the DMPC/SiO2 mixed nanosystems was monitored by visual 

inspection at least 1 h after mixing the components. In water, at 0.005 < SADMPC/ 

SASiO2 < 2, no sedimentation or precipitation was observed for any nanoparticle size. At 

SADMPC/SASiO2 = 1/1, all the suspensions were stable for ionic strengths 0.75 mM 

NaCl. For suspensions in 0.75 mM NaCl, both the smallest (4-6 nm) and largest (100 

nm) nanobeads were investigated as a function of SADMPC/SASiO2. Precipitation 

occurred for the 4-6 and 100 nm SiO2 at SADMPC/SASiO2 e 0.1 or 0.25, respectively. For 

SADMPC/ SASiO2 > 0.1 (4-6 nm) or 0.25 (100 nm), the suspensions were stable up to the 

tested value of 2, although it is expected that even more excess lipid (SADMPC/SASiO2 

) would also stabilize the suspensions. At ionic strengths > 0.75mMand in PBS 

(with 100 mM NaCl), for SADMPC/SASiO2=1/1, precipitation occurred immediately upon 

mixing for all nanoparticle sizes. 

 

4.3.2    Nano-DSC Data.  

Nano-DSC thermograms of DMPC MLVs, SUVs, and SUVs that have been 

mixed in a SADMPC/ SASiO2=1/1 ratio and allowed to fuse onto 100 nm nano beads in 

water are shown in Figure 4.1. The MLVs show the characteristic narrow Tc and 

pretransition (13 

C) . The SUVs have both a broader and wider transition, which is 

marginally higher in temperature than that for the MLVs. This broadening and upward 

shift of the SUV compared with the MLV transition was also observed for all ionic 

strengths and in PBS buffer (Table 4.5). A comparison of all the Tm/Tc and ΔHm/ΔHc 
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values showed that, on average, Tm increases by 0.2 and Tc by 0.1 
o
C for the SUVs 

compared with MLVs. In addition, ΔHm and ΔHc decrease slightly for the SUVs 

compared with the MLVs. Since the extruded SUVs were used in the preparation of 

SLBs, comparison of ΔH values was made with the SUV data. 

The time dependent fusion process of DMPC SUVs onto 100 nm SiO2 

nanobeads in water (Figure 4.1) shows that three peaks, at 22.5, 23.7, and 29.6 
o
C, are 

initially observed. The low temperature peak has been attributed to DMPC fused onto 

the SiO2 nanobeads, forming a SLB
24

, and the peak at 23.7 
o
C to DMPC SUVs. The 

peak at 29.5 
o
C is tentatively assigned to SUVs adhering but not fused to the 

nanobeads. With time, this peak disappears, and the SUV peak decreases, eventually 

appearing as a shoulder on the SLB peak. Nano-DSC spectra were identical for the 16 

and 24 h runs. No significant SLB formation was observed after 1 h incubation time in 

water for all other nanoparticle sizes. In a control experiment, nano-DSC data for 

freshly prepared SUVs and those kept for several days above Tm (40 
o
C), at RT (22 

o
C), and at 4

o
C were compared and found to be identical (Table 4.6), indicating that, on 

this time scale, fusion of SUVs to form MLVs did not occur; this ruled out the 

possibility that multiple transitions observed by nano-DSC arose from the formation of 

MLVs with time. 

In order to determine conditions under which lipid fusion produced complete 

SLBs in the absence of excess SUVs, liposomes and nanoparticles at SADMPC/SASiO2 = 

1/1 were mixed together in solutions of increasing ionic strength. The presence of salt 

generally greatly accelerated the fusion of SUVs with the nanobeads (vide infra). The 

nano-DSC trace of DMPC and 100 nm SiO2 (SADMPC/SASiO2 = 1/1) in 0.75 mM NaCl 
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after 1 h incubation time (Figure 4.1) shows only the transition corresponding to SLBs. 

This SLB peak has a lower and broader transition temperature for the 100 nm 

nanobeads compared with the SUV or MLV transitions as previously observed.
 24

 

The effect of nanoparticle curvature on SLB formation can be seen by a 

comparison of the nano-DSC traces of DMPC/SiO2 in 0.1 mM NaCl at SADMPC/SASiO2 

= 1/1 for the 100, 40-50, 20-30, 10-20, and 4-6 nm SiO2 after 1 h incubation at 50 
o
C 

(Figure 4.2). At this salt concentration, only the 100 nm SiO2 exhibited a single SLB 

peak (complete fusion). With decreasing bead size, the SLB peak decreases in intensity 

and the peak originating from SUVs becomes increasingly prominent. The position of 

the SLB transitions also shifts in temperature as a function of nanoparticle size. The 

initial shift of the SLB peaks to lower temperature on the 100 and 40-50nm SiO2, 

followed by an increase with further decrease in nanoparticle size, has been previously 

observed and attributed to lipid interdigitation.
24

 This occurs since the free volume 

accessible to the lipid tails increases with decreasing nanoparticle size if the polar head 

groups pack in the same manner as on a planar surface. The lipids interdigitate in order 

to increase the hydrophobic interactions of the lipid tails. For the 4-6 nm SiO2, only a 

single peak (attributed to SUVs) is observed. As discussed below, the assignment of the 

DMPC transition to a SUV not a SLB peak on the 4-6 nm SiO2 is made on the basis of 

the transition enthalpy, which is the same as that of the SUVs. 
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Figure 4.1. Nano-DSC thermograms of DMPC MLVs, SUVs, and DMPC SLBs on 100 

nm SiO2 (SAlipid/SASiO2 = 1/1) in H2O, incubated at 50 
o
C after 1 h; 3 h; and 16 h; and 

DMPC SLBs on 100 nm SiO2 (SAlipid/SASiO2 = 1/1) after 1 h in 0.75 mM NaCl. Only 

Tm‘s of MLVs, SUVs, and one SLB are shown; see Table 4.5 for full details. 
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The data from Figures 4.1 and 4.2 suggests that SLB formation on nanoparticles 

can be enhanced by increasing the ionic strength of the media. Therefore, SLB 

formation was tested for 100, 40-50, 20-30, and 4-6 nm SiO2 nanobeads at increased 

NaCl concentration. The trends, presented schematically in Figure 4.3 for the 1 h 

incubation, indicate that complete SLB formation (in the absence of SUVs) occurs most 

easily on the larger nanobeads and that increased ionic strength is needed to promote 

SLB formation on smaller nanobeads. The phase transition temperatures on heating 

(Tm) and cooling (Tc), as well as the transition enthalpies, ΔHm and ΔHc for the 

DMPC and DMPC on SiO2, as a function of ionic strength and nanoparticle size are 

compiled in the (Table 4.5). 
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Figure 4.2. Nano-DSC thermograms of SAlipid/SASiO2 = 1/1 on 100, 40-50, 20-30, 10 

20, and 4-5 nm SiO2 in 0.1 mM NaCl after 1 h incubation at 50
o
C. 
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In 0.75mM NaCl and at SADMPC/SASiO2=1/1, the 10-20 to 100 nm nanobeads 

form SLBs and the presence of SUVs is not observed; the 4-6 nmSiO2 also forms a 

SLB but it is difficult to determine if SUVs are present, since the SUV and SLB peaks 

are too close in temperature. With addition of excess SUVs (SADMPC/ SASiO2 > 1), the 

SUV peak appears and increases with increasing amount of added DMPC SUVs for the 

10-20 to 100 nm SiO2, indicating that the systemis composed of SLBs and excess 

SUVs, not multilayer SLB coverage of the nanobeads. In the case of the 4-6 nm SiO2, a 

double peak is not observed due to the closeness in temperature of the SUV and SLB 

phase transition temperatures (vide infra). For SADMPC/SASiO2 < 1 (= 0.5) at the same 

ionic strength (0.75 mM NaCl), only SLBs were observed in the case of the DMPC/100 

nm SiO2 nanosystem. 

 

The ΔHm and ΔHc values for the SLBs are on average 50% of the values for 

the SUVs, with (ΔHm) = 4746 kJ/g and (ΔHc) = 4983 kJ/g for the SUVs, and (ΔHm) = 

2239 kJ/g and (ΔHc) = 2330 kJ/g for the SLBs. Here, the averages (Table 4.5) are 

obtained only when a single SLB peak is observed (both for stable and precipitated 

SLBs) in the nano- DSC data. The values reported here are in reasonable agreement 

with literature data, where for 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) 

ΔHm for MLVs was 73% higher than that for the SLBs on 640 nm SiO2.
8
 The lower 

value of ΔHm we observe for the SLBs may originate from the higher curvature of the 

supports used in the present study. We also note that the average values of both ΔHm 

and ΔHc increase with decreasing nanoparticle size. This trend is consistent with 

increased interdigitation, and thus better alkyl chain packing, with decreasing particle 



140 

 

size, as previously reported.
24

 When SADMPC/SASiO2=0.5 (measured for the 100 nm 

SiO2), ΔHm and ΔHc were within the error of the 1/1 values. In cases where both the 

SLB and SUV transitions are observed, ΔHm and ΔHc are between the two limiting 

values for ΔHm,c (SLBs) and ΔHm,c (SUVs). This is expected since there were 

contributions to ΔH from populations of both SUVs and SLBs; with increased fusion 

and thus a larger contribution from the SLBs, ΔH (total) decreases. 

 

The 4-6 nm SiO2 data in 0.75 mM salt is more difficult to interpret, since the 

SUV and SLB peaks are very close in temperature. However, the data as a function of 

ionic strength (Table 4.5) and SADMPC/SASiO2 (Table 4.7) strongly indicate the 

formation of SLBs at high ionic strength: 

(i) Single, then double, and then single peaks are observed with increasing [NaCl] at 

SADMPC/SASiO2 = 1/1, suggesting the successive occurrence of SUVs, SUVs/SLBs, 

SLBs;  

(ii) ΔHm and ΔHc decrease with increasing ionic strength, suggesting that more fusion 

occurs as the ionic strength increases; and (iii) ΔHm and ΔHc increase with increasing 

SA/SASiO2 and approach the value of the SUVs; this is expected since as the amount of 

DMPC in the form of SUVs increases, their contribution to ΔHm and ΔHc also 

increases 
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Figure 4.3.  Histogram of SLB as a function of nanoparticle size and ionic strength. 
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Table 4.1. Size and Zeta Potential () of DMPC SUVs and 4-6 to 100 nm SiO2 

nanobeads in water for SADMPC/SASiO2 = 1/1 

Sample Size
a 

SiO2
 

(nm)
 


b
 

SiO2 

(mV) 

Size
c
 

DMPC/SiO2 

(1/1) 

(nm) 

% 

volume 

 


b 

DMPC/SiO2
 

(1/1)
 

(mV)
 

100 nm 111.4 -43.2 129.1 100 -34.1 

40-50 nm 52.1 -41.8 153.7 

4940 

98.8 

1.2 

-35.4 

20-30 nm 23.7 -33.5 123.3 

22.0 

90.1 

9.9 

-24.3 

10-20 nm 17.2 -27.6 149.1 

4823 

97.7 

2.3 

-18.7 

4-6 nm 7.5 -22.5 166.6 

4568 

95.6 

4.4 

-22.2 

Extruded 

DMPC 

Vesicles 

104.0 0.482 NA NA NA 

a
DLS size distribution by volume, single peak observed (100%); ±1.2, ±2.0, ±2.0, ±2.4, 

and ±3.2 nm for 100, 40-50, 20-30, 10-20, and 4-6, respectively; ±3 nm for SUVs. 
b
 

Only single ζ observed, ±3 mV for all nanobeads. 
c
DLS size distribution by volume; ±3 

nm. 
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4.3.3   Dynamic Light Scattering Data and Zeta Potential Measurements of DMPC/SiO2     

Nanosystems.  

Dynamic light scattering (DLS) and zeta potential (ζ) measurements were done 

in parallel with nano-DSC experiments in order to determine the state of aggregation of 

stable suspensions. As a control, DLS data for freshly prepared SUVs were compared 

as function of time at RT for a period of 3 days in 0.75 mM NaCl and were found to be 

identical; this ruled out the possibility that changes in size or multiple sizes arose from 

the formation with time of MLVs (Table 4.8).When DMPC SUVs and SiO2 nanobeads 

were incubated in water, nano-DSC data had shown incomplete or no fusion of vesicles 

with the SiO2. This finding was also confirmed by DLS, which recorded multiple peaks 

for the 4-6 to 40-50 nm nanoparticles, and a single peak for the 100 nm SiO2, as 

presented in the Table 4.1. The single peak observed for the 100 nm SiO2, although 

partial fusion was observed by nano-DSC, arose from the similarity in size between the 

100 nm SiO2 and the ca. 100 nm SUVs. 

When the ionic strength of the media was increased, nano-DSC data showed 

fusion of the DMPC SUVs onto the SiO2 nanobeads and the formation of SLBs. The 

DLS data supports these findings. The DLS data for all nanobeads and ionic strengths 

at SADMPC/SASiO2 = 1 that exhibit a single SLB peak (and thus contained no SUVs) in 

the calorimetry data are compiled in Table 4.2. Unlike the DLS data obtained in water, 

multiple peaks were not observed except for SLBs on 4-6 nm SiO2. The hydrodynamic 

radii obtained from the DLS data for SiO2 nanobeads and the respective SLBs in 0.75 

mM NaCl are presented in Figure 4.4. The extruded vesicles (SUVs) and SiO2 

nanobeads are both well represented by single sized spheres. After incubation of the 
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SUVs with the SiO2 nanobeads, the hydrodynamic radii of the resultant SLBs are also 

well represented by single sized spheres. In the case of the 100, 40-50, 20-30, and 10-

20 nm SiO2 nanobeads, hydrodynamic radii of the corresponding SLBs increased an 

average of 4 nm, in excellent agreement with the increase expected based on the ca. 4 

nm lengths of the lipids.
25

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



145 

 

Table 4.2. Size (Diameter) and Zeta Potential of SUVs and Stable SLB 

DMPC/SiO2 Suspensions 

Nominal 

Size 

SiO2 

[NaCl] 

(mM) 

Size
a
 

SiO2 

(nm) 


b 

SiO2 

(mV) 

Size
c
 

DMPC/SiO2 

(1/1) 

(nm) 

% 

Volume 

Size 

DMPC 

Bilayer 

(nm) 


b
 

DMPC/SiO2 

(1/1) 

(mV) 

                

SUVs 

0.75 106.0 0.082 NA NA NA NA 

100 nm           0.75 122.3 -42.1 130.0 100 7.7 -22.4 

            0.50 113.9 -43.2 122.3 100 8.4 -28.3 

            0.10 113.2 -45.2 123.0 100 9.1 -29.5 

            0.05 112.9 -42.2 121.7 100 7.8 -29.8 

40-50 nm 0.75 49.9 -39.2 57.3 100 7.4 -13.3 

            0.50 51.1 -39.8 58.7 100 7.6 -14.9 

 0.10 50.9 -40.2 60.0 100 8.9 -16.2 

20-30 nm 0.75 22.0 -32.3 30.2 100 8.2 -9.7 

10-20 nm 0.75 11.3 -29.1 19.7 100 8.4 -10.2 

4-6 nm 0.75 10.69 -23.7 148.0 

5173 

86.6 

13.4 

NA -26.8 

a
DLS size distribution by volume, single peak observed (100%); ±1.2, ±2.0, ±2.0, 

±2.4, and ±3.2 nm for 100, 40-50, 20-30, 10-20, and 4-6, respectively; ±3 nm for 

SUVs ; 
b
Single ζ peak (100%), ±3 mV ; 

c
DLS size distribution by volume, ±3 nm. 
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4.3.4     Dynamics of SLB Formation.  

The DLS data were obtained after an approximately 10-24 h incubation time of 

DMPC SUVs with SiO2 nanobeads at RT. We noted that the 10-20 nm nanobeads had 

two peaks in the nano-DSC (after 1 h incubation) but a single narrow DLS diameter 

(after 10-24 h incubation time). Therefore, we have investigated the impact of time and 

temperature on SLB formation dynamics for the 10-20 nm nanobeads. Nano-DSC data 

were recorded after the nanobeads were incubated with DMPC SUVs for 10 h at 40 
o
C 

and 1 h at 40 
o
C/10 h at 20 

o
C. As shown in Figure 4.5, in both cases, the SUV peak 

disappeared and a single SLB peak was observed. Thus, similar to the 100 nm 

nanobead-DMPC interactions in water, SLB formation in salt was time dependent. 

Complete bilayer formation for the 10-20 nm nanobeads was found again to be slower 

than that for the larger nanobeads (which were completely fused after 1 h), similar to 

the study of the SLB generation in water (Figure 4.1). 

 

 

Figure 4.4. Hydrodynamic radii of SiO2, SUVs, and SLBs of DMPC/SiO2 (1/1) in 

0.75mM NaCl as a function of nanoparticle size. See Table 4.2 for details. 
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4.3.5     Interaction of DMPC with 4-6 SiO2 Nanobeads. 

 In contrast with nanobeads with diameters between 20 and 100 nm, which 

formed a SLB around each nanoparticle, addition of DMPC to the 4-6 nm SiO2 (1/1 in 

0.75 mM NaCl) resulted in the formation of stable clusters, with one peak centered 

around 150 nm and the other around 5000 nm (Table 4.3). The vol % of the 5000 nm 

peak decreased as the relative amount of SiO2 increased. Centrifugation of the 1/1 

suspension (14 000 rpm for 0.5 h) and analysis of the precipitate and supernatant 

showed that the same nano-DSC transition was observed in both, although there was 

not much intensity in the supernatant. SUVs separately centrifuged under the same 

conditions did not sediment. The DLS data of the supernatant showed a population 

around 80 nm, similar to the SUV peak. At 0.75 mM NaCl, DLS data between 0.5 < 

SADMPC/SASiO2 < 2 always showed large aggregates, with sizes of 137-165 and 4300-

5500 (Table 4.3), and for SADMPC/ SASiO2 <  0.1, the suspension precipitated. For the 4-

6 nm nanobeads in PBS, the beads precipitated without centrifugation (as for all size 

nanobeads) and the supernatant looked clear. No peaks were observed in the 

supernatant either by nano-DSC or DLS. These results strongly suggest that there is an 

interaction between the SUVs and the 4-6 nm SiO2, since the nanobeads removed 

most/all of the SUVs from suspension. 
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Figure 4.5. Nano-DSC thermograms of DMPC SUVs and SLBs on 10-20 nm SiO2 after 

1 h and 10 h incubation at 40 
o
C, and 10 h incubation at RT. 
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Table 4.3. Size and Zeta potential ()of DMPC SUVs and 4-6 nm SiO2 as a 

function of SADMPC/SASiO2 in 0.75 mM NaCl 

SADMPC/SASiO2 size
a 

(nm) 

% 

Volume 


b
 

(mV) 

1/0 

SUVs 

112.3 100 0.13 

2/1 165 

5543 

76.4 

23.6 

-12.7 

1.5/1 152 

5436 

79.6 

20.4 

-18.8 

1/1 148 

5173 

87 

13 

-26.8 

0.5/1 137.0 

4356 

89.3 

10.7 

-32.2 

0.1/1 Ppt 

0/1 nanobeads 8.3 100 -27.3 (-40
c
) 

a
 DLS size distribution by volume; ±1.2, ±2.0, ±2.0, ±2.4 and ±3.2 nm for 100, 40-50, 

20-30, 10-20 and 4-6, respectively; ± 3nm for SUVs ;
b
only single  peak observed,± 3 

mV ;
c
if Huckel approximation used 
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4.3.6   Zeta Potential (ζ) Data.  

Zeta potential measurements were also obtained for the systems that formed 

SLBs and were stable. Zeta potentials for the nanobeads in water and 0.75mMNaCl are 

shown in Figure 6 and are summarized for the nanobeads in water (Table 4.1) and all 

salt concentrations (Table 4.2). Addition of salt in this low concentration region has 

little effect on the ζ of the nanobeads. The zeta potentials of the nanobeads themselves 

decrease (i.e., become more positive) with decreasing size in water and salt and for the 

SLBs in salt (Table 4.2). This may be due to the use of the Smoluchowski 

approximation for all the nanoparticles. If the Huckel approximation is used for the 

smaller sizes, the values of ζ become comparable. Reported zeta potentials of -45±3 

mV for fumed silica are similar to values for the nanoparticle silica, if the 

Smoluchowski approximation is used.
26

 

 Zeta potentials for nanobeads in water with SUVs, SADMPC/ SASiO2=1/1, which 

do not form SLBs are presented in Table 4.1. ζ values for stable SLBs at 

SADMPC/SASiO2 =1/1 in NaCl solutions, for which there are no additional SUVs in the 

suspension, are presented in Table 4.2 and plotted in Figure 4.6. ζ values are more 

negative for bare SiO2 nanobeads compared to suspensions that also contain DMPC, 

except for the 4-6 nm SiO2. The ζ of DMPC, since it is zwitterionic, has a zeta potential 

of zero. Although addition of SUVs to the nanobeads to form SLBs (SADMPC/SASiO2 = 

1/1) results in a substantial increase in the zeta potential, ζ still remains negative for 

nanobeads between 10-20 and 100 nm. This indicates that fusion of DMPC onto the 

nanobeads shields the negative charge of the SiO2, since the electrophoretic mobility 

(which is size independent) reflects the movement of a single species. For the SLBs on 
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40-50 and 100 nm SiO2, ζ becomes more positive with increasing [NaCl] and is more 

positive for the 40-50 compared with the 100 nm SLBs (Table 4.2). In contrast, for the 

4-6 nm SiO2, the zeta potential became more negative upon addition of DMPC, 

approaching ζ of the bare SiO2 (Figure 4.6); this was also observed in water (Table 4.1). 
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Figure 4.6. Zeta potential of 5-100 nm SiO2 in water/0.75 mM NaCl and SLBs in 0.75 

mM NaCl. See Tables 4.1 and 4.2 for details. 
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 Table 4.4. Surface Area (SA) of SiO2 Nanobead Suspensions 

Nominal 

Nanobead 

size 

wt% Total 

volume 

of the 

beads 

(x 10
19 

nm
3
/mL) 

Solution 

density 

(g/mL) 

Number of 

nanobeads 

(x10
17

)/mL 

SA of a single 

bead (nm
2
)
a
 

Total 

nanobead 

SA  (x 10
17

 

nm
2
/mL) 

100 nm 

(MP1040) 

40 21.7 1.304 0.00417 32835.3±259.4 130±1.29 

40-50 nm 

(ST20L) 

20 9.44 1.13 0.0198 7016±142.6 126±2.75 

20-30 nm 

(ST50) 

47 27 1.38 0.330 2009.4±75.51 648±24.6 

10-20 nm 

(ST40) 

40 21.7 1.304 1.23 835.1±47.7 869±62.5 

4-6 nm 

(ST-XS) 

20 9.43 1.132 14.4 119.4±13.1 1130±157.4 

a
surface area = 4r

2
; r obtained from ca. 10 DLS measurements; rms error reported 

 

 

 

 

 

 

. 
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Table 4.5. Calorimetric data for DMPC MLVs, SUVs and SLBs as a function of ionic strength, 

nanoparticle size and SADMPC/SASiO2. Except where noted, all incubations were at 45-50 
o
C 

  Stable Suspensions 

  Water 0.05 

mM 

NaCl 

0.1 mM 

NaCl 

0.5 

mM 

NaCl 

0.75 

mM

NaCl 

1.0 mM 

NaCl 

5 mM 

NaCl 

PBS 

100 

mM 

NaCl 

Average 

MLVs           

 aTm oC 23.7 23.6 23.6 23.4 23.4 23.6 23.7 23.6 23.6 

 bHm 

(cal/mol) 

4840 6060 5964 6244 5462 5325 5987 5987 5739 

 T

c 
oC 

2

3.8 

2

3.8 

2

3.8 

2

3.7 

2

3.8 

2

3.8 

2

3.8 

2

3.8 

2

3.8 

 b

Hc 

(calcal/mol) 

4

954 

5

870 

6

534 

6

015 

5

157 

5

521 

5

874 

5

541 

5

649 

SUVs           

 aTm oC 23.8 23.8 23.8 23.7 23.6 23.8 23.8 23.8 23.8 

 bHm 

(cal/mol) 

4766 5100 4251 4814 4545 4985 4698 4652 4746 

 aTc 
oC 23.8 23.9 23.8 24.1 23.8 23.8 23.8 23.8 23.9 

 bHc 

(cal/mol) 

4763 5076 5623 4828 4615 4852 5369 4999 4983 

  Stable Suspensions 

 

Unstable suspensions 

100 

nm 
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Table 4.5 (Continued) 

  Stable Suspensions 

  Water 0.05 

mM 

NaCl 

0.1 mM 

NaCl 

0.5 

mM 

NaCl 

0.75 

mM

NaCl 

1.0 mM 

NaCl 

5 mM 

NaCl 

PBS 

100 

mM 

NaCl 

Average 

1/1 aTm oC 22.5/2

3.7 

21.5 21.5 22.1 22.2 21.5 21.5 21.5 21.7c 

 aTc 
oC 21.9/ 

23.7 

22.0 22.0 21.6 21.7 22.0 22.0 22.0 21.9c 

 bHc 

(cal/mol) 

4100 1920 1953 2130 2276 1856 1658 1854 1950c 

0.5/1 aTm oC  

 

 

NA 

 

22.3  

 

 

NA 

 bHm 

(cal/mol) 

2178 

 aTc 
oC 21.8 

 bHc 

(cal/mol) 

2173 

40-50 

nm 

  

1/1 aTm oC 

E
ith

er S
U

V
 o

r M
u

ltip
le p

ea
k

s 

  

21.8

/23.

6 

21.5/

23.5 

21.4 21.6 

       P
recip

ita
ted

 

   

21.5 21.5 

 bHm 

(cal/mol) 

449

8 

2861 2801 2563 2034 2466 

 aTc 
oC 21.7

/23.

8 

21.4/

23.8 

21.3 21.5 21.8 21.5 

 bHc 

(cal/mol) 

482

4 

2808 2675 2491 2332 2499 
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Table 4.5 (Continued) 

  Stable Suspensions 

  Water 0.05 

mM 

NaCl 

0.1 

mM 

Na

Cl 

0.5 mM 

NaCl 

0.75 

mM

NaCl 

1.0 mM 

NaCl 

5 mM 

NaCl 

PBS 

100 

mM 

NaC

l 

Average 

20-30 

nm 

1/1 

aTm oC  22.7/

23.5 

22.4

/23.

6 

22.5 22.5  22.3 22.4 

 bHm 

(cal/mol) 

4299 401

8 

2416 2477 245

8 

2450 

 aTc 
oC 23.8/

22.5 

22.4

/23.

9 

22.2 22.1 21.8 22.0 

 bHc 

(cal/mol) 

4634 422

3 

2644 2749 252

6 

2640 

10-20 

nm 

 

                         T
w

o
 p

ea
k

s 

   

   

1/1 aTm oC 19.2/

23.8 

22.5d 

22.7 22.6 

 bHm 

(cal/mol) 

2550 

2588

d 

241

7 

2503 

 aTc 
oC 19.1/

23.2 

21.6d 

21.6 21.6 
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Table 4.5 (Continued) 

  Stable Suspensions 

  Water 0.05 

mM 

NaCl 

0.1 

mM 

NaCl 

0.5 mM 

NaCl 

0.75 

mM

NaCl 

1.0 mM 

NaCl 

5 mM 

NaCl 

PBS 

100 

mM 

NaC

l 

Average 

4-5 

nm 

aTm oC  24.2 24.3 23.4/23.9 23.4  23.9 23.6 

 bHm 

(cal/mol) 

5213 4986 3719 2972 238

9 

2680 

 aTc 
oC 24.1 24.1 23.4/24.1 23.4 22.9 23.2 

 bHc 

(cal/mol) 

5083 4946 3719 2902 289

8 

2900 

a ± 0.2 oC; b± 150 cal/mol; 

Color coding: 

MLV or SUV peaks 

SLB peaks; caverage of single peaks; dafter 10 hours of incubation, both at RT and at 50 oC. 
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Table 4.6.  Time dependent DSC measurements of DMPC MLVs and SUVs in 0.75mM 

NaCl incubated at different temperatures 

Temperature 

of incubation 

DMPC Liposomes 
Tm

 

o
C 

ΔHm
 

(cal/mol) 

Tc
 

o
C

 

ΔHc 

(cal/mol) 

 

 

 

4
o
C 

MLVs 23.4 5972.9 23.8 5986.3 

SUVs immediately 

after  

extrusion 

24.0 5675.3 24.1 5643.6 

SUVs  after 6 hr 24.0 5679.4 24.1 5656.9 

SUVs  after 12 hr 24.0 5686.7 24.1 5689.5 

SUVs  after 1 day 24.0 5694.8 24.1 5692.7 

SUVs  after 2 days 24.0 5723.7 24.1 5701.8 

 

20
o
C (RT) 

MLVs 23.4 6102.2 23.8 6054.9 

SUVs  immediately 

after Extrusion 

24.0 5743.4 24.1 5643.6 

SUVs  after 3 days 24.0 5750.7 24.1 5701.4 

 

 

 

40
o
C 

MLVs 23.4 5972.9 23.8 5986.3 

SUVs immediately 

after extrusion 

24.0 5675.3 24.1 5643.6 

SUVs  after 6 hr 24.0 5677.4 24.1 5655.6 

SUVs  after 12 hr 24.0 5676.9 24.1 5674.7 

SUVs  after 1 day 24.0 5681.9 24.1 5682.3 

SUVs after 2 days 24.0 5680.5 24.1 5698.9 
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 Table 4.7. Calorimetric data for DMPC/4-6 nm SiO2 nanobeads in 0.75 mM NaCl 

as a function of SADMPC/SASiO2 

SADMPC/SASiO2 
Tm

a 

o
C 

ΔHm
b 

cal/mol 

Tc
a 

o
C

 

ΔHc
b 

cal/mol 

0.5/1 24.1 1983 24.0 1966 

1/1 24.3 2968 23.8 2637 

1.5/1 23.9 3637 24.2 3290 

2/1 24.0 4218 24.1 4018 

1/0  SUVs 23.3 5563 23.5 5084 

a 
 ± 0.2 

o
C; 

b
 ± 150 cal/mol 
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4.4       Discussion 

In the current work, formation and colloidal stability of DMPC bilayers on silica 

nanobeads was investigated as a function of nanoparticle size, ionic strength, and ratio 

of surface area of lipid to surface area of bead (SAlipid/SASiO2), and to a lesser extent 

time, for silica (SiO2) nanobeads ranging in size from 5 to 100 nm, using ca. 100 nm 

SUVs. 

Formation of SLBs was found to be time dependent for ionic strengths  0.75 

mM NaCl, with effects noted over periods of hours, not minutes, and with slower 

formation of SLBs for the smaller nanoparticle sizes. Similar kinetic trends have 

Table 4.8. Time dependent DLS and measurements of DMPC SUVs in 

0.75mM NaCl at RT 

DMPC SUVs 

 

z-average 

size 

(nm) 

volume % 

 



(mV) 

% 

Immediately 106.1 100 0.082 100 

after 6 hr 106.2 100 0.083 100 

after 12 hr 106.7 100 0.074 100 

after 24 hr 106.5 100 0.085 100 

after 48 hr 106.6 100 0.094 100 

after 3 days 106.4 100 0.088 100 
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previously been observed in the formation of SLBs from 30 and 100 nm SUVs of 1 

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) onto pitted surfaces of 110 

and 190 nm diameter, with slower kinetics for the smaller SUVs.
27

 However, in the 

current work, at ionic strengths > 0.75 mM, immediate fusion and precipitation 

occurred for all nanoparticle sizes. While the process of vesicle fusion has been 

extensively investigated for planar surfaces, 
28

 which proceed either by a fast, two-step 

or a slow, one-step mechanism, 
29-31

 and depends on lipid and salt type concentration, 
32 

the mechanism for lipid fusion onto nanobeads is not known, although for 100 nm SiO2 

and ca. 50 nm SUVs the two-step process was observed by cryo-transmission electron 

microscopy (cryo-TEM).
12

 

As observed for planar surfaces, increased ionic strength favored fusion and 

formation of SLBs, 
33

 but SLB formation was shown here to also be a function of 

nanoparticle size. In the absence of salt, at a 1/1 SAlipid/SASiO2 ratio, only partial lipid 

fusion (in the case of the 100 nm SiO2) or no fusion (for all other sizes) occurred as 

assessed by the appearance of both SLB/SUV thermal transitions for the former and 

only a SUV transition for the latter in the nano-DSC data, and multiple peaks in the 

DLS data. In the presence of salt (NaCl), DMPC bilayers were more easily formed on 

larger size nanobeads, when compared at comparable incubation times (1 h at 50 
o
C). 

As the ionic strength increased from 0.1 to 0.75 mM NaCl, complete DMPC bilayers 

were formed on successively smaller size nanobeads, but longer times were required as 

the nanoparticle size decreased. The DMPC/SiO2 composite systems (1/1) remained 

suspended for ionic strengths e 0.75 mM NaCl. 
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At 0.75 mM NaCl and at 1/1 SADMPC/SASiO2 coverage, nanobeads remained 

suspended and fusion occurred. Dynamic light scattering data for SiO2 from10-20 to 

100 nm showed single particle diffusion with diameters increased by ca. 8 nm 

compared with the isolated nanobeads, in excellent agreement with reported 4 nm 

dimensions of DMPC bilayers and cryo-TEM images of lipids forming single bilayers 

on 100 nm silica nanoparticles. The zeta potentials of these suspended DMPC/SiO2 

supported Lipid bilayers decreased with respect to the bare SiO2, demonstrating that the 

zwitterionic DMPC (with zero zeta potential) shielded the negative charge of the SiO2. 

The change in zeta potential with adsorbed bilayers of DMPC onto SiO2 was 

comparable to values previously reported for egg PC (ξ = 0) onto fumed silica (ξ = -45 

±3), giving silica/PC vesicles (ξ = -18±3).
34

 By contrast, for the 4-6 nm SiO2, 

aggregates of ca. 150 and 5000 nm were formed, and the zeta potential was actually 

slightly higher than that of the bare SiO2, suggesting that associations were formed in 

which the nanobeads were on the exterior. At higher ionic strengths (>0.75 mM), fusion 

occurred for all nanobeads but was accompanied by immediate precipitation. 

Two factors can affect the ability of DMPC to fuse onto SiO2 nanobeads, at 

constant ionic strength, namely, the charge density and curvature of the SiO2. The zeta 

potentials of the SiO2 nanoparticles become more positive with decreasing size, 

suggesting that the underlying charge density decreases. However, this effect is less 

pronounced if the smaller nanobeads are analyzed using the Huckel approximation. In 

the case of zwitterionic lipids adsorbed to functionalized alkane thiols on gold, a critical 

charge density of COO- groups (0.03/nm
2
) was found necessary for rupture and fusion 

of the vesicles.
32

 A model was proposed in which there was a charge-dipole interaction 
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between the negatively charged surface and the positively charged choline portion of 

the lipid head group, inducing surface tension and rupture. However, isolated and total 

silanol groups on SiO2, in the range of 1 and 5 SiOH/nm
2
, 

2,35
 are both well above the 

range suggested for rupture. Thus, the lower charge density of the smaller size 

nanobeads, if it exists, should not have much impact on their ability to rupture the 

incoming vesicles. The second factor, namely, particle curvature, affects the area of 

contact between the SUVs and nanoparticles and the ability of the lipid to pack on the 

nanobeads as their size decreases while still maintaining good hydrophobic interactions 

between the alkane tails of the lipid. The chains interdigitated to compensate for the 

free volume increase that would occur with increasing curvature if the lipids packed in 

the normal lamellar bilayer form, since there is closer chain packing in the 

interdigitated compared with the normal lamellar lipid bilayers. The average increase in 

both ΔHm and ΔHc (Table 4.5) for the SLB as the particle size decreases suggests that 

interdigitation increases with increased particle curvature. 

The ionic strength trends reported here are in agreement with previous work on 

phosphotidylcholine (PC) adsorption onto Aerosil OX50 fumed silica (50 nm primary 

particle sizes), where increased ionic strength increased the affinity between PC 

vesicles and silica particles. At low ionic strength, ca. below 10mM, there was low 

affinity of PC for the fumed silica, with no bilayer formation and only adherent 

vesicles.
31,36

 At ionic strengths at and above 10 mM (and at both pH 6.3 and 7.4), high 

affinity adsorption isotherms for (egg) PC on fumed silica (OX50) were observed, 

consistent with supported bilayer formation. Increased ionic strength as well as divalent 

compared with monovalent cations
33

 have been extensively reported to promote bilayer 
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formation in the case of zwitterionic lipids,
4,34

 in a range of 115-300 mM 
37

 or lower 
38

 

salt concentrations of NaCl. One model to explain these effects is that small, low 

polarizable cations with small hydration shells bind to the phosphate head groups, 

converting them from dipoles to positive monopoles, which therefore interact with the 

negative surface charge of silica.
33

 Salt was also suggested to increase the surface 

charge density of the silica as the result of increased deprotonation of silanol groups.
39

 

A comparison of the zeta potentials for stable suspensions of nanobeads 

(SADMPC/SASiO2=1) suggests that, for the 10-20 to 100 nm SiO2, DMPC and NaCl 

shield the charge of the nanobeads. Zeta potentials become more positive (closer to 

zero) for the 100 nm SiO2 as the ionic strength increases from 0.05 mM NaCl (-

29.8mV) to 0.75mM (-22.4mV), and for the 40-50nm SiO2 as the ionic strength 

increases from 0.1 mM NaCl (-16.2 mV) to 0.75mM NaCl (-13.3mV). It was not 

possible to observe trends for the other nanoparticle sizes, since fusion to forma SLB 

without excess SUVs only occurred at 0.75 mM NaCl for these sizes. At 0.75 mM 

NaCl, the zeta potentials are more positive (closer to zero) as the particle size 

decreases. The data suggest that as the ionic strength increases, the repulsive forces are 

insufficient to keep the suspensions stable, and further that smaller particles require 

smaller repulsive forces for their suspension. 

By comparison, ξ values of the SLBs (1/1 SADMPC/SASiO2 ratio) of the 4-6 nm 

nanobeads measured in 0.75mM NaCl and in water were very close to ξ values of the 

nanobeads themselves, suggesting that the SiO2 nanobeads were on the exterior of the 

aggregates observed by DLS, where there were two populations of ca. 150 and 5000 

nm. When SADMPC/SASiO2 was varied between 2/1 and 0.5/1, at 0.75 mM NaCl (Table 
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4.3), two populations of these aggregates were always observed. It is possible that the 

150 nm population were zwitterionic SUVs (ca. 110 nm) surrounded by a ―halo‖ of 

small charged nanobeads, as has been suggested theoretically as a model for colloidal 

stabilization 
40,41 

and used to explain the stabilization of large diameter (570 or 1180 

nm), neutral SiO2 microspheres by small (6 nm) highly positively charged zirconia 

nanobeads 
42

 and for 100-400 nm 1,2- dilauroyl- sn-glycero-3-phosphocholine (DLPC) 

vesicles by 20 nm negatively charged carboxyl modified polystyrene spheres.
43

 While 

some facts about the 4-6 nm SiO2/DPMC nanosystems are known, namely that there is 

fusion of the SUVs and nanobeads to form SLBs, there is aggregation, and the 

nanobeads appear to be on the exterior; the actual architecture of 4-6 nm SiO2/DMPC is 

not currently known and is under investigation. 

 

4.5       Conclusion 

In the current work, formation and colloidal stability of DMPC bilayers on silica 

nanobeads was investigated as a function of nanoparticle size, ionic strength, and ratio 

of surface area of lipid to surface area of bead (SAlipid/SASiO2) for silica (SiO2) 

nanobeads ranging in size from 5 to 100 nm. Nanobeads in the size range between 10-

20 and 100 nm behaved similarly. In particular, SLBs formed more easily, with shorter 

formation times and with decreasing ionic strength on these SiO2 as the nanoparticle 

size increased. At SAlipid/SASiO2 = 1/1 and in 0.75 mM NaCl, stable SLBs in which the 

size increased by ca. 8 nm compared with the bare SiO2 could be formed. The increase 

was consistent with a single bilayer of DMPC surrounding each nanoparticle. The 

zwitterionic DMPC in these cases shielded the negative charges on the SiO2, and the 
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zeta potentials of the SiO2 became more positive. At ionic strengths > 0.75mMNaCl, 

precipitation of the SLBs occurred due to charge shielding. 

 The 4-6 nm SiO2 behaved differently. In this case, the dimensions of the SiO2 

and that of the DMPC were comparable. Although it was difficult to separate the nano-

DSC signature of the SLBs and SUVs since they were close in temperature, the low 

ΔH values compared with SUVs indicated that the small nanobeads fused with the 

SUVs to form SLBs. In addition, at SAlipid/ SASiO2 = 1/1 and in 0.75 mM NaCl, large 

aggregates of ca. 150 and 5000 nm were observed by DLS, which had zeta potentials 

almost identical to the zeta potential of the bare SiO2, suggesting that the SiO2 was on 

the exterior of the aggregates.  
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CHAPTER 5 

STABILIZATION OF SOFT LIPID COLLOIDS: COMPETING 

EFFECTS OF NANOPARTICLE DECORATION AND 

SUPPORTED LIPID BILAYER FORMATION 

 

Stabilization against fusion of zwitterionic lipid small unilamellar vesicles 

(SUVs) by charged nanoparticles is essential to prevent premature inactivation and 

cargo unloading. In the present work, we examined the stabilization of DMPC and 

DPPC SUVs by monolithic silica (SiO2) nanoparticle envelopment, for SiO2 with 4-6, 

10-20, 20-30, and 40-50 nm nominal diameters. We found that for these soft colloids 

stabilization is critically dependent on whether fusion occurs between the charged 

nanoparticles and neutral SUVs to form supported lipid bilayers (SLBs), or whether the 

reverse occurs, namely, nanoparticle decoration of the SUVs. While SLB formation is 

accompanied by precipitation, nanoparticle decoration results in long-term stabilization 

of the SUVs. The fate of the nanosystem depends on the size of the nanoparticles and 

on the ionic strength of the medium. We found that, in the case of highly charged SiO2 

nanoparticles in water, there is no SUV fusion to SiO2 for a specific range of 

nanoparticle sizes. Instead, the negatively charged SiO2 nanoparticles surround the 

uncharged SUVs, resulting in electrostatic repulsion between the decorated SUVs, thus 

preventing their aggregation and precipitation. Addition of millimolar amounts of NaCl 

results in rapid SLB formation and precipitation. This study has great potential impact 

toward better understanding the interaction of nanoparticles with biological membranes 

and the factors affecting their use as drug carriers or sensors. 
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5.1       Introduction 

Supramolecular assemblies formed by lipids, especially curved lipid bilayers, 

are the structures of choice in nature for isolation of life processes and components and 

for regulating traffic/transport of biomolecules across these boundaries. Artificial 

phospholipid vesicles formed by mechanical means such as extrusion or sonication; 

small unilamellar vesicles (SUVs) and large unilamellar vesicles (LUVs); have the 

potential to be surrogates for cell membranes and can be used to transport drugs in vivo 

for various therapeutic applications. However, vesicles are often metastable and 

aggregate and fuse over a period of hours to days.
1, 2

 The fusion process is undesirable 

in many cases where the contents need to remain encapsulated in the interior 

compartment of the vesicles. When SUVs or LUVs are incubated with planar inorganic 

surfaces or nanoparticles such as silica (SiO2), similar undesirable cargo leakage/ 

inactivation can occur due to the fusion process of the SUVs to form supported lipid 

bilayers (SLBs). On the other hand, SUVs containing hydrophobic drugs and 

membrane proteins in the hydrophobic lipid core, or hydrophilic materials near the 

polar lipid head groups, can be deposited as supported lipid bilayers (SLBs), which can 

form the basis of nanodevices.
3
 However, the stability in time

4,5 
of nanodevices based 

on nanoparticle suspensions constitutes a limiting factor of these technologies. 

The fusion process between SUVs and surfaces (both planar and spherical) has 

been investigated in detail and shown to depend on factors such as the charge density of 

the support,
 6

 the charge of the lipids, and the ionic strength of the medium.
7
 It is well-

documented that salt promotes the formation of SLBs.
8, 9 

However, on nanoparticles, 

the addition of salt required for SLB formation is often accompanied by aggregation/ 
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precipitation of the SLBs.
10,11

 The necessity of colloidal stabilization of SUVs and 

SLBs for their use in drug/gene delivery, in other applications where encapsulation and 

transport of drugs and enzymes is required, and for the investigation of membrane 

proteins and processes
12

 has motivated research in this area. In the case of nanoparticle-

stabilized 1, 2-dilauroyl-sn-glycero- 3-phosphocholine (DLPC) vesicles, the vesicle 

outer surface was still available for bio-functionalization.
13

 For both SUVs and SLBs, 

stabilization of the suspensions is enhanced by increasing repulsive interactions (steric 

or electrostatic) between the nanoparticles. In the case of SUVs, chemical stabilization 

methods, such as polymerization of lipid heads or tails, can decrease SUV fusion 

through decreased mobility of the oligomers compared with the lipid monomers and 

thus increase stability, although not indefinitely.
14

 

In distilled water and at low ionic strength, suspensions composed of both 

zwitterionic SUVs and nanoparticles have been found to be stable.
11

 This may partially 

be due to the absence of fusion between the SUVs and silica surface, as found 

experimentally on planar
15

 or nanoparticle
11

 silica. When zwitterionic SUVs do not 

form SLBs on nanoparticles in suspension, we can consider the possibility that the 

reverse can occur, namely, that the nanoparticles can surround the lipid SUVs. It has 

been suggested that this is due to the electrostatic attraction of the negatively charged 

nanoparticles with the positively charged N

 of the P

-
 -N

+
 (phosphorus-nitrogen) dipole 

of the PC head group, which orients the P
- 
-N

+
 dipole perpendicular to the membrane 

surface; this mechanism is supported by the weaker interactions of cationic 

nanoparticles with PC lipids, due to repulsion between the N
+
 and positively charged 

nanoparticle surface.
16
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Stabilization of colloids through a mechanism of nanoparticle envelopment has 

previously been observed in nanoparticle ―halos‖
17,18 

and Pickering emulsions.
19

 The 

process of nanoparticle ―haloing‖
17,18

 has been used to explain the stabilization of 

―hard‖ colloids, where all particles are solids. In this case, charged nanoparticles 

surround neutral micrometer-size spheres, decreasing vanderwaals attractions between 

the microspheres.
20

 Stabilization by nanoparticle haloing has been observed for large 

diameter (570 or 1180 nm), neutral SiO2 (at pH=1.5, below the pKa of SiO2) 

microspheres by small (6 nm diameter) highly positively charged zirconia 

nanoparticles,
 20

 and the similar stabilization of 500 nm silica spheres by charged 20 nm 

polystyrene latex spheres.
21

 

―Soft‖ colloids, typically liquid/liquid or gas/liquid emulsions, can be stabilized 

if nanoparticles, which are preferentially wet by the continuous phase, are added to a 

two phase system. In these ―Pickering‖ emulsions, 
19

 the nanoparticles adsorb at the 

interface between the two phases, preventing coalescence of the dispersed droplets. 

Amphiphilic Janus particles, 
22

 in which one-half of the sphere is hydrophilic and the 

other half is hydrophobic, have more recently been proposed to stabilize emulsions.
23

 

Of particular interest to the current investigation is the stabilization against fusion (for 

up to 50 days) of phosphatidylcholine (PC) SUVs with adsorbed anionic 20 nm 

carboxy-modified polystyrene latex spheres in phosphate buffered saline (PBS).
24,25 

Cationic aliphatic amidine PS latex spheres (20 nm) were even better at stabilization 

since they bound more weakly to the P
- 

-N
+
 (phosphorus-nitrogen: N

+
 toward water) 

dipole of PC, thus avoiding bridging of adjacent particles.
26,27

 

 



176 

 

In the current investigation, we examined the stabilization of zwitterionic lipid 

SUVs by charged monolithic SiO2 nanoparticles. In particular, we evaluated the 

competitive processes of nanoparticle envelopment of the SUVs by the SiO2 or, 

alternatively, the formation of supported lipid bilayers on the SiO2. The stabilization of 

SUVs was investigated in deionized water using negatively charged silica nanoparticles 

with nominal diameters of 4-6, 10-20, 20-30, 40-50, and 100 nm and neutral 

zwitterionic SUVs of 1,2-dimyristoyl-sn-glycero- 3-phosphocholine (DMPC) or 1,2-

dipalmitoyl-sn glycero- 3-phosphocholine (DPPC) with nominal 50, 100, and 200 nm 

diameters. We examined the impact of several factors that influenced these two 

competitive processes; the nature and ratio of the components, the ionic strength of the 

medium, the nanoparticle size, and thus the intrinsic curvature of the support. Addition 

of only millimolar quantities of NaCl resulted in immediate precipitation. 
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5.2        Experimental Methods 

 5.2.1    Preparation of Suspensions.  

Appropriate amounts of lipid were dissolved in chloroform. Dry lipid films 

were formed after evaporation of the CHCl3 solutions under a stream of nitrogen and 

then in a vacuum oven overnight to remove any residual solvent. The lipid film was 

subsequently redispersed in water and incubated at temperatures (40-60 
o
C) above the 

Tm values of the DMPC and DPPC, for a minimum of 2 h with periodic shaking to 

form hydrated multilamellar vesicles (MLVs). Small unimolecular vesicles (SUVs) 

were obtained from MLVs by subjecting them to five freeze/thaw cycles followed by 

extrusion using polycarbonate filters with 50, 100, and 200 nm pores. Approximately 1 

mL of a 5-10 mg/mL lipid solution was passed back and forth for up to 50 times. 

Although a clear solution was obtained after 20 passes, the vesicles became more mono 

disperse as the number of passes increased. Assuming no loss of lipid during the 

extrusion process, we added additional water or salt solution to the extrusion product to 

yield vesicle solutions of 2 mg/mL lipid.  

The vesicles and nanobeads were mixed and incubated above the Tm (24 
o
C for 

DMPC and 41 
o
C for DPPC) for 1 h and then kept at RT. The relative amount of lipid 

and SiO2 is reported as the number of SiO2 nanoparticles compared with the number of 

SUVs (#SiO2/#SUVs), based on diameters (DSiO2 = 2RSiO2 or DSUV = 2RSUV) 

determined from DLS data; the formula and calculations are given in Tables 5.2, 5.3 

and 5.4. Alternatively, the amount of lipid required to achieve single bilayer coverage 

was calculated using the surface area occupied by the lipid head group (0.59 nm
2
 for 

DMPC and 0.63 nm
2
 for DPPC

48
) and the total surface area of the nanoparticles, with 



178 

 

the assumption that the latter was a planar surface (this implies that the head groups 

pack as they would on a planar surface, but that the tails splay) and using a value for the 

density of 2.4 g/cm
3
. The amount of lipid required for single bilayer coverage of the 

nanoparticles is achieved when the surface area of the SUVs (SASUV) was equal to the 

surface area of the SiO2 (SASiO2), SASUV/SASiO2 = 1, with other amounts given as 

fractions or multiples of bilayer coverage. This information is presented in detail in 

Tables 5.2, 5.3 and 5.4. Size ratios η = RSUV/RSiO2 = 2.2 to 16 and mole fractions 

SiO2/(SiO2 + SUVs) between 0.705 to 1 and 0.992 to 1 were used for the DLS and zeta 

potential measurements for the nominal 50, 100, and 200 nm DMPC SUVs. The 

volume fractions (φ) of the suspensions were φ ≈ 4×10
-4

 to 4 × 10
-3

 for nanoparticles 

and φ ≈ 2 × 10
-5

 to 3 ×10
-2

 for SUVs. 
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Table 5.1. Diameters and Zeta Potentials of SiO2 Nanoparticles and DMPC SUVs 

 Nominal 

Size (nm) 

Diameter 

(DLS) 

Z-Average 

(nm) 

Diameter (DLS) 

Volume-Average 

(nm) 

Zeta Potential (mV) 

SiO2     

 4-6 5.3 ± 1.6 11.7 ± 1.0 -23.0± 1.6
a
,    -33.5

b
 

 10-20 12.6 ± 1.8 17.2 ± 1.4 -27.9± 1.98
a
,
    

-39.0
b 

 20-30 20.3 ± 0.9 25.2 ± 0.8 -33.2± 1.26
a
,
    

-49.6
b 

 40-50 41.6 ± 1.1 47.3 ± 1.3 -40.5± 1.45
a
,
    

-57.3
b 

 100 102.0 ± 1.9 110.0 ± 1.3 -45.0± 1.96
a
,
     

-62.6
b 

SUVs 50 52 ± 2.69 56 ± 2.36 0.09 ± 0.3 

 100 96 ± 3.10 104 ± 3.58 0.60  ± 0.56 

 200 156 ± 2.98 178 ± 2.59 0.25 ± 1.21 

a
Schmulokowski approximation, in water 

b
at 0.05 mM NaCl,

 
corrected using f(a), see text for details 
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Table 5.2. Size and Zeta potential () of the nanosystem comprised of nominal 50 nm DMPC SUVs and 4-6 

nm (blue) or 10-20 nm (black) SiO2 nanoparticles, in water, as a function of SADMPC/SASiO2 . The SUVs were 

incubated with SiO2 nanoparticles at 40oC for 1 h and the resulting nanosystem was subsequently kept at 

RT. 

SADMPC/SASiO2 *#SiO2/ 

#SUVDMPC 

log (#SiO2/ 

#SUVDMPC) 

Diamete

r 

Z-

average  

(nm) 

Diameter  

by 

volume 

(nm) 

% 

By 

volume 

PDI DV 

(nm) 



(mV) 

1/0 

SUVs 

  52.3 

52.3 

56.4 

56.5 

100 

100 

0.945 

0.945 

 0.103 

0.075 

2/1 12  

5     

1.07 

0.69 

62.45 

72.7 

68.7 

75.5 

100 

100 

0.986 

0.974 

12 

19 

-15.7 

-7.6 

1/1 24  

10.6  

1.3 

1.02 

61.2 

70.23 

64.3 

71.6 

100 

100 

0.975 

0.985 

8 

15 

-16.9 

-13.6 

0.75/1 32  

14  

1.5 

1.14 

59.3 

66.1 

63.3 

68.7 

100 

100 

0.947 

0.966 

7 

12.2 

-17.8 

-23.1 

0.5/1 48  

21  

1.6 

1.3 

57.4 

63.9 

62.3 

67.8 

100 

100 

0.961 

0.971 

6 

11 

-19.2 

-28.2 

 

0.25/1 

95  

 

42  

 

1.9 

 

1.6 

54.9 

 

59.6 

59.1 

11.5 

62.1 

16.36 

97.5 

2.5 

91.5 

8.5 

0.948 

 

0.962 

3 

 

6 

-21.4 

 

-34.4 
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Table 5.2 (Continued) 

SADMPC/SASiO2 *#SiO2/ 

#SUVDMPC 

log (#SiO2/ 

#SUVDMPC 

Diameter 

Z-average  

(nm) 

Diameter  

by 

volume 

(nm) 

% 

By 

volume 

PDI DV 

(nm) 



(mV) 

 

0.1/1 

238  

 

106  

 

2.3 

 

2.0 

51.5 

 

56.79 

 

64.6 

12.4 

72.4 

13.25 

94.1 

5.9 

84.7 

15.3 

0.978 

 

0.968 

8 

 

16 

-22.76 

 

-35.6 

 

 

0.05/1 

476  

 

212  

 

2.6 

 

2.3 

45.8 

 

51.2 

 

63.2 

10.4 

80.6 

12.81 

87.66 

12.4 

72.8 

27.2 

0.967 

 

0.963 

7 

 

24 

-24.6 

 

-38.2 

 

 

0.005/1 

4760  

 

2120  

 

3.8 

 

3.3 

38.9 

 

41.65 

 

61.1 

11.2 

92.6 

55.6 

14.8 

76.6 

23.4 

39.3 

28.6 

32.1 

0.956 

 

0.958 

5 

 

36 

-27.7 

 

-40.7 

 

0/1   5.34 

12.6 

11.56 

17.34 

100 

100 

0.921 

0.936 

 -23.0 

-27.6 

*#SiO2/#SUVDMPC =  [(rSUV/rSiO2)
2]/(SASUV/SASiO2)  = 23.8/(SASUV/SASiO2)    4-6 nm 

                                                                                     = 10.6/(SASUV/SASiO2)    10-20 nm 
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Table 5.3. Size and Zeta potential () of the nanosystem comprised of nominal 100 nm DMPC SUVs 

and either 4-6 nm (blue), 10-20 nm (black), 20-30 Green, or 40-50 (brown) SiO2 nanoparticles, in water, as a 

function of SADMPC/SASiO2 . The SUVs were incubated with SiO2 nanoparticles at 40oC for 1 h and the 

resulting nanosystem was subsequently kept at RT. 

SADMPC/SASiO2 *#SiO2/ 

#SUVDMPC 

log (#SiO2/ 

#SUVDMPC 

Diameter 

Z-average  

(nm) 

Diameter  

by volume 

(nm) 

% 

by 

volume 

PDI DV 

nm 



(mV) 

 

1/0 

SUVs 

 

 

 95.4 

96.3 

96.3 

96.3 

103.6 

104 

104 

104 

100 

100 

100 

100 

0.936 

0.936 

0.936 

0.936 

 0.435 

0.766 

0.766 

0.766 

 

2/1 

35.8 

18.9 

8.2 

2.4 

1.5 

1.27 

0.9 

0.3 

102.3 

103.8 

104.7 

119.3 

109.6 

116 

228.8 

146 

100 

100 

100 

100 

0.932 

0.954 

0.936 

0.965 

6 

12 

124 

42 

-11.2 

-8.2 

-6.7 

-9.8 

 

1/1 

71.6 

37.7 

16.4 

4.7 

1.8 

1.57 

1.2 

0.6 

99.3 

101.2 

104.3 

117.4 

111.6 

124.7 

136.4 

143 

100 

100 

100 

100 

0.943 

0.957 

0.956 

0.985 

8 

21 

32 

39 

-12.4 

-18.7 

-14.7 

-16.2 

 

0.75/1 

95.4 

 

50.2 

 

21.8 

 

6.2 

1.9 

 

1.7 

 

1.33 

 

0.79 

97.4 

 

99.3 

 

104.5 

 

116.9 

 

114.7 

11.43 

127 

13.17 

132.8 

25.67 

148.6 

45.6 

97.7 

2.3 

98.3 

1.7 

96.9 

3.1 

97.9 

2.1 

0.943 

 

0.956 

 

0.974 

 

0.932 

 

11 

 

23 

 

29 

 

45 

-15.8 

 

-24.0 

 

-21.8 

 

-22.9 
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Table 5.3 (Continued) 

SADMPC/SASiO2 *#SiO2/ 

#SUVDMPC 

log (#SiO2/ 

#SUVDMPC 

Diameter 

Z-average  

(nm) 

Diameter  

by volume 

(nm) 

% 

by 

volume 

PDI DV 

nm 



(mV) 

 

0.5/1 

143.2 

 

75.4 

 

32.8 

 

9.4 

2.1 

 

1.8 

 

1.5 

 

0.97 

96.5 

 

99.7 

 

103.8 

 

116.3 

115.3 

12.34 

121 

16.3 

128.5 

25.2 

142.9 

44.3 

95.3 

4.7 

97.3 

2.7 

89.5 

10.5 

92.1 

7.9 

0.943 

 

0.953 

 

0.956 

 

0.974 

12 

 

17 

 

25 

 

39 

-18.7 

 

-29.3 

 

-27.1 

 

-28.2 

 

0.25/1 

286 

 

151 

 

 

65.6 

 

18.8 

2.4 

 

2.1 

 

 

1.8 

 

1.2 

95.4 

 

101.3 

 

 

103.6 

 

117.1 

112.6 

10.34 

125.9 

18.19 

10.23 

130.4 

25.3 

141.8 

39.3 

92.1 

7.9 

87.8 

9.9 

2.3 

82.7 

17.3 

89.4 

10.6 

0.983 

 

0.945 

 

 

0.946 

 

0.952 

9 

 

22 

 

 

26 

 

38 

-19. 

 

-35.8 

 

 

-32. 

 

-36.5 

 

 

0.1/1 

716 

 

377 

 

164 

 

47 

2.8 

 

2.5 

 

2.2 

 

1.6 

95.7 

 

98.4 

 

102.7 

 

116.4 

 

117.63 

14.7 

125.0 

17.02 

129.4 

33.2 

143.6 

39.6 

83.4 

16.6 

87.5 

12.5 

81.3 

18.7 

81.1 

18.9 

0.934 

 

0.956 

 

0.976 

 

0.953 

 

14 

 

21 

 

25 

 

40 

-21.6 

 

-39.9 

 

-37.5 

 

-40.4 

 



184 

 

Table 5.3 (Continued) 

SADMPC/SASiO2 *#SiO2/ 

#SUVDMPC 

log (#SiO2/ 

#SUVDMPC 

Diameter 

Z-average  

(nm) 

Diameter  

by volume 

(nm) 

% 

by 

volume 

PDI DV 

nm 



(mV) 

 

0.05/1 

1432 

 

754 

 

328 

 

94 

3.1 

 

2.8 

 

2.5 

 

1.9 

84.7 

 

93.8 

 

105.3 

 

115.8 

 

129.6 

14.65 

173.2 

19.5 

167 

32.3 

165 

44.3 

78.1 

21.9 

79.5 

20.5 

67.2 

32.8 

75.3 

24.7 

0.985 

 

0.965 

 

0.974 

 

0.945 

26 

 

69 

 

63 

 

61 

-27.9 

 

-45.0 

 

-42.4 

 

-43.5 

 

0.005/1 

14320 

 

7540 

 

3280 

 

940 

4.1 

 

3.8 

 

3.5 

 

2.97 

73.6 

 

82.5 

 

101.3 

 

111.6 

136.4 

12.4 

178.3 

15.64 

164.8 

31.0 

195.5 

42.6 

10.7 

44.7 

55.3 

54.7 

45.3 

43.6 

57.7 

43.8 

42.8 

13.4 

0.932 

 

0.941 

 

0.934 

 

0.931 

 

 

33 

 

74 

 

61 

 

92 

-34.1 

 

-46.0      

 

-42.8 

 

-46.5 

 

0/1 

  6.11 

12.79 

20.3 

41.6 

12.24 

16.94 

25.7 

47.8 

100 

100 

100 

100 

0.923 

0.932 

0.925 

0.933 

 -21.7 

-28.4 

-34.2 

-40.5 

*(#SiO2/#SUVDMPC)   =  [(rSUV/rSiO2)
2]/(SASUV/SASiO2)    = 71.6/(SASUV/SASiO2)    4-6 nm 

                                                                                           =  37.7/(SASUV/SASiO2)  10-20nm 

                                                                                           = 16.4/(SASUV/SASiO2)   20-30 nm 

                                                                                           = 4.7/(SASUV/SASiO2)     40-50 nm       
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Table 5.4. Size and Zeta potential () of the nanosystem comprised of nominal 200 nm DMPC SUVs and either 4-

6 nm (blue), 10-20 nm (black), 20-30 Green, or 40-50 (brown) SiO2 nanoparticles, in water, as a function of 

SADMPC/SASiO2 . The SUVs were incubated with SiO2 nanoparticles at 40oC for 1 h and the resulting nanosystem 

was subsequently kept at RT. 

SADMPC

/SASiO2 

*#SiO2/ 

#SUVDMPC 

log (#SiO2/ 

#SUVDMPC) 

Diameter 

Z-average  

(nm) 

Diameter  

by volume 

(nm) 

% 

by 

volume 

PDI DV 

(nm) 



(mV) 

 

1/0 

SUVs 

  152.5 

150.5 

156.0 

156.0 

181.4 

179.3 

178.3 

178.3 

100 

100 

100 

100 

0.945 

0.963 

0.956 

0.976 

 0.034 

0.67 

0.045 

0.045 

 

2/1 

131  

54  

26 

7  

2.11 

1.7 

1.4 

0.8 

141.5 

151.1 

161.2 

179.7 

188.4 

193.3 

207.8 

223.4 

100 

100 

100 

100 

0.967 

0.952 

0.953 

0.978 

7 

14 

30 

45 

-12.6 

-8.8 

-7.6 

-8.2 

 

1/1 

261 

108 

53 

15 

2.41 

2.03 

1.72 

1.17 

137.8 

149.0 

159.3 

177.4 

187.0 

198.4 

203.7 

219.4 

100 

100 

100 

100 

0964 

0.943 

0.974 

0.967 

6 

19 

25 

41 

-15.8 

-14.7 

-13.5 

-15.4 

 

0.75/1 

348 

 

144 

 

70 

 

19 

2.54 

 

2.15 

 

1.8 

 

1.2 

124.6 

 

147.1 

 

157.0 

 

175.4 

190.3 

13.22 

199.4 

32.21 

204.2 

25.77 

220.3 

45.6 

98.2 

1.8 

94.0 

6.0 

97.6 

2.4 

98.9 

1.1 

0.967 

 

0.942 

 

0.953 

 

0.956 

9 

 

20 

 

26 

 

42 

-17.7 

 

-23.1 

 

-25.6 

 

-24.5 
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Table 5.4 (Continued) 

SADMPC

/SASiO2 

*#SiO2/ 

#SUVDMPC 

log (#SiO2/ 

#SUVDMPC) 

Diameter 

Z-average  

(nm) 

Diameter  

by volume 

(nm) 

% 

by 

volume 

PDI DV 

(nm) 



(mV) 

 

0.5/1 

522 

 

216 

 

105 

 

29 

2.71 

 

2.43 

 

1.02 

 

1.4 

119.0 

 

141.2 

 

153.4 

 

172.2 

189.0 

12.45 

194.9 

32.29 

201.4 

35.2 

209.5 

42.1 

95.4 

4.6 

92.9 

7.1 

90.5 

9.5 

90.2 

9.8 

0.981 

 

0.967 

 

0.942 

 

0.984 

8 

 

15.6 

 

23 

 

31 

-19.2 

 

-27.1 

 

-30.1 

 

-29.5 

 

0.25/1 

1044 

 

432 

 

210 

 

58 

3.01 

 

2.63 

 

2.32 

 

1.76 

106.5 

 

131.4 

 

148.9 

 

170.4 

189.2 

11.34 

199.1 

30.30 

199.4 

28.3 

207.4 

45.6 

93.2 

6.8 

91.5 

8.5 

89.7 

10.3 

87.4 

12.6 

0.975 

 

0.957 

 

0.965 

 

0.967 

8 

 

19.8 

 

21 

 

29 

-21.6 

 

-35.0 

 

-34.2 

 

-36.4 
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Table 5.4 (Continued) 

SADMPC

/SASiO2 

*#SiO2/ 

#SUVDMPC 

log (#SiO2/ 

#SUVDMPC) 

Diameter 

Z-average  

(nm) 

Diameter  

by volume 

(nm) 

% 

by 

volume 

PDI DV 

(nm) 



(mV) 

 

0.1/1 

2610 

 

1080 

 

 

525 

 

146 

3.41 

 

3.03 

 

 

2.72 

 

2.16 

 

95.7 

 

104.3 

 

 

143.2 

 

167.3 

195.63 

15.6 

201.7 

31.18 

13.25 

198.4 

37.2 

216.6 

39.6 

89.4 

10.6 

84.7 

10.0 

5.3 

86.3 

13.7 

84.1 

15.9 

0.973 

 

0.947 

 

 

0.964 

 

0.957 

 

14 

 

22.4 

 

 

20 

 

38 

-24.6 

 

-36.2 

 

 

-36.5 

 

-39.8 

 

 

0.05/1 

5220 

 

2160 

 

 

1050 

 

292 

3.71 

 

3.33 

 

 

3.02 

 

2.4 

76.8 

 

96.20 

 

 

141.3 

 

165.3 

 

208.2 

11.65 

250.7 

46.07 

12.81 

238 

32.3 

232 

47.3 

81.1 

18.9 

72.8 

18.8 

8.4 

79.5 

20.5 

76.3 

23.7 

0.962 

 

0.956 

 

 

0.961 

 

0.966 

27 

 

71 

 

 

60 

 

54 

-29.9 

 

-39.6 

 

 

-37.4 

 

-41.3 
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Table 5.4 (Continued) 

 

 

 

 

 

SADMPC

/SASiO2 

*#SiO2/ 

#SUVDMPC 

log (#SiO2/ 

#SUVDMPC) 

Diameter 

Z-average  

(nm) 

Diameter  

by volume 

(nm) 

% 

by 

volume 

PDI DV 

(nm) 



(mV) 

 

0.005/1 

52200 

 

21600 

 

 

10500 

 

2920 

4.71 

 

4.33 

 

 

4.02 

 

3.4 

32.7 

 

39.88 

 

 

140.6 

 

160.3 

210.5 

13.6 

287.6 

53.84 

14.80 

245.8 

31.0 

262 

39.6 

12.7 

42.7 

57.3 

39.3 

30.6 

30.1 

42.3 

57.7 

54.2 

36.4 

9.4 

0.984 

 

0.956 

 

 

0.973 

 

0.953 

 

 

29 

 

108 

 

 

68 

 

84 

-32.1 

 

-42.8 

 

 

-40.2 

 

-43.8 

 

0/1 

  5.11 

12.78 

19.3 

38.6 

11.23 

17.24 

24.6 

46.7 

100 

100 

100 

100 

0.921 

0.932 

0.924 

0.922 

 -24.4 

-27.6 

-32.1 

-39.4 

*(#SiO2/#SUVDMPC)  =  [(rSUV/rSiO2)
2]/(SASUV/SASiO2)  = 261/(SASUV/SASiO2)     4-6 nm 

                                                                                         = 108/(SASUV/SASiO2)     10-20 nm 

                                                                                         = 52.5/(SASUV/SASiO2)    20-30 nm 

                                                                                         = 14.6/(SASUV/SASiO2)    40-50 nm 
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5.3       Analysis 

5.3.1    DLS and Zeta (ζ) Potentials. Dynamic light scattering 

(DLS) and zeta (ζ) potential measurements were obtained on a Malvern 

(Malvern Instruments Ltd. Malvern, U.K.) Zetasizer Nano-ZS at 25 
o
C, illuminating the 

sample with 633 nm wavelength radiation from a solid-state He-Ne laser and collecting 

the scattered light at an angle of 170
o
. The SiO2 nanoparticle suspensions were used as 

received without adjustment in the pH. Diameters are reported either as z or volume 

averages. Both z and volume averages were calculated based on nonlinear least-squares 

(NLLS) fits of the autocorrelation function with Malvern's Zetasizer Nano 4.2 software 

utilizing a version of the CONTIN algorithm.
28

 The resultant correlation function can 

be analyzed using two different algorithms. The first one (cumulants analysis, defined 

in ISO13321
28

) determines the mean decay rate and produces a mean diameter (z-

average diameter) and an estimate of the width of the distribution (the polydispersity 

index, PDI). The second approach is to fit a multi exponential to the correlation 

function in order to obtain a distribution of diffusion coefficients (and hence a 

distribution of particle sizes which are based upon the intensity of scattered light; the 

distribution is therefore an intensity particle size distribution (PSD). Conversion of the 

fundamental intensity PSD information into volume is performed using Mie theory. 

Zeta potential measurements were obtained in disposable capillary (DTS1060) or dip 

cells, where the applied voltage was 30 V/cm in the former and 3-5 V/cm in the latter 

case. The Smoluchowski approximation was used to convert mobilities into ζ potentials 

for the decorated SUVs. For the SiO2 nanoparticles, values of the ζ potential corrected 
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using f(κa) in 0.05 mM NaCl (κ 
-1

 is Debye screening length, a is particle radius), as 

described elsewhere,
30

 are also reported. 

 

5.3.2    Nanodifferential Scanning Calorimetry (Nano-DSC).  

Nanodifferential scanning calorimetry (nano-DSC) measurements were 

obtained on a TA Instruments (New Castle, DE) Nano DSC-6300. Samples were 

scanned at heating/cooling rates of 1
o
C/min, using 1-2 mg of total lipid in the analyzed 

samples (750 μL analyzed volume). 

 

5.3.3    TEM.  

TEM measurements were made on a FEI Technai 12T electron microscope with 

an operating voltage of 120 KeV. Samples were prepared with #SiO2/#SUVDMPC = 38/1 

and 150/1. In both cases, 2 μL of the suspensions (20 wt % SiO2) was placed on 

carbon-coated, type-A 300 mesh copper TEM grids (Ted Pella, Inc., Redding, CA), the 

excess water wicked away, and the grids air-dried for 10-15 min. Images were captured 

using a Gatan Dual Vision 300 (1k), side-entry cooled CCD camera. Image capture, 

processing, and analysis were performed with Gatan ―Digital Micrograph‖ software. 

5.4       Results 

5.4.1    Stability.  

Suspensions were prepared by incubating SiO2 nanoparticles with DMPC above 

their phase transition temperatures, Tm, in water for 1 h and then keeping them at room 

temperature (RT). Stability on the time scale of days to weeks was observed for 

suspensions of nominal 50, 100, and 200 nm DMPC SUVs and nominal 4-6, 10-20, 20-
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30, 40-50, and 100 nm nanoparticles, at #SiO2/#SUVDMPC ratios ranging from 2 to 

50000; longer times were not investigated. Addition of only millimolar quantities of 

NaCl resulted in immediate precipitation. 

Similarly, suspensions of SiO2 nanoparticles and DPPC SUVs in water were 

incubated above Tm for 1 h and subsequently kept at RT. In this case, stability was 

observed on the order of months for mixtures of nominal 50 nm DPPC SUVs and 

nominal 4-6, 40-50, and 100 nm SiO2 nanoparticles at #SiO2/#SUVDPPC ratios of 25, 

1.6, and 0.27, respectively. DPPC was chosen for the longer term stability studies since 

at RT the DPPC SUVs would be in the gel state, where fusion of SUVs to each other 

occurs more rapidly and, therefore, would more stringently test stability limits. These 

suspensions were kept for over a year at RT, without noticeable changes in their 

appearance for many months. After approximately 5 and 8 months, suspensions with 

100 nm and 40-50 nm SiO2, respectively, became unstable and 

aggregation/precipitation could be observed, but suspensions with 4-5 nm SiO2 were 

stable for at least a year. For similar preparations of only DPPC SUVs, aggregation/ 

precipitation occurred over a period of days. 

 

5.4.2    Dynamic Light Scattering.  

The diameters of the individual components (SiO2 nanoparticles and DMPC 

SUVs) were measured separately in water and analyzed using both z and volume 

percent averages and the results are summarized in Table 5.1. 

For the mixtures of SiO2 nanoparticles and DMPC SUVs, the z and volume 

average diameters (D) measured when the ratio of #SiO2/#SUVDMPC was increased 
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from 1 to ca. 50 000, for nominal 4-6 to 40-50 nm SiO2 and nominal 50, 100, and 200 

nm DMPC SUVs, are presented more fully in Tables 5.2, 5.3 and 5.4 for the nominal 

50, 100, and 200 nm DMPC SUVs, respectively). 

Analysis of the data from Tables 5.2, 5.3 and 5.4 indicates that at values of 

#SiO2/#SUVDMPC <100 (or greater depending on DSUV/DSiO2), the z-average size, which 

is weighted by the intensity of the scattering species and that in turn scales as the sixth 

power of the radius, is higher than the size of the neat DMPC SUVs. These results 

strongly suggest that the nanosystem is not a simple combination of DMPC SUVs and 

SiO2 nanoparticles since adding smaller particles to larger particles would decrease the 

z-average size. The z-average size does eventually decrease as #SiO2/#SUVDMPC 

increases: as more SiO2 nanoparticles are added, the z-average diameters decrease due 

to the large number of smaller scatterers. The value of #SiO2/#SUVDMPC at which the z-

average size begins to decrease is a function of DSUV/DSiO2, due to the r
6
 dependence of 

the scattering intensity on particle size. 

When the mixtures of SiO2 nanoparticles and DMPC SUVs are analyzed by 

volume, an algorithm
28

 corrects for differences in scattering power for materials of 

different size using Mie scattering theory. The neat SiO2 nanoparticles and DMPC 

SUVs always exhibit scattering from a single species (Table 5.1). In mixtures of SUVs 

and SiO2 nanoparticles at small values of #SiO2/#SUVDMPC (Tables 5.2, 5.3 and 5.4), 

there is also only a single scattering species, which however has a larger diameter 

(volume average) than the original DMPC SUVs. The insets in Figure 5.1 show 

examples of the DLS data for the 100 nm DMPC SUVs alone and the 100 nm SUVs 

incubated with nominal 4-6, 10-20, 20-30, and 40-50 nm SiO2 nanoparticles 
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Figure 5.1. ΔD
v
 = D

v
SUV+SiO2-D

v
SiO2 versus log (#SiO2/#SUVDMPC). D

v
SUV+SiO2 

corresponds to the diameter of the SiO2 decorated DMPC SUVs, and D
v
SiO2 

corresponds to the diameter of the SiO2 nanoparticles, both measured as the volume 

average by DLS. Values of ΔD
v
 are plotted for the nominal 4-6 and 10-20 nm SiO2 

from nominal 50, 100, and 200 nm SUVs. Values of ΔD
v
 are plotted for the nominal 

20-30 and 40-50 nm SiO2 from the nominal 100 and 200 nm SUVs. Arrows correspond 

to calculated values of #SiO2/#SUVDMPC where the silica would form a close-packed 

layer around the SUVs. Insets show typical (color-coded) DLS data for the 

nanoparticles, D
v
SiO2 (light line), and decorated D

v
SUV+SiO2 (dark line). 
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As #SiO2/#SUVDMPC increases, two scattering species can be clearly 

distinguished (see Tables 5.2, 5.3 and 5.4). The diameter of one of the scatterers 

corresponds to that of free, unassociated SiO2 nanoparticles, D
v
 SiO2, where the 

superscript v indicates that volume analysis was used. Values of D
v
 SiO2 (measured 

when two scattering species are present) agree well with the diameters by volume 

obtained when the nominal 4-6, 10-20, 20-30, and 40-50 nm SiO2 nanoparticles are 

measured alone (Table 5.1). The diameters, D
v
 SUV+SiO2, of the other scattering 

species are attributed to DMPC SUVs increased in size by the surrounding 

nanoparticles and will be referred to as ―decorated‖ SUVs (vide infra). The increase in 

diameter of the DMPC SUVs due to the associated SiO2 is ΔD
v
 = D

v
SUV+SiO2-D

v
SiO2. 

Plots of ΔD
v
 versus log (#SiO2/#SUVDMPC) are presented in Figure 5.1a-d for the 

individual 4-6, 10-20, 20-30, and 40-50 nm SiO2, in mixtures with nominal 50, 100, 

and 200nm DMPC SUVs, respectively. The graphs show that the diameter increase 

correlates directly with the nanoparticle size, independent of the size of the DMPC 

SUVs. At low values of #SiO2/#SUVDMPC, the size increase ΔD
v
 is approximately one 

nanoparticle diameter, namely, 8.6 ± 1.5, 17.5 ± 2.5, 28.2 ± 1.1, and 40.2 ± 0.4 nm for 

the nominal 4-5, 10-20, 20-30, and 40-50 nm SiO2, and agrees well with the values for 

the nanoparticles measured separately (see Table 5.1). As #SiO2/#SUVDMPC increases, 

ΔD
v
 approximately doubles in value. As discussed below (vide infra), we suggest that 

this occurs due to increased stiffening of the SUVs as more SiO2 nanoparticles adsorb 

to the lipid bilayer. 

The calculated ratios of #SiO2/#SUVDMPC at which the nanoparticles would 

form a geometrically close packed arrangement are indicated by arrows in the Figure 
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5.1a-d and are near but below where the doubling of ΔD
v
 is observed. This is expected 

since not all of the added SiO2 nanoparticles envelop the SUVs; SiO2 nanoparticles are 

also free in the suspension. 

When the DLS data are analyzed by volume, the percentage of the populations 

of the species is also indicated (Tables 5.2, 5.3 and 5.4). We postulate that when two 

species are present, the system is composed of the SiO2 nanoparticles themselves and 

the SiO2 decorated SUVs (vide infra). The percentages of both the SiO2 nanoparticles 

and SiO2 decorated SUVs are plotted as a function of log (#SiO2/#SUVDMPC) in Figure 

5.2 a-c for the nominal 50, 100, and 200 nm SUVs, respectively, mixed with 4-6, 10-

20, 20-30, and 40-50 nm SiO2 . At low # SiO2/#SUV values, only diameters 

corresponding to SiO2 decorated SUVs are observed. As # SiO2/ #SUVDMPC increases, 

both SiO2 nanoparticles and SiO2 decorated SUVs are detected, with the percentage of 

SiO2 decorated nanoparticles decreasing and that of the nanoparticles themselves 

increasing, as expected. Two populations are observed at slightly smaller 

#SiO2/#SUVDMPC for larger nanoparticles for each DMPC SUV size and for smaller 

DMPC SUVs at the same nanoparticle size since smaller numbers of nanoparticles of 

larger size are required to decorate a given size DMPC SUV. 
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Figure 5.2. Percent of nanoparticles and SiO2 decorated DMPC SUVs obtained from 

DLS volume averages for nominal: (a) 50 nm; (b) 100 nm; (c) 200 nm DMPC SUVs as 

a function of log (#SiO2/#SUVDMPC), in water. 
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5.4.3    Zeta Potential Measurements.  

The zeta potentials of the nanoparticles and SUVs are presented in Table 5.1. 

The zwitterionic DMPC SUVs have zeta potentials of around zero within experimental 

error. Although the isoelectric point of egg phosphatidylcholine (PC) is 4.13 
29 

suggesting that DMPC with the same zwitterionic headgroup would have a slightly 

negative charge at pH = 8; this does not seem to be the case here. The zeta potentials of 

the SiO2 nanoparticles themselves decrease with decreasing size.
30

 

For each DMPC SUV of nominal 50, 100, and 200 nm diameter, average zeta 

potential data are plotted as a function of #SiO2/#SUVDMPC in Figure 5.3. At small 

values of #SiO2/#SUVDMPC, low negative values of the zeta potential are observed for 

all DMPC SUVs, indicating that the SiO2 nanoparticles surround the neutral SUVs and 

move as a single species with lower charge density. With increasing #SiO2/#SUVDMPC, 

average zeta potentials increase and approach the zeta potentials of the pure 

nanoparticles. The Schmulokowski approximation was used in all cases since the DLS 

data indicated the existence of large complex species (decorated SUVs). For very large 

values of #SiO2/#SUVDMPC, where there is a large excess of nanoparticles, the zeta 

potential of the system is close to that of the SiO2 nanoparticles themselves (Table 5.1). 
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Figure 5.3. Average zeta potential data for suspensions of nominal (a) 50, (b) 100, and 

(c) 200 nm DMPC SUVs and 4-6, 10-20, 20-30, and 40-50 nm SiO2 nanoparticles in 

water as a function of log (#SiO2/#SUVDMPC). 
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5.4.4    TEM.  

For direct visualization of the structure of the nanosystem comprising SiO2 

nanoparticles and DMPC SUVs, we obtained TEM micrographs of the 10-20 nm SiO2 

and nominal 100 nm DMPC SUVs prepared in water for #SiO2/#SUVDMPC = 38/1 and 

150/1 (Figure 5.4). The stained lipids can be observed in the TEM images. For 

#SiO2/#SUVDMPC = 38/1, SiO2 nanoparticles can be observed around the SUVs and in 

the surrounding area. Further, the SUVs have oblate shapes. By contrast, for 

#SiO2/#SUVDMPC = 150/1 (a value for which the SiO2 would form a close-packed layer 

around the SUVs), there were more SiO2 nanoparticles surrounding the SUVs 

(approximately twice as many) as well as in the surrounding area, and the SUVs looked 

spherical. The dimensions of the SUVs are less than the nominal diameter of the 100 

nm SUVs. This can arise due to shrinkage of the SiO2 decorated SUVs on the TEM grid 

or because the image was captured for a decorated SUV at an off-diameter position. 
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Figure 5.4. (Top) Schematic of formation (left to right) of ―decorated‖ SUVs, when 

SUV diameter is unchanged, increased by ca. 1 or 2 right nanoparticle diameters; 

(bottom) TEM micrographs for nominal 10-20 nm SiO2 prepared with nominal 100 nm 

SUVs for #SiO2/#SUVDMPC = 38/1 (bottom left) and 150/1 (bottom right). 
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5.4.5    Nano-DSC.  

In order to gain more insight into the morphology and dynamics of systems 

comprised of DMPC SUVs and SiO2 nanoparticles of different sizes, nano-DSC scans 

were run after incubation at 40 
o
C for 1 h and kept at RT for up to 4 days. Nano-DSC 

traces can differentiate between SUVs and SLB since, for DMPC SLBs, the gel to 

liquid phase transition temperature is decreased by 2 
o
C compared with the SUVs.

10,11
 

Figure 5.5 shows nano-DSC thermograms of the original 100 nm SUVs and the 100 nm 

SUVs incubated with nominal 40-50 nm SiO2 in water at RT. All of the thermograms 

are identical to each other and clearly display no evidence of SLB formation. Only the 

gel to liquid crystal transitions indicative of SUVs were observed on both the heating 

(Tm) and cooling (Tc) cycles for DMPC suspensions of 50, 100, and 200 nm SUVs 

incubated in water (1 h at 40 
o
C) with the 4-6, 10-20, 20-30, and 40-50 nm SiO2 and 

kept at RT for ca. 4 days (the longest time investigated). By contrast, addition of 

millimolar amounts of NaCl resulted in SLB formation (Figure 5.5) and immediate 

precipitation 
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Figure 5.5. Nano-DSC thermograms of nominal 100 nm DMPC SUVs incubated with 

nominal 40-50 SiO2 (1 h/40 
o
C): stable suspensions of SUVs in water for 1 h or 3 days, 

and precipitated SLBs in 10 mM NaCl. 
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5.5       Discussion 

The colloidal stability of phospholipid vesicles is not adequately described 

using the Derjaguin-Landau- Verwey-Overbeek (DLVO) theory; in which only long 

range van der Waals attractions and electrostatic repulsion (double layer forces) are 

considered. Although at large distances (ca. 50 Å in water
31, 32

) DLVO theories are in 

good agreement with experiment,
 33, 34

 at smaller distances (ca. 1-2 nm), other short 

range repulsive forces exist between two approaching hydrophilic surfaces in water. 

These short-range interactions have been attributed to (i) hydration forces, that is, the 

energy needed to dehydrate interacting surfaces that contain ionic or polar species;
 35

 

(ii) thermal undulation;
36,37

 and (iii) protrusion
38

 forces. Colloidal stability is achieved 

when the combination of particle-particle interactions due to longer range screened 

electrostatic repulsive interactions, attractive intermediate range van der Waals 

interactions, and short-range (steric, solvation, undulation, protrusion) interactions is 

repulsive at all particle-particle separations or results in a repulsive energy barrier that 

is too high to cross due to thermal fluctuations and forces of gravitational origin on 

relevant time scales. 

In this work, a process of nanoparticle ―decoration‖ (in which SiO2 

nanoparticles surround SUVs) can be used to explain the remarkable colloidal stability 

of zwitterionic DMPC and DPPC SUVs over periods of months in the presence of 

negatively charged SiO2 nanoparticles. As discussed below, in general, this occurs 

when SUVs mixed with SiO2 nanoparticles does not fuse to the nanoparticles to form 

SLBs, and instead the nanoparticles surround and decorate the exterior of the SUVs. A 

theoretical model
17, 18 

of nanoparticle haloing of charged nanoparticles around larger 
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neutral microspheres has been used to explain the behavior of hard sphere colloids, and 

ideas from this model can be used to explain the present stabilization of soft colloids of 

neutral SUVs decorated with negatively charged nanoparticles. 

Nanoparticle-induced stabilization can arise from relatively weak van der Waals 

attraction between the colloid and the nanoparticles,
39

 but Monte Carlo simulations of 

halos indicate that a dramatic enhancement of the stabilization occurs for longer range 

colloid- nanoparticle attractions.
40

 It is well-known that in water the interaction 

between zwitterionic vesicles and silica is due to longer range electrostatic forces
15

 and 

results in adsorption, but not typically fusion, of the vesicles to the surface. In the 

current investigation, the relatively strong attraction between the DMPC and DPPC 

zwitterionic lipids and SiO2 in water was indicated by their partial fusion on larger 100 

nm nanoparticles.
11

 

We describe the association of the nanoparticles around the SUVs as 

―decorations‖ for two reasons. On the one hand, halos imply that a distance separates 

the SUV and nanoparticle surfaces, for which we have no experimental evidence. Halos 

have been observed for the zirconia/SiO2 system, where a distance of approximately 2 

and 2.3 nm was measured between the zirconia nanoparticles and micrometer-size SiO2 

spheres by ultra-small-angle X-ray scattering 
41

 and transition force measurements,
 42 

respectively. On the other hand, fusion does not occur between the DMPC SUVs and 

nanoparticles of nominal 4-6 to 40-50 nm diameter size in water, as evidenced by the 

lack of a SLB peak in the nano-DSC traces. However, the formation of DMPC SLBs on 

the larger 100 nm SiO2 in water as a function of time strongly indicates adsorption of 

the zwitterionic lipids on the SiO2, even in the absence of salt.
11

 Further, the TEM 
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traces, which show nanoparticle circles around the SUVs, suggest that the nanoparticles 

were adsorbed to the SUVs; it was this adsorption that might have held the 

nanoparticles as ordered spheres after evaporation of water from the TEM grids. 

The stability of the zwitterionic lipid SUVs and SiO2 nanoparticles in water is 

consistent with a process in which as the negatively charged SiO2 are added to the 

suspension they tend to minimize their nearest neighbor distances and segregate toward 

the neutral SUVs, shown schematically in Figure 5.4 top. The electrostatic repulsion 

between the charged nanoparticles surrounding the neutral SUVs is the most likely 

cause for the inability of the SUVs in water to aggregate. The processes involved as 

#SiO2/ #SUVDMPC increases and ordered ―decorations‖ around the SUVs are formed are 

believed to occur as follows: 

(i) At low #SiO2/#SUVDMPC, the charged SiO2 migrates toward the neutral SUVs. The 

single-ζ potential (which increases as more SiO2 is added) and size reflect the 

movement of a single species, namely, that consisting of the DMPC SUVs surrounded 

by increasing amounts of the charged SiO2 nanoparticles. In the case of neutral SiO2 

microspheres surrounded by zirconia nanoparticles, the approach of ζ to that of the 

estimated value of pure nanoparticles (~65 mV) was interpreted to show that the two 

species moved cooperatively together since the electrophoretic mobility of charged 

species is size independent.
20

 

(ii) Eventually, the charged SiO2 nanoparticles repel each other laterally, so that there is 

a limit to the number of SiO2 directly associated and moving with the DMPC SUVs. 

This ―open structure‖ was directly observed by TEM images. Halos are predicted to be 

in a non-close-packed arrangement at stabilization,
40

 and it has been shown by ultra-



206 

 

small-angle X-ray scattering that the lateral separation distance between nanoparticles 

with a halo greatly exceeded their characteristic size.
41

 This same charge repulsion 

between the SiO2 nanoparticle ―decorations‖ should also result in a non-close-packed 

arrangement around the SUVs. 

(iii) As #SiO2/#SUVDMPC increases, two diameters are measured by DLS, which reflect 

the two species present, namely, the DMPC SUVs surrounded by the SiO2 

nanoparticles and the isolated ―free‖ SiO2 nanoparticles themselves. Since the size of 

the SiO2 decorated SUVs initially increased by only a single nanoparticle diameter, we 

postulate that, at this stage, the DMPC SUVs were sufficiently mobile so that structures 

shown in Figure 5.4 top, as well as in the TEM images, are present. 

(iv) With further increase in #SiO2/#SUVDMPC, the size of the SiO2 decorated DMPC 

SUVs increases to a value corresponding to ca. 2 nanoparticle diameters. We postulate 

that the added SiO2 adsorbed to the DMPC SUVs stiffens the SUV bilayer, which 

results in the more spherical structures represented schematically in Figure 5.4 top and 

shown in the TEM images. In this case, the measured diameters of the SiO2 decorated 

SUVs now reflect the size expected if SiO2 of a particular size (4-6, 10-20, 20-30, 40 50 

nm) enveloped the SUVs (i.e., 2D SiO2). The ratio (#SiO2/#SUVDMPC) at which this 

change occurs increases with a decrease in SiO2 size, indicating, as might be expected, 

that a greater number of smaller SiO2 nanoparticles can be accommodated around the 

same number of SUVs (Figure 5.1). 

(v) Finally, #SiO2/#SUVDMPC becomes so large (the free, isolated SiO2 become so 

numerous) that the zeta potential has a value approximately that of the neat SiO2. 

However, two size species are still observed by DLS. This indicates that both of the 
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species, the free, isolated nanoparticles and the decorated SUVs have similar zeta 

potentials. 

Models of colloidal stabilization by haloing suggest that there will be phase 

separation at both low and high concentrations of the smaller particles in binary 

mixtures of spheres, and that this phase separation will depend on the relative size of 

the two size spheres. In the current investigation, although three regimes might be 

expected, namely, aggregation of the neutral spheres (DMPC SUVs) at low 

nanoparticle concentrations by van der Waals attractions, stabilization at intermediate 

concentrations by decoration, and aggregation at higher nanoparticle concentrations as 

the result of entropic
43,44 

repulsive
17,26 

depletion
45

 or bridging interactions,
21,40,46

 we 

observed only nanoparticle decoration. Unlike other systems reported in the literature, 

where the ―large‖ micrometer-size particles were neutral SiO2 and the small charged 

particles were nanometer size,
20

 we did not observed fast (<1 min) flocculation at either 

high or low volume fractions of the nanoparticles. 

The lack of aggregation on short time scales observed here, at any concentration 

of nanoparticles, may occur because these are soft colloids. Undulation/protrusion 

repulsive forces exist for the SUVs that result in effective short-range repulsions, which 

would not be expected for the hard silica microspheres. In addition, both the SUVs and 

SiO2 separately exhibit longer-term stability: the process of vesicle fusion for the SUVs 

that results in aggregation/precipitation can take days, and the SiO2 nanoparticles have 

been extensively dialyzed (as indicated by the manufacturer) so that aggregation can 

take months. Lastly, the volume fraction (φ) of nanoparticles used here was low (φ ≈ 4 

× 10-4 to 4 × 10-3). 
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For these soft colloids, fast aggregation/precipitation is associated principally 

with the formation of SLBs on the nanoparticles. The addition of even small amounts of 

salt (ionic strengths > 0.75 mM NaCl) to stable suspensions of 4-6 to 100 nm 

SiO2/DMPC SUVs triggers the formation of SLBs and their rapid flocculation/ 

precipitation.
11

 The precipitation is due to shielding of the electrostatic charge of the 

SiO2 by the lipids and salt and by suppression of undulatory/protrusion forces of lipids 

on solid substrates. Once the lipids fuse to the nanoparticles, the only force keeping the 

SLBs apart is their electrostatic repulsion, and the charge on the SiO2 is shielded by the 

zwitterionic lipids and the added salt, weakening this repulsive interaction. However, 

when excess SUVs are present, the undulatory/protrusion forces can be restored, and 

the SLBs resuspended.
30

 

Our observations are most closely related to those reported for the stabilization 

against fusion of 100-400 nm 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) by 20 

nm negatively charged carboxyl modified polystyrene (PS) spheres in PBS buffer.
24

 It 

is possible that, for this system, the DLPC cannot form SLBs around the negatively 

charged 20 nm carboxyl modified PS spheres. This may arise due to the small diameter 

of the nanoparticles since it has been shown that ca. 20 nm is the cut off for the 

formation of SLBs
11, 47 

and/or to the low charge density of the PS since zwitterionic 

lipids have been shown to form SLBs on both positively and negatively charged 

surfaces only when there is sufficient charge density (ca. > 80%).
6
 In this context, we 

note that SLB formation of DMPC onto SiO2 nanoparticles was shown to depend on 

both nanoparticle size and ionic strength. Higher ionic strengths were required for 

fusion of DMPC onto smaller diameter SiO2.
11
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5.6       Conclusion 

The stabilization of suspensions of negatively charged SiO2 nanoparticles of 4-6 

to 40 -50 nm nominal size and zwitterionic DMPC or DPPC small unilamellar vesicles 

(SUV) of nominal 50-200 nm diameter was found to depend on whether the SUVs 

fused to the SiO2 to form supported lipid bilayers (SLBs) or remained as separate SUVs 

and SiO2 nanoparticles. In water, there was no SLB formation for the 4-6 to 40-50 nm 

SiO2. In this case, stabilization of the suspensions occurred by a mechanism of 

nanoparticle decoration of the SUVs by the charged SiO2 nanoparticles. The negatively 

charged SiO2 surrounded the uncharged zwitterionic SUVs and resulted in electrostatic 

repulsion between the SiO2 decorated SUVs preventing their aggregation and 

precipitation. The persistence of SUVs was evidenced by nano-DSC thermograms that 

only showed gel-to liquid crystal transition temperatures (Tm) characteristic of SUVs. 

The formation of SiO2 envelopes around SUVs was directly visualized by TEM 

micrographs. DLS and zeta potential data indicated that, as # SiO2/ #SUVDMPC 

increased, the nanoparticles surrounded the DMPC SUVs and eventually two 

populations, one of SiO2 decorated SUVs and the other of free SiO2 nanoparticles, 

could be distinguished. The suspensions were stable over a large range of investigated 

compositions, from # SiO2/#SUVs = 1 to 50 000 and times of up to a year. The addition 

of even small amounts of salt (≥ 0.75 mM NaCl) caused rapid disruption of the SUVs, 

supported lipid bilayer formation, and concomitant aggregation/precipitation of the 

SLBs. This process can form the basis of a simple method of releasing the contents of 

the vesicles. The mechanisms discussed above may constitute a new way to stabilize 

vesicles and at the same time provide the experimental foundation for a new type of 
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imaging or delivery system. Further elucidation of the factors affecting stabilization or 

precipitation of SUVs and SLBs will help in understanding the interaction and fate of 

nanoparticles with cell membranes, with implications toward understanding 

nanoparticle toxicity and biodegradation, and the factors that can trigger physiological 

processes such as endocytosis. 
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CHAPTER 6 

SUPPORTED LIPID BILAYER NANOSYSTEMS: 

STABILIZATION BY UNDULATORY-PROTRUSION FORCES 

AND DESTABILIZATION BY LIPID BRIDGING 

 

Control of the stabilization/destabilization of supported lipid bilayers (SLBs) on 

nanoparticles is important for promotion of their organized assembly and for their use 

as delivery vehicles. At the same time, understanding the mechanism of these processes 

can yield insight into nanoparticle-cell interactions and nanoparticle toxicity. In this 

study, the suspension/precipitation process of zwitterionic lipid/SiO2 nanosystems was 

analyzed as a function of ionic strength and as a function of the ratio of lipid/ SiO2 

surface areas, at pH = 7.6. Salt is necessary to induce supported lipid bilayer (SLB) 

formation for zwitterionic lipids on silica (SiO2).
1
 However, for zwitterionic SLBs on 

SiO2 nanoparticles, addition of salt can cause precipitation of the SLBs, due to 

electrostatic shielding by both the lipid and the salt and to the suppression of thermal 

undulation/protrusion repulsive forces for lipids on solid surfaces. At ionic strengths 

that cause precipitation of SLBs, it was found that addition of excess SUVs, at ratios 

where there were equal populations of SUVs and SLBs, restored the undulation/ 

protrusion repulsive forces and restabilized the suspensions. SUVs separate SLBs in the 

suspension, as observed by TEM, and that SLB-SLB interactions are replaced by SLB-

SUV interactions. Decreasing the relative amount of lipid, to the extent that there was 

less lipid available than the amount required for complete bilayer coverage of the SiO2, 

resulted in precipitation of the nanosystem by a process of nanoparticle lipid bridging. 
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For this case, a process in which lipid bilayer patches on one nanoparticle collide with 

bare silica patches on another SiO2 nanoparticle, forming a single bilayer bridge 

between them is postulated. TEM data confirmed these findings, thus indicating that 

lipid bridges are composed of half bilayers on adjoining SiO2 nanoparticles. 

 

6.1       Introduction 

Supported lipid bilayers (SLBs) are often used as surrogates for biological 

membranes and have been investigated for a variety of biotechnological applications on 

planar substrates.
2
 The mechanism of SLB formation by vesicle fusion onto these 

substrates has been extensively investigated.
3,4

 In particular, for zwitterionic lipids on 

SiO2, the most commonly investigated substrate, there is much experimental evidence 

but no comprehensive theoretical model, indicating that salt is required to foster SLB 

formation.
1,5

 However, for SLBs on SiO2 nanoparticles, buffers and salt often result in 

nanosystem precipitation.
6
 Since biotechnological uses such as drug delivery

7
 are 

envisioned for SLBs on nanoparticles, it is important to understand the factors that 

stabilize the suspended nanosystem or cause aggregation of the nanoparticles. Aqueous 

stability is also critical when lipid bilayers are used as phase transfer agents for 

nanocrystals such as iron oxide and cadmium selenide quantum dots.
8
 Stability of SLB 

nanoparticles is frequently achieved by incorporation of pegylated lipids, which provide 

steric repulsion between the nanoparticles, 
9
 but which is not possible or desirable in 

every circumstance 

Alternatively, in materials research applications, the controlled aggregation of 

nanoparticles (NPs), which optimally will form ordered arrays, can be modulated by 
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surface chemistry. For example, functionalized gold nanoparticles were reversibly self 

assembled through complementary electrostatic interactions, using proteins that 

underwent conformational changes. The different mechanisms of NP self-assembly to 

form higher ordered superstructures with unique properties have recently been 

reviewed. The modulation of attractive colloidal interactions on silica particles with 

adsorbed lipids, and measurements of their pair interaction potentials, has shown that 

attractions between the spheres were not electrostatic in origin. 

The interaction of cell lipid membranes with nanoparticles is also important due 

to toxicity concerns,
 10, 11

 and in vitro methods to assess nanoparticle toxicity
12

 require 

knowledge of their diffusion, settling and agglomeration
13

 behavior in cell culture 

media as a function of the properties of both the media (e.g. density, viscosity, ionic 

strength) and nanoparticles (e.g. size, shape, density and charge), as has recently been 

reviewed.
14

 These parameters must be well understood and characterized since they can 

dramatically affect the effective dose actually delivered to the cells, 
14, 15

 and are 

important in development of testing methodologies. In the case of bare amorphous 

silica nanoparticles (10 to 500 nm diameters), particle surface area was shown to 

directly correlate with macrophage response.
16 

There is also interest in the mechanism(s) by which a wide variety of 

nanoparticles enter cells or disrupt cell membranes, such as by hole formation or 

membrane thinning,
17

 and this also involves understanding the details of 

nanoparticle/lipid interaction. There is evidence that an already lipid coated 

nanoparticle cannot be engulfed by or traverse another vesicle/membrane.
18

 In the 

interaction of nanoparticles with planar SLBs, SLB formation around the nanoparticles 



220 

 

followed by nanoparticle aggregation can occur, as was possibly observed during the 

interaction of Au-NH2 nanoparticles with a DMPC planar SLB,
 17

 and postulated as a 

model for formation of dendrimeric nanoparticle- filled vesicles by lipid removal from 

planar SLBs, producing defects in the SLB.
19

 The greater inflammatory response 

induced by 20 nm compared with 250 nm diameter nanoparticles may be the inability 

to form a SLB in the former case
6
 (permitting greater cell endocytosis), and SLB 

formation in the latter case (preventing cell endocytosis).
11

 Further, nanoparticles 

themselves have been demonstrated to affect properties of homogeneous zwitterionic 

lipid membranes. For example, the binding of anionic nanoparticles to zwitterionic 

phospholipid bilayers in the fluid phase caused gelation of the lipid at the point of 

contact.
20

 

The factors that affect the formation of zwitterionic 1, 2-dimyristoyl-sn-glycero-

3-phosphocholine (DMPC) supported lipid bilayers on SiO2 nanoparticles have 

previously been investigated.
21,22

 However, many applications involving SLBs require 

stable suspensions in aqueous solutions of various ionic strengths, or alternatively, 

controlled flocculation/aggregation/precipitation of the SLBs Therefore, in this article 

we investigate the effects of both ionic strength (at pH = 7.4-7.6) and the ratio of lipid 

to SiO2 nanoparticles, expressed as the surface area of lipid/surface area of 

nanoparticles (SADMPC/SASiO2), to determine the conditions under which the SLBs 

precipitate or are stabilized. The use of monolithic spherical SiO2 nanoparticles, which 

form monolithic SLBs, make it easier, when investigating the nanosystems by classical 

methods such as DLS, zeta potential and TEM measurements, to interpret the results. 

The SiO2 nanobeads used in this study had nominal diameters of 10-20, 20-30, 40-50 
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and 100 nm. Conditions where SADMPC/SASiO2= 1 (there is just enough lipid to form a 

single bilayer around the nanoparticle) or SADMPC/SASiO2 < 1 and > 1 (indicating 

fractions or multiples of this quantity) were investigated. 

 

6.2       Experimental Methods 

6.2.1    Preparation of suspensions 

Appropriate amounts of DMPC lipid were dissolved in CHCl3 or CHCl3/MeOH. 

Dry lipid films were formed by evaporation of the solvent under a stream of nitrogen 

and any residual solvent was removed in a vacuum oven overnight. The lipid film was 

subsequently redispersed in NaCl solutions of varying ionic strengths or PBS buffer 

(100 mM NaCl, pH = 7.4), and incubated at a temperature of 40
o
C, which was above 

the Tm of DMPC, for 1 hour with periodic shaking to form hydrated multi lamellar 

vesicles (MLVs). Small unimolecular vesicles (SUVs) were obtained from MLVs by 

freeze/thawing (ca 5 x) approximately 1 mL of a 5-10 mg/mL lipid solution, followed 

by extrusion (ca 10 x)  using polycarbonate filters with 100 nm pores until a clear 

suspension was obtained. An Avanti Mini-Extruder from Avanti Polar Lipids was 

employed for extrusion of the lipid, using 100 nm pore size polycarbonate filters. 

Inspection of the polycarbonate membrane post-extrusion indicated negligible loss of 

lipid during the formation of SUVs. Assuming no loss of lipid during the extrusion 

process, the SUV suspensions were used as prepared (5-10 mg/mL) or were diluted 

with salt solution to yield vesicle stock suspensions containing 1-2 mg/mL lipid. 

The vesicles and nanobeads were mixed and incubated at 40 
o
C for 1 h, and then 

cooled slowly to room temperature (RT), unless otherwise noted. The relative amount 
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of lipid and SiO2 is reported with respect to the amount of lipid required to achieve 

single bilayer coverage on the nanoparticles, which was calculated using the surface 

area occupied by the lipid head group (0.59 nm
2
 for DMPC 

23
) and the total surface area 

of the nanoparticles. The assumption was made that the SiO2 was a planar surface with 

a density of 2.4 g/cm
3
. The amount of lipid required for single bilayer coverage of the 

nanoparticles is achieved when the surface area of the SUVs (SASUV) is equal to the 

surface area of the SiO2 (SASiO2), SASUV/SASiO2 = 1, and multiple or fractional coverage 

are reported as multiples or fractions of this quantity, respectively. 

The volume percent (of the SUVs used in most of the experiments was = 

0.21 %, and was calculated based on the nominal 100 nm diameters of the SUVs. For 

experiments in buffer, two volume percents, = 0.21 % and = 2.1 % of SUVs were 

used. In all cases, concentrations of suspensions were adjusted such that equal volumes 

of DMPC SUVs and SiO2 nanobeads were mixed together. For the SiO2 nanobeads, this 

process involved dilution with solutions of the appropriate ionic strength by a factor of 

1/1000. The pH was 7.6/7.4 for the unbuffered/buffered (PBS) suspensions respectively 

 

6.3       Analysis 

6.3.1    Nano-differential scanning calorimetry  

(Nano-DSC) measurements were obtained on a TA Instruments (New Castle, 

DE) Nano DSC-6300. Samples were scanned at heating/cooling rates of 1 
o
C/min, 

using 1-2 mg total lipid in a final volume of 0.799 mL, out of which approximately half 

was the sampling volume. 
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6.3.2    Dynamic light scattering (DLS) and zeta (ζ) potential measurements 

These measurements were obtained on a Malvern Zetasizer Nano-ZS (Malvern 

Instruments Ltd. Malvern, U.K.), equipped with a 633 nm solid state He-Ne laser and 

collecting the scattered light at an angle of 170
o
, at 25 

o
C. Disposable capillary cells 

(DTS1060, Malvern Instruments, and Malvern, UK) or normal cuvettes were used in all 

cases. Diameters are reported either as z-averages or volume averages. The z-average is 

the intensity weighted effective diameter- the hydrodynamic diameter that a sphere 

would have in order to diffuse at the same rate as the particle being measured. The 

volume average is corrected using Mie scattering theory. Both were calculated based on 

nonlinear least square (NLLS) fits of the autocorrelation function with Malvern‘s 

Zetasizer Nano 4.2 software utilizing a version of the CONTIN algorithm.
24 

  

 

Zeta potential measurements were obtained in disposable capillary (DTS1060) or in 

normal cuvettes with a dip probe (ZEN1002, Malvern Instruments, Malvern, UK), with 

an applied voltage of 30 V/cm in the former case and 3-5 V/cm in the latter case. Zeta 

potentials () are related to the measured mobilities by the Henry equation: 

 

UE = 2 f (a)/ 

 

where a is the particle radius,  is the dielectric constant, is the solvent viscosity, and 




 is the Debye- Hückel screening length, a measure of the electrical double layer 

thickness, and is given by: 
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Where is the permittivity in free space, k is Boltzmann‘s constant, T the absolute 

temperature, NA Avogadro‘s number; e is the elementary electric charge and I the ionic 

strength (in M). For water at 298K, 




 where 


, zi is the 

charge of the ion and where for a 1/1 electrolyte, I = ci, and ci is expressed as a molarity 

(M). Thus, 


a is the (dimensionless) ratio of the particle radius to the electrical double 

layer thickness. 

In order to obtain zeta potentials () from mobility measurements, two 

approximations are often used, one due to Smoluchowski, applicable only for large 

particles and small 
1 

(f(a) = 1.5), and one due to Hückel, applicable only for weakly 

charged particles (small particles and large 
-1

, f(a) = 1). In the current investigation, 

we were in an intermediate regime, where neither approximation was valid, and 

tabulated values of f (a) were used to convert from mobilities to  potentials. 

 

6.3.3    TEM measurements  

These measurements were made on a FEI Technai 12T electron microscope 

(EM) with an operating voltage of 120 KeV or a JEOL JEM 1400 EM with an 

operating voltage of 80 KeV. The same concentration (ca. 1 wt %) of nanoparticles was 

used for each image, with varying amounts of lipid to produce SASUV/SASiO2 = 3/1 to 

0.25/1, and samples were stained (30 s) with a 1% solution of uranyl acetate. Two 

milliliter aliquots of the suspensions were placed on carbon-coated, type-A 300 mesh 

copper TEM grids (Ted Pella, Inc., Redding, CA) and air-dried for 45 min. Images 
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were captured using a Gatan Dual Vision 300 (1k), side entry cooled CCD camera, or a 

Gatan Outer SCAN 1000 CCD Camera. Image capture, processing, and analysis were 

performed with Gatan Digital Micrograph software. 

 

6.4       Results 

6.4.1   Effect of ionic strength on the formation and stability of DMPC SLBs at full 

SiO2     surface coverage SASUV/SASiO2 = 1/1 

In order to investigate the effect of ionic strength (I) on the stability of SLB 

suspensions, it was necessary to use conditions in which SLBs always formed and the 

nanosystem did not contain excess SUVs (i.e. where SASUV/SASiO2 = 1/1). Visual 

inspection was used to assess stability. These limitations were necessary since 

measurements of nanosystem size and zeta potential rely on relationships between their 

diffusion constants and mobilities, both requiring particles in suspension.  Furthermore, 

these measurements are preferably made on systems comprised of a single population 

of scatterers, since deconvoluting mixed populations of similarly sized SUVs and SLBs 

using DLS measurements can be difficult and unreliable. Moreover, the zeta potential 

data also relies on measurements of particle size and can be perturbed by system 

heterogeneity.  

 

6.4.1.1 Nano-DSC measurements  

These measurements were used to assess/validate complete fusion of the SUVs 

onto the SiO2 nanobeads with integral SLB formation. We have previously shown that 

the phase transition temperatures of SLBs are distinct from that of the parent lipid 
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SUVs.
6, 25

 The technique allowed us to determine the lower limit of ionic strength and 

time where the nanosystem contained only SLBs. For the 100, 40-50, 20-30 and 10-20 

nm SiO2, SLB formation occurred at ionic strengths greater than 0.75 mM NaCl, after 1 

h incubation time at 40 
o
C, whether or not the suspensions were stable. 

6
 Figure 6.1 

shows this progression for the 20-30 nm SiO2 between 0.05 (no fusion) and 0.75 mM 

NaCl (complete fusion), after 1 h incubation time at 40 
o
C. 

 

Figure 6.1.  Nano-DSC traces of MLVs, nominal 100 nm SUVs, and nominal 100 nm 

SUVs incubated for 1 h with nominal 20-30 nm SiO2 at ionic strengths of 0.05, 0.1, and 

0.75 mM NaCl; pH = 7.6 
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6.4.1.2 Stability.  

The stability of the SLBs was investigated as a function of ionic strength (pH = 

7.6) and time. For φ = 0.21%, pH = 7.6 and SASUV/SASiO2 = 1/1, SLBs on all the 

nanoparticles were stable until ca. 55 mM NaCl for at least 1 day. At higher ionic 

strength and in PBS buffer, precipitation was immediate. In our previous work, which 

was done at pH  9, much less salt was required for precipitation.
21

 

 

6.4.1.3 DLS and Zeta Potential Data 

DLS and zeta potential data were measured for 10-20, 20-30, 40-50 and 100 nm 

SiO2 and DMPC SLBs on those nanoparticles that met the conditions of stability and 

complete fusion.  DLS data of the SiO2 showed no dependence of size on the ionic 

strength of the medium. Although the diameters of the SLBs increased with respect to 

the SiO2 by ca 8 nm, an amount consistent with the dimensions of a lipid bilayer 

adsorbed to the nanoparticles, as previously reported, 
6,25

 the SLBs showed no size 

dependence as a function of ionic strength. For example, 98.4 nm DMPC SUVs fused 

to the 44.8 nm SiO2 to form 53 ± 0.5 nm SLBs between 0.05 and 10 mM NaCl. 

The effect of ionic strength on the zeta potentials of both the parent SiO2 

nanoparticles and the DMPC SLBs was investigated for the 10-20, 20-30, 40-50 and 

100 nm SiO2 at  = 0.21% (Figure 6.2) at pH = 7.6. The initial zwitterionic DMPC 

SUVs had zeta potentials of zero within experimental error, while the parent SiO2 

nanobeads themselves had potentials that depended strongly on their size, increasing 

(in negative values) with increase in particle diameter (Figure 6.2).  This trend persisted 

in the presence of NaCl, suggesting an underlying difference in surface charge densities 
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of the SiO2 as a function of their size, with a higher charge density on the larger size 

particles.  Zeta potentials for each size SiO2 nanoparticle were almost independent of 

ionic strength over the narrow range of I investigated here for the smaller nanoparticles, 

while for the 40-50 SiO2,  reached a plateau at ca 5 mM NaCl. For the 100 nm SiO2 

there was a slight increase (more positive value) of  with increase in I, but further 

measurements at 10, 20 and 55 mM NaCl plateaued at -55.7, -55.6 and -55.1, 

respectively, due to surface charge shielding by the NaCl. 

When zwitterionic DMPC SUVs were added to the SiO2 nanoparticles, forming 

SLBs (Figure 6.2), a substantial decrease (ca 30 mV) in the zeta potential was observed 

( became more positive).  This decrease was much greater than upon addition of NaCl 

alone, and can be explained by the shielding of negative surface charge of SiO2 by the 

supported lipid bilayer.  still remained negative in all cases.  The dependence of on 

the SiO2 SLB size and ionic strength mirrored the trend obtained for the parent 

nanobeads. For the 100 nm SLBs, values of -25.8, -23.7 and -23.5 mV were measured 

for the 10, 20 and 55 mM NaCl, respectively. The results indicate that fusion of 

zwitterionic DMPC onto the nanoparticles partially shields the (size-dependent) 

negative charge of the SiO2, and that this charge shielding was further enhanced by 

NaCl in a concentration-dependent manner.  
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Figure 6.2.  Zeta potential dependence on the ionic strength for nominal 10-20, 20-30, 

40-50, and 100 nm SiO2 nanoparticles and for the SLBs prepared with the same SiO2 

from nominal 100 nm DMPC SUVs at SASUV/SASiO2 = 1/1. Volume percent (φ) of 

DMPC SUVs was φ = 0.21% in all cases, pH = 7.6. For the 100 nm bare SiO2, ζ = -55.1 

mV, and for the SLBs, ζ = -23.5 mV, at I = 55 mM NaCl. 
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6.4.2  The formation and stability of DMPC SLBs at incomplete SiO2 surface coverage 

SASUV/SASiO2 < 1/1  

The purpose of this experiment was to investigate the stability of the SiO2 when 

there was an insufficient amount of lipid present to form a complete SLB, and further to 

investigate the type and dynamics of structures formed under these conditions. The 

experiments were performed at an ionic strength of 0.75 mM NaCl, pH = 7.6. 

In order to assess whether SLB formation occurred for nanosystems with 

SASUV/SASiO2 < 1, nano-DSC traces were obtained for nominal 100 nm SiO2 incubated 

with nominal 100 nm DMPC SUVs (40 
o
C for 1 h, 0.75 mM NaCl, = 0.8%), at 

SASUV/SASiO2 = 1/1, 0.5/1 and 0.25/1. The colloidal systems corresponding to 

SASUV/SASiO2 = 1/1 and 0.5/1 were stable, while at SASUV/SASiO2 = 0.25 precipitation 

occurred. Only the gel-to-liquid crystal phase transition Tm characteristic for DMPC 

lipids on solid supports
25

 was observed for all SASUV/SASiO2 = 1/1, 0.5/1 and 0.25/1 

suspensions or precipitates (Figure 6.3), indicating the complete fusion of SUVs with 

SiO2 and the formation of SLBs.  
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Figure 6.3. Nano-DSC thermograms of SLBs formed in 0.75 mM NaCl using nominal 

100 nm DMPC SUVs and 100 nm SiO2 nanobeads, after incubation at 40 
o
C for 2 h and 

slow cooling to RT, at SASUV/SASiO2 = 1/1, 0.5/1, and 0.25/1; nano-DSC thermogram 

of DMPC SUV is shown for comparison. 

The formation and stability of SLBs on SiO2 at low surface coverage 

(SASUV/SASiO2 < 1) were investigated for the same nanosystem (100 nm SiO2, 100 nm 

SUVs, 0.75 mM NaCl) at a constant DMPC concentration = 0.21 %, decreasing the 

amount of added SiO2. Under these conditions, the stability of the SLBs was monitored 

both by visual inspection, DLS and zeta potential measurements. Longer times were not 

investigated, since on this time scale, SUVs fuse to form MLVs that also settle. 
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The visual stability results are qualitatively presented in Figure 6.4. For 

SASUV/SASiO2 ≤ 0.005 and SASUV/SASiO2 ≥ 0.4, the suspensions were stable for the 

whole period investigated (ca 4 days). Thus, stability was achieved when there was 

hardly any lipid on the SiO2 or when the surface was covered by at least 40 % lipid. In 

the range 0.005 < SASUV/SASiO2 < 0.25, the SLB SiO2 nanoparticles precipitated 

immediately after generation. At intermediate coverage, 0.25 < SASUV/SASiO2 < 0.35, 

the aggregation/precipitation was time dependent, increasing with decrease of the 

surface coverage (the aggregation/precipitation was faster for the SASUV/SASiO2 = 0.3 

compared with SASUV/SASiO2 = 0.35).  

Since stability was a function of both composition and time, DLS and zeta 

potential measurements were obtained at short times (less than 15 minutes) after 

preparation, and as a function of time for select compositions. In both cases,  = 0.21 

%, I = 0.75 mM NaCl, and 100 nm SiO2 and 100 nm SUVs were first incubated at 40 

o
C for 1 hour. 
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Figure 6.4. Schematic representation of dynamic stability of SLBs over the range 

0.005/1 ≤ SASUV/SASiO2 ≤ 1/1, for φ ≤ 0.21, pH = 7.6, I = 0.75 mM NaCl. White 

indicates complete precipitation. Light colors indicate suspended nanoparticles; dark 

colors indicate precipitates formed after nanoparticle aggregation. 
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6.4.2.1 Short-Term Behavior 

Dynamic light scattering data was obtained for all suspensions of SLBs that 

were stable for at least 15 minutes. After incubation of the nominal 100 nm SiO2 

nanobeads (123 nm by volume % analysis) and 100 nm DMPC SUVs (104 nm by 

volume % analysis) at 40 
o
C for 1 h, the samples were cooled to RT and DLS and zeta 

measurements were performed (Figure 6.5). An analysis of data from Figure 6.5 (using 

volume % averages) showed that the initial diameter of the 123 nm SiO2 bare 

nanobeads increased to 133 nm after SLB formation at SASUV/SASiO2 = 1/1. This was 

the expected increase based on the dimensions of the DMPC lipids, as shown in 

previous experiments.
5
 As SASUV/SASiO2 decreased, the diameter increase due to the 

SLB was slightly less than that expected (due to the 4 nm thickness of DMPC bilayer), 

as a result of only partial bilayer coverage. Figure 6.6 shows TEM images of SiO2 

nanoparticles for SASUV/SASiO2 = 1/1, 0.8/1, 0.7/1, 0.5/1 and 0.25/1. The images show 

full bilayer coverage for SASUV/SASiO2 = 1/1, and increasingly patchy bilayers as the 

SASUV/SASiO2 decreases. The lipid thickness of the SASUV/SASiO2 = 1/1 was ca 4.8 nm, 

as was the thickness of the lipid between the SiO2 nanoparticles at SASUV/SASiO2 = 

0.25/1.  At SASUV/SASiO2 = 0.25/1 diameters could no longer be measured by DLS, due 

to rapid precipitation of the suspensions. For samples (Figure 6.6) with SASUV/SASiO2 = 

1/1, but precipitated in PBS buffer, the thickness of the lipid between the SiO2 was ca 

10.8 nm, consistent with two adjacent SLBs. 
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Figure 6.5.  Diameters and zeta potentials for SLB nanosystem formation from 

nominal       100 nm SUVs and nominal 100 nm SiO2 nanobeads, in 0.75mM NaCl, pH 

= 7.6, φ = 0.21%, as a function of SASUV/SASiO2. 

 

The zeta potential of the nominal 100 nm SUVs was approximately zero within 

experimental error (± 0.45 mV) and that of bare 100 nm SiO2 nanobeads was - 62.4 mV 

in 0.75 mM NaCl (pH =7.6). SLB formation resulted in shielding of the negative 

charge of the SiO2, so that at SASUV/SASiO2 = 1/1, the zeta potential was -30.7 mV. 

Lowering the SASUV/SASiO2 ratio resulted in decreased zeta potentials (they became 

more negative), with approaching the value for the bare beads, due to decreasing 

amounts of adsorbed lipid on the surface of the SiO2 (Figure 6.5). 
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Figure 6.6.  TEM images of SLBs: (top) prepared with vary SASUV/SASiO2 ratios in 

0.75 mM NaCl; and (bottom) SASUV/SASiO2 = 1/1 prepared in PBS buffer, showing 

aggregation without lipid bridging; here the distance between two SiO2 nanoparticles, 

in an expanded section shown to right, is measured at 10.8 nm; this is ca twice the 

distance expected for a single SLB; and SASUV/SASiO2 = 0.25/1, prepared in 0.75 mM 

NaCl, showing single bilayer lipid bridges; here the distance between two SiO2 

nanoparticles is ca 4.8 nm; this is the distance expected for a single bilayer, indicating 

that a single bilayer bridges the two SiO2 nanoparticles; the measured thickness of a 

lipid patch on another portion of the SiO2 is also shown. 
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6.4.2.2 Long Term Behavior 

In order to provide information on the aggregate sizes and zeta potentials as a 

function of time, time dependent DLS and zeta potential measurements were  obtained 

on the mixtures in the metastable regime bordered by SASUV/SASiO2 = 0.4/1 and 0.25/1. 

At SASUV/SASiO2 ≥ 0.4/1 samples were stable for days (vide supra). Similarly, the 

inferior limit of SASUV/SASiO2 was set at SASUV/SASiO2 = 0.25/1 surface ratio, since for 

SASUV/SASiO2 ≤ 0.25, the samples were shown to be extremely unstable and 

precipitated quickly. TEM images of these precipitates are shown in Figure 6.7. The 

middle SASUV/SASiO2 = 0.35/1 composition was chosen for dynamic monitoring since 

previous experiments had shown that the aggregation/precipitation occurred over two 

days. Immediately after incubation, all samples were placed in the measuring cell at RT 

and sequential readings were done on the same undisturbed sample for 2-4 days. An 

identical mixture was kept outside the DLS cell and visually monitored for aggregation 

behavior. 

For the SASUV/SASiO2 = 0.4/1 coverage, diameters measured using the z-average 

or that calculated based on volume were invariant with times for at least 2 days, and 

only a single scattering species was detected (Figure 6.7a). This species corresponded 

to the regular isolated SLBs (‖singlets‖) routinely obtained under these conditions, with 

a diameter increased by about 6-7 nm compared with the initial diameter of the starting 

nanoparticles. 
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Figure 6.7. DLS diameters (volume averages, top) and TEM images (bottom) of 

SLB (a) singlets; (b) mixtures of singlets and doublets; (c) mixtures of doublets and 

triplets; and (d) aggregates. SLBs formed from nominal 100 nm DMPC SUVs and 100 

nm SiO2 nanobeads, in 0.75 mM NaCl, pH = 7.6,  = 0.21 %, at SASUV/SASiO2 = 0.35/1 

(a, b, c); SASUV/SASiO2 = 1/1, 0.5/1 or 0.4/1 (a);  and precipitate of SASUV/SASiO2 = 

0.35/1 and 0.25/1 (d). Higher magnification TEM images show bridging of SiO2 

nanoparticles by a single lipid bilayer. 
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DLS measurements of mixtures with the ratio SASUV/SASiO2 = 0.35/1 were 

obtained over 4 days and data was plotted as a function of time. The particles remained 

suspended for the first 18 hours. During this time one, two, three, and occasionally 4 

species could clearly be resolved when the DLS data was analyzed by volume, with 

examples shown in Figure 6.7. These species can be associated with singlet SLBs, and 

SLBs consisting of dimers, trimers or tetramers joined by single lipid bilayers, as seen 

in the TEM images (Figure 6.7). The average diameters of the singlets, doublets, 

triplets and quartets were 127.2± 4.2 nm, 254.3 ± 3.9 nm, 363.5± 2.7 nm, and 477.4, 

respectively. The diameters of the singlets were the same whether they were observed 

alone or in the mixtures, indicating that the DLS software was capable of resolution 

between these nanoparticle sizes. The percentages of species at different incubation 

times, obtained from the DLS data, are plotted as a function of time in Figure 6.8. 

However, the volume percentages should be viewed only qualitatively, since the system 

cannot accurately distinguish both the sizes and amounts of multiple scattering species. 

Thus, for the first 2 h DLS revealed only SLB singlets, after which a relatively 

abrupt dimerization process was observed. Doublets were the predominant species for 

the next 8 h, while oligomerization continued slowly, decreasing the percentage of 

doublets and steadily generating triplets. Occasionally the percentage of singlets spiked 

up and these transient increases coincided with trimer generation. However, as more 

doublets and triplets were generated, it is likely that the DLS software was less capable 

of distinguishing the singlet population. For the next several hours, the system 

consisted of (or the DLS detected) mainly trimers and dimers, with small populations of 
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singlets. Just before aggregates were visually seen in the suspension, tetramers were 

measured by DLS. After 18-20 h, aggregation and precipitation occurred. 

We note that the aggregated samples could not be resuspended by shaking, 

indicating that flocs were not formed. The supernatant at this point contained mainly 

suspended trimers. While precipitation occurred, the smaller (singlets) species were 

more prominent (i.e. could be more easily detected) in the scattering volume. This 

suggested that after collisions, the aggregates larger than ca tetramers precipitated, 

leaving the smaller species in suspension. Interestingly, the zeta potential for the 

SASUV/SASiO2 = 0.35 suspension was -34.2 ± 0.9 mV for the SLBs, whether they were 

singlets, or mixtures of singlets, doublets, triplets and quartets. 

Attempts to reverse the oligomerization process through addition of extra 

DMPC SUVs to an SASUV/SASiO2 = 0.35 aged sample (7.5 h in 0.75 mM NaCl at RT, 

containing dimers and trimers, see Figure 6.7) failed, despite various attempts to 

promote singlet formation (raising the temperature, extended incubation times, etc). 

Dimers and trimers were still observed in large amounts in the final samples, strongly 

suggesting that the process of oligomerization is essentially irreversible.  

We note that although we have reported aggregation/precipitation behavior, the 

species in suspension may also simply settle. The settling velocity of the nanoparticles 

can be calculated using:
 26

 

 

Vsettling = [2 g  dparticle
2
]/9solvent 
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where g = 9.81 m/s
2
,  = particle - solvent, particle = 2.4 g/cm

3
, solvent = 1 g/cm

3
, dparticle 

= particle diameter,  solvent = 1 cp. For 100 nm diameter nanoparticles, Vsettling ≈ 1 x 10
-

2
 cm/h, while for tetramers (where the particle diameter is estimated as 200 nm) Vsettling 

≈ 4.7 x 10
-2

 cm/h. Thus, during the course of the 18 h when aggregation did not occur, 

the particles did not remain uniform in the suspension. Similarly, the Boltzmann 

equilibrium density profile, calculated from exp [-hgVparticle/kT], where h = height, 

Vparticle is volume of nanoparticles, k = Boltzmann constant and T = 300K, is different 

for 100 nm versus 200 nm diameter nanoparticles. For example at h = 1 cm, a height 

typical for the DLS measurements, the value is 0.84 for the 100 nm compared with 0.24 

for 200 nm diameter nanoparticles. 

Lastly, DLS data of mixtures with ratios of SASUV/SASiO2 ≤ 0.25/1 could not be 

obtained due to the rapid aggregation and precipitation (Figure 6.7), confirming the 

initial observation that at least one quarter of the surface of the SiO2 nanobeads should 

be covered by lipid in the generated SLBs for the system to be (meta) stable. 

TEM micrographs have the potential to show the state of aggregation of the 

SiO2 nanoparticles in the suspensions. Therefore, TEM images were obtained from 

suspensions of SLBs formed in 0.75 mM NaCl at SASUV/SASiO2 = 1/1, 0.5/1, 0.35/1 and 

for the precipitate of the SASUV/SASiO2 = 0.25/1. The suspensions were prepared with 

the same concentration of SiO2 so that aggregation resulting from the solvent 

evaporation would be similar in the TEM images. For suspensions prepared at 

SASUV/SASiO2 = 1/1 and 0.50/1, only isolated SLB nanoparticles were observed. For 

suspension prepared at SASUV/SASiO2 = 0.25/1, where the precipitate was shaken to 

resuspend it momentarily, aggregates were observed. For the SASUV/SASiO2 = 0.35/1 
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suspension, aliquots of the supernatant were taken at different time intervals where 

there was no precipitatation. TEM images confirmed DLS data, revealing only singlets 

within the first 2h, and mixtures of singlets and doublets, doublets and triplets, and 

singlets, doublets, triplets, with occasional tetrameric species, at later times, essentially 

mirroring the findings of DLS measurements. Representative images are presented in 

Figure 6.7 together with the DLS data. Higher magnification TEM images of the 

oligomers obtained from the same nanosystem (SASUV/SASiO2 = 0.35), showed that at 

every contact point there was lipid connecting points of contact between the adjacent 

SiO2 nanoparticles (Figure 6.7), with dimensions of a single bilayer (Figure 6.6). 
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Figure 6.8.  Time-dependent aggregation behavior of SLB nanosystem generated from 

nominal 100 nm DMPC SUVs and 100 nm SiO2 nanobeads, in 0.75 mM NaCl, = 

0.21 %, at SASUV/SASiO2 = 0.35/1, showing the dynamic of populations (in volume 

percents) of SLB singlets, doublets, triplets, and higher multiplets. Vertical bars 

indicate appearance of large aggregates and partial precipitation. After precipitates 

formed, only the supernatant was sampled 
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6.4.3   Formation and stability of DMPC SLBs at SiO2 surface coverage SASUV/SASiO2 

> 2/1 

Since at SASUV/SASiO2 = 1 the formed SLBs precipitated as the ionic strength 

was increased above 55 mM NaCl (at pH = 7.6), we wanted to find out whether 

addition of SUVs (excess lipid) would keep the suspensions stable and the amount of 

SUVs required for stabilization. Further, when excess SUVs were added, we wanted to 

determine whether the system was composed of mixtures of SUVs and SLBs, or SLBs 

with more than one adsorbed bilayer. At DMPC SUV volume percents of = 0.21 %, a 

ratio of SASUV/SASiO2 ≈ 2/1 was required to maintain stability for 10-20 to 100 nm 

nominal diameter SLBs and SUVs in PBS buffer (having 100 mM NaCl), and all lower 

ionic strengths.  We did not try and determine the exact minimum amount of SUVs 

required for stabilization. Further, at higher volume percentages, = 2.1 %, in PBS 

buffer, suspensions with SASUV/SASiO2 ≈ 2/1 were stable for at least 4 days (the longest 

period investigated)  

Nano-DSC analysis revealed that when excess DMPC vesicles were added to 

the suspensions to generate surface ratios SASUV/SASiO2 > 1/1, both the SLB and SUV 

peaks were observed, as previously reported.
6, 25

 Therefore, under these conditions, the 

suspensions were assumed to contain mixed populations of SLBs and SUVs of 

comparable size; no DLS or zeta potentials were measured for these mixed systems, 

since the two populations (of approximately equal size) would be difficult to 

distinguish. 
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TEM images were obtained for mixtures of SLBs and SUVs, where 

SASUV/SASiO2 ≥ 2/1. For example, for SASUV/SASiO2 = 3/1, where there are expected to 

be twice as many SUVs as SLBS (Figure 6.9), it can be seen that the SLBs are 

separated by the SUVs.  

 

Figure 6.9. Schematic of structures formed at 0.75 mM NaCl, pH = 7.6, = 0.21 %, for 

0.005 < SASUV/SASiO2 < 3. Illustration is for nominal 100 nm SiO2 and 100 nm DMPC 

SUVs that have been incubated at 40 
o
C for 1 h. The TEM image is shown for 
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SASUV/SASiO2 = 3/1, where SLBs are separated by the SUVs. The black particles are 

SLBs and the black circles are the SUVs. 

 

6.5       Discussion 

In present study two factors that affect stabilization of DMPC SLBs on 

monolithic SiO2, namely the ionic strength of the medium and the lipid/SiO2 surface 

ratio, at constant pH =7.6 were investigated. In all cases, SLBs were formed by fusion 

of DMPC SUVs onto SiO2 and the fusion was confirmed by nano-differential scanning 

calorimetry (nano-DSC). This is possible since the signature for SLBs in the nano-DSC 

is distinct from that for the SUVs: the phase transition temperature for the SLBs is 

about 2
o
C lower than the one corresponding to the SUVs. Only single supported lipid 

bilayers were formed in all cases and no multi-layered ones were observed. The use of 

monomodal SiO2 nanoparticles, unlike aggregates of fumed silica, allow the generation 

of similarly monomodal SLBs, making it more straightforward to interpret the dynamic 

light scattering (DLS) and zeta potential () data (unless aggregation occurs). 

The colloidal stabilization of supported lipid bilayers is not adequately 

described using the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory.
27

 In the 

classical DLVO theory, only long-range van der Waals attractions and electrostatic 

repulsion (double layer forces) are considered, so that with an increase in ionic strength, 

the attractive van der Waals force remains constant but the electrostatic potential is 

screened, so that colloidal stability decreases. Although at large distances (ca 50 Å in 

water 
28, 29

) DLVO theories are in good agreement with experiment, 
30, 31

 at smaller 

distances (ca 1-2 nm) other short range repulsive forces exist between two approaching 
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hydrophilic surfaces in water.
32

 These short range interactions have been attributed to: 

(i) hydration forces, related to the energy needed to dehydrate interacting surfaces that 

contain ionic or polar species;
 33

 (ii) thermal undulation 
34, 35

 and (iii) protrusion
36

 

forces. Undulation and protrusion forces of bilayers are suppressed on solid surfaces, so 

that aggregation is predicted to be enhanced by membrane rigidification.
37

 Thus, 

interactions between two approaching SLBs or an SLB and an SUVs will be different 

than between two SUVs or two SiO2 nanoparticles.  

 

6.5.1    Influence of ionic strength on SLB stability 

An increase in ionic strength is expected to shield the charges of nanoparticles 

in suspension, and thus foster aggregation/precipitation. The nanoparticles can 

approach each other more closely, so that attractive van der Waal interactions are 

operative. In this investigation, there was shielding of the SiO2 nanoparticle charge both 

by NaCl added to the suspension and by SLB formation of zwitterionic DMPC SUVs.  

It is important to note that the nanoparticles themselves, although all SiO2, and 

all (according to the manufacturer) made by the same process, had different charge 

densities. The charge on the SiO2 nanoparticles, as measured by their zeta potentials, 

increased with nanoparticle size. In the range of ionic strengths measured (up to 10 

mM/55mM NaCl), there was only a slight dependence of  on I for the SiO2, but the 

differences in  as a function of nanoparticle size persisted at each ionic strength. The 

increase in charge as a function of size may be due to the increased number of silanol 

groups with increasing particle size.
25, 38

 



248 

 

Moreover, electrostatic shielding of the SiO2 nanoparticles by zwitterionic 

DMPC supported bilayers was much greater than the effect of ionic strength in the 

range of ionic strengths measured. Thus, zeta potentials for SASUV/SASiO2 = 1 

suspensions, consisting of only SLBs, decreased (became more positive) by ca 30 mV 

compared with the bare SiO2 at each ionic strength measured. This was true for all size 

SiO2 nanoparticles. These results are consistent with streaming potential measurements, 

where  increased from ca -40 mV on planar SiO2 to -10 mV after SLB formation in 

100 mM KCl.
5
 The slight increase in  potential with increased NaCl concentration 

over the range of I we have investigated was consistent with that observed for 

dioctadecyldimethylammonium bromide (DODAB) on polystyrene sulfonate latex 

(PSSL) spheres. In that case, the zeta-potential monotonically decreased as a function 

of the logarithm of the NaCl concentration for the five covered-particle sizes tested, in a 

range of concentrations where flocculation was absent, 10
-7

 to 10
-2

 M NaCl.
39

 

The precipitation of the SASUV/SASiO2 = 1 suspensions at I ≥ 55 mM NaCl for  

= 0.21 % can be attributed to two factors. One is the decreased electrostatic repulsion 

between the SLBs, as evidenced by their reduced zeta potentials. A value of ± 25 mV is 

often used as the cutoff for colloidal stability, close to the value (-23.5 mV) measured 

for the 100 nm SLBs at 55 mM NaCl. However, the asymptotic value of  was only ca -

15 mV for the smaller SLBs (10-20 nm). Thus less repulsion was required for stability 

of the smaller SLBs because their van der Waals attraction,W(D)A, which scales as the 

particle radius R, was weaker. From the Deraguin approximation
40

 for spheres of equal 

size, W(D)A = A R/12 D, where D is the separation distance and A is the Hamaker 



249 

 

constant. The smaller value of W(D)A correlates with the smaller contact (interaction) 

area for the smaller nanoparticles, as a result of their higher radii of curvature. 

The other factor causing precipitation is that the lipids, now on solid supports, 

no longer repel each other by effective undulatory/protrusion forces. Since zwitterionic 

SUVs with  ≈ 0 remain stable for days at even higher ionic strengths, electrostatic 

shielding cannot be the only reason for precipitation of the SLBs. The contribution of 

repulsive forces due to undulations or protrusions will be different for SUVs than for 

SLBs, since solid surfaces tend to suppress these motions.
34 

 Thus, in the latter case the 

two surfaces can come in close contact more easily, where they experience stronger van 

der Waals attractions that can promote aggregation.
41,42

 The suppression of thermal 

undulation and protrusion forces on lipids in the SLBs must also contribute to the 

aggregation of the SLBs. Steric/undulatory repulsion was shown to be suppressed for 

PC on supported mica in the liquid crystalline state, stiffening the bilayer, so that the 

bilayers could come closer together and experience stronger van der Waals 

attractions.
41,42

  The contribution of repulsive forces due to undulations at T > Tc was 

suggested to occur for melted bilayers but not for bilayers adsorbed on a solid surface.
34

 

 

6.5.2    Effect of Surface Coverage on the SLB formation and stability 

6.5.2.1 Lipid excess: SASUV/SASiO2 > 1 

The above-mentioned colloidal instability for systems where SASUV/SASiO2 = 1 

at I > 55 mM NaCl could be reversed, however, by addition of excess SUVs (net 

SASUV/SASiO2 > 1). This was investigated only for SLBs on the 100 nm SiO2 at low (I = 

0.75 mM NaCl) and high (PBS buffer, 100 mM NaCl) salt. Stability was obtained at 
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two volume percentages,  = 0.21 and 2.1%, at the highest salts concentration used 

(PBS buffer, 100 mM NaCl), and was maintained for at least 4 days (longest period 

investigated). The excess SUVs did not fuse with the SLBs, as confirmed by the nano-

DSC thermograms, where both the SUV and SLB peaks were observed, and by TEM 

micrographs (for  = 0.21, I = 0.75 mM NaCl) which showed separate SLBs and SUVs. 

However, additional multi-layered SLB formation was not expected, since it is well 

known that fusion of zwitterionic SUVs does not occur on SLB surfaces
43

- it is in fact 

very difficult to form double supported lipid bilayers by fusion of SUVs onto 

substrates. 

In this case, we postulate that the suspensions remain stable due to the 

steric/undulatory repulsion provided by the additional SUVs, which was absent for the 

SASUV/SASiO2 = 1 suspensions. The system then consists of (i) neutral SUVs that 

exhibit undulatory/protrusion repulsions and (ii) charged SLBs ( of about -25 mV), as 

seen in the TEM images (Figure 6.8). Although SUVs have been observed adsorbed to 

SLBs on planar SiO2 surfaces,
 44

 we did not see charged SLBs nanoparticles with 

adsorbed SUVs in the TEM images here. In the current case, in order to decrease the 

free energy of the system, the charged SLBs minimize their nearest neighbor 

interactions and are thus separated by the neutral SUVs. Therefore, the interaction 

between the SUVs and SLBs would be one in which the short range 

undulatory/protrusion forces of the SUVs repel the SLBs when they approached each 

other, preventing aggregation/precipitation.  

Our results are in agreement with previous work on the stability of supported 

lipid bilayers of dihexadecyl phosphate (DHP) and dioctadecyldimethylammonium 
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chloride (DODAC) or bromide (DODAB) vesicles on oppositely charged 150-250 nm 

diameter polystyrene latex spheres (PSL), which showed stability when SASUVs ≥ 

SAPSL, but flocculated when SASUVs < SAPSL.
45

 

 

6.5.2.2 Lipid deficit: SASUV/SASiO2 < 1 

The opposite effect, namely decreasing the relative amount of lipid compared 

with SiO2, induced precipitation. In this case, there was always SLB formation, but a 

smaller fraction of the SiO2 nanoparticle surface was covered. The relative amount of 

lipid was decreased until precipitation was observed. The structures that are formed are 

discussed below and were presented schematically in Figure 6.8. Either stable 

suspensions or aggregates, but not flocs were observed. That is, once precipitation 

occurred, the precipitates could not be resuspended. 

At SASUV/SASiO2 ≥ 0.4 and at SASUV/SASiO2 < 0.005, the suspensions were stable 

during the four days they were monitored. Visual inspection was confirmed by DLS 

data, where the same size monolithic SLBs were observed. Thus, when there were 

negligible amounts of lipid on the SiO2, or when the surface was covered at least 40 % 

by lipid bilayers, the suspensions were stable. In this regime, zeta potentials became 

more negative with decreasing SASUV/SASiO2, and approached those of the bare 

nanoparticles, as smaller amounts of lipid shielded the negative charge of the SiO2. 

However, abrupt and irreversible precipitation occurred when the amount of lipid was 

decreased to a value where SASUV/SASiO2 = 0.25.  

Between these two extremes (0.25 ≤ SASUV/SASiO2 ≤ 0.35), precipitation was 

time dependent and also irreversible. DLS and TEM data showed a progression of 
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monomers, dimers and trimers. Just before aggregates were seen visually, tetramers 

were also observed in the DLS data. In all cases, the zeta potential of the system was 

the same, ca - 35 mV, significantly smaller than the zeta potential of the bare SiO2 (- 62 

mV). This strongly suggests that the amount of lipid on the exterior of the SiO2 was the 

same no matter the state of aggregation of the system, and that aggregates were formed 

by bridging of adjacent SiO2 nanoparticles by a lipid bilayer. We postulate that these 

bridges consist of single bilayers in which each lipid monolayer is adsorbed on a 

different SiO2 nanoparticle, as confirmed by measurements of the bilayer dimensions 

using the TEM images. Additional evidence comes from the difficulty in breaking up 

the aggregates. Addition and incubation of excess SUVs with stable suspensions of 

dimers and trimers (or larger aggregates) did not result in stable suspensions of 

monomeric SLBs. This may be due to the energy gained by having a single lipid bilayer 

bound to two SiO2 surfaces, and the concommitent energy penalty involved in 

separating this type of bridging bilayer. The lipid, which fuses under these conditions 

(of pH and ionic strength) maximizes the amount of binding (enthalpy), and minimizes 

its free energy (although with a loss in entropy), by binding to two SiO2 nanoparticles. 

For larger aggregates, there is the additional difficulty of simultaneously breaking up 

multiple bridges. Instead, additional SUVs simply fuse to the exposed portions of the 

SiO2 aggregates, keeping the already existing dimeric and trimeric structures intact. It is 

also very unlikely that the bilayer would come apart to form two half-bilayers, since 

this would involve exposing the hydrophobic chains to an aqueous environment before 

fusion with new SUVs could occur. 
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Analyzing further the aggregation process, the buildup of multiplets from 

singlets to doublets and triplets must occur through collisions, in which singlets collide 

to form doublets, and doublets collide with singlets to form triplets. We hypothesize 

that this process occurs as follows. The lipids on the SiO2 nanoparticles exist as bilayer 

patches. This is confirmed by TEM images showing lipid patches in decreasing 

amounts as SASUV/SASiO2 decreases from 1/1 to 0.25/1. During a collision, a bilayer 

patch on one nanoparticle attaches to the bare SiO2 (between bilayer patches) on a 

colliding nanoparticle. This forms a bilayer bridge in which half of the bilayer is on 

each SiO2 nanoparticle. Although we do not know the size of the bilayer patches, the 

large (75%) bare SiO2 and sparse (25%) lipid regions for the SASUV/SASiO2 = 0.25 (or 

lower), increases the probability that these collisions will result in dimer/multiplet 

formation. Increasing the relative amount of lipid occupied regions and decreasing the 

bare SiO2 surface, decreases the probability that this ―lock‖ and ―key‖ mechanism will 

result in dimer/multiplet formation. This would account for the increasingly fast rate of 

aggregation/precipitation as SASUV/SASiO2 decreases.  

It was interesting that 4-mers were the largest size multiplet observed before 

precipitation occurred.  These results suggest that when the triplets collide with 

doublets or triplets forming multiplets with greater than 5 primary particles, they can no 

longer stay in suspension. Since the zeta potentials were independent of size (up to the 

tetramers that could be measured), this electrostatic repulsion was not sufficient to keep 

pentamers or larger clusters from sedimenting.  

The same trends we saw here for colloidal stability as a function of ionic 

strength and relative surface areas of lipid/silica have previously been observed for 
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positively charged DODAB bilayer fragments on fumed silica at pH 6.5, over a range 

of DODAB (0-1.0 mM) and KCl concentrations (0.1-10.0 mM).
46

 In that case, stability 

was governed by the ratio R of the total surface areas for bilayers Ab and particles Ap, R 

= Ab/Ap. At R = 0.5, the mean -potential was zero, the mean particle diameter (Dz) was 

at a maximum, sedimentation was rapid, and colloid stability was at a minimum; at R > 

1,  was positive, Dz was minimized, sedimentation was absent, and colloid stability 

was high. At low ionic strength (< 10 mM KCl), high colloid stability for particles in 

the presence of cationic bilayer fragments was achieved at or above R = 1, i.e., from the 

equivalence of total surface areas for bilayer fragments and particles.
46

 

 

6.6      Conclusions   

Colloidal stability of SiO2 nanoparticles and SUVs of DMPC in NaCl solution 

has been investigated as a function of ionic strength (at pH = 7.6) and as a function of 

lipid/silica surface ratio (SASUV/SASiO2), using monolithic SiO2 nanoparticles to 

facilitate tracking and interpretation of the data. Conditions were chosen such that 

supported lipid bilayer (SLB) formation always occurred, as proven by nano-DSC 

thermograms. The volume percent of SUVs was  = 0.21%, except in PBS buffer, 

where both  = 0.21% and 2.1% were investigated. 

At SASUV/SASiO2 = 1, the zwitterionic DMPC shielded the negative charge of 

the SiO2 more than the salt alone, but increased ionic strength (I ≥ 55 mM NaCl, pH = 

7.6) eventually resulted in precipitation of the SLBs. This was attributed to charge 

shielding of the SLBs and NaCl, but also to the absence of undulatory/protrusion 

repulsion between the SLBs due to the suppression of these motions for the lipid 
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bilayer supported on the rigid substrate. Stabilization was achieved by addition of 

SUVs (SASUV/SASiO2 ≈ 2/1), due to separation of (slightly charged) SLBs by the 

zwitterionic SUVs. In this case, the SLB-SLB collisions leading to aggregation and 

precipitation are replaced by SLB-SUV collisions in which there is an additional 

repulsive undulatory/protrusion force. We postulate that the minimum free energy of 

the system is achieved by alternation of zwitterionic SUVs with (slightly) charged 

SLBs. Increasing the concentration of the suspension by a factor of 10 ( = 0.21% to 

2.1%) did not affect the stability results. 

For SASUV/SASiO2 < 1 (pH = 7.6, I = 0.75 mM NaCl), the suspensions were 

stable (for ca 4 days) when at least 40% of the SiO2 was covered with SLBs. When the 

amount of lipid covered was less than 25% of the SiO2 surface, abrupt precipitation was 

observed. TEM data showed aggregation of the nanoparticles. Between 25% and 35% 

SiO2 surface coverage by lipid, the suspensions were metastable. In this case, a 

progression of SLB singlets, doublets, triplets and occasional quartets were observed by 

both DLS and TEM images. Higher multiplets were not stable and precipitated from the 

suspensions. We postulate that dimers/multiplets were formed during collisions 

between SiO2 nanoparticles with partial SLBs containing less than 40% lipid. During 

collisions, bilayer patches on one SiO2 nanoparticle fit into bare SiO2 portions of 

another nanoparticle, forming a single bilayer bridge. TEM images showed that this 

bridge was only a single bilayer thick, indicating that each leaflet of the bilayer was 

attached to the adjacent SiO2 nanoparticle. The increased rate of aggregation with 

decreasing lipid coverage was due to the greater probability that a lipid patch on one 

SiO2 nanoparticle was small enough to would find a sufficiently large bare patch on 
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another SiO2 nanoparticle. The TEM results showing that there can be incomplete 

coverage of the SiO2, which essentially results in defect sites on the nanoparticles, may 

impact work on the reverse process, namely, the interaction of nanoparticles with cell 

membranes and supported lipid bilayers. 
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CHAPTER 7 

COMPACTION OF DNA WITH LIPID MODIFIED SILICA 

NANOPARTICLES 

Stabilization of colloidal system of lipids in the form by SLBs is essential for a 

successful gene or drug delivery system to work. In the present work, we examined the 

stabilization of the mixed lipid system of DMTAP/DMPC in various molar ratios in the 

form of SLBs formed on 40-50 nm Silica beads. We found that for the mixed lipid 

colloidal systems stabilization is critically dependent on whether fusion occurs between 

the charged nanoparticles and mixed SUVs to form supported lipid bilayers (SLBs). 

The stabilization of the system can occur either by adding a small extra amount of the 

lipid or by decreasing the amount of salt used in the system.  While the SLB formation 

is an important criterion for the system, the stabilization of the system plays an 

important role too. Hence a compromise is made in the amount of cationic lipid used 

and the amount of the salt used so that no extra lipid is needed for the stabilization of 

the SLB system. We found that 5/95 DMTAP/DMPC is the perfect cationic lipid to 

zwitter-ionic lipid molar composition for all the above criteria to be held and with the 

presence of the 5% cationic lipid in the system, the system can be used as a solid 

support for the compaction of the DNA for a DNA delivery system. This study has 

great potential impact toward better understanding the interaction of nanoparticles with 

biological membranes and the factors affecting their use as drug carriers or sensors. 
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7.1       Introduction 

There is an increasing interest in using modified inorganic nanoparticles, 

polymers or hybrid polymer-inorganic nanoparticles for use in DNA transfection, rather 

than viral vectors or liposomes. In general, the main disadvantages of viral vectors are 

safety concerns such as the possibility of an inflammatory response, while the main 

problem with non-viral delivery vehicles is the relatively low level of gene expression 

compared with viral vectors.
1,2

 Viral delivery systems achieve greater transfection 

efficiency, but non-viral systems are more robust, with greater long-term storage 

capability, and have advantages such as ease and cost-effectiveness for GMP-scale 

manufacture. There have been several comprehensive reviews of nonviral delivery 

vehicles
3,4

, including cationic lipids
5,6 

and lipid mixture
7
 and biomolecules, 

polysaccharides
8
, dendrimers

9
 and other polymers

4-10
, and those systems that have been 

used in clinical trials.
11

 

Non-viral delivery systems based on binding of DNA to the surface of particles 

have also been investigated, with the advantage that, unlike systems in which the DNA 

is encapsulated.
2
 DNA release does not depend on erosion rates of the encapsulating 

medium. In addition, since they are water based systems, they can be produced from 

GRAS (Generally Recognized as Safe) substances without use of organic solvents, 
2,3

 

and may be steam sterilized5 and lyophilized.
6,7,12

 The most extensively investigated 

DNA binding system is silica nanoparticle chemically surface modified with amino 

groups, which have exhibited DNA complexation and transfection.
13-17

 

Amino modified silica nanoparticles have been prepared either using 

commercially available particles (Nissan Chemical) or synthesized using the Stober 
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process,18and modified with N-(2-aminoethyl)-3-aminopropyltrimethoxysilane 

(AEAPS) or N-(6-aminohexyl)-3 aminopropyltrimethoxysilane
14

 or in water-in-oil 

microemulsions using tetraethoxysilane (TEOS) and N-(-aminoethyl)--

aminopropyltriethoxysilane,
15

 referred to as organically modified silica (ORMOSIL). 

There is strong binding of the DNA as the result of the electrostatic interaction between 

the positively charged amino groups (at neutral pH) and the negatively charged 

phosphate groups of DNA; 1mg of nanoparticles can bind 97.2 mg of plasmid DNA 

with 4.3 kb.
19

 Adsorption of the DNA to the nanoparticles prevents enzymatic 

degradation of the DNA,
14-17

 although the reason for this protection is not completely 

understood. 

One suggested reason for the blocking of enzymatic digestion of the DNA was 

that surface binding resulted in a conformational variation of the DNA structure and/or 

hindered access of the enzymes to bound DNA.
13-15 

Alternatively, repulsion of Mg
2+

 

ions, which are necessary for the enzymatic reaction, by the positively charged amino 

groups [zeta potential ~ 30mV], was suggested to account for the inhibition of 

DNaseI.
15

 However, plasmid DNA bound by non-amino terminated silica was also 

partially protected,
17

 and DNA bound to amino-silanated glass slide was digested,
15

 

making the latter mechanism less plausible. Atomic force microscopy (AFM) of the 

DNA/NH2-SiO2 complexes showed a spaghetti-meatball-like structure.
13

 There is also 

evidence that the bound DNA can subsequently be released from the particles and 

remain active, in the case investigated, by high salt (3M NaCl).
20

 

The amino-surface modified nanoparticles have been investigated for use in 

DNA transfection
13,16,17

 and as carriers for the DNA. Transfection of the aminosilanated 
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SiO2 was demonstrated by the galactosidase expression plasmid DNA pCMV in Cos-1 

cells, and in ORMOSIL by the expression of EGFP (Enhanced Green Fluorescent 

Protein). In the former case, transfection was strongly increased in the presence of 100 

M chloroquine in the incubation medium and reached approximately 30% of the 

efficiency of a 60 kDa polyethylenimine. The DNA was bound to the polymer and the 

system can be considered as a system where the DNA and the polymer are intertwined 

with each in multilayer structure. In the latter case, the efficiency of transfection 

equaled or exceeded that obtained in studies using a viral vector.
16

 

A comparison was made between liposomes and cationic solid lipid 

nanoparticles, (prepared by hot homogenisation using either Compritol ATO 888 or 

paraffin as matrix lipid, a mixture of Tween 80 and Span 85 as tenside and either EQ1 

(N,N-di-(b-steaorylethyl)-N,N-dimethylammonium chloride) or cetylpyridinium 

chloride as charge carrier
21

), using the same cationic lipids (DOTAP or DOTAP and 

DOPE), where it was found that reporter gene expression was comparable between all 

DOTAP based formulations.
12

 Only the DOPE containing liposomes (Escortk) 

exhibited better transfection, suggesting that cationic lipid composition was the most 

important factor for in vitro transfection. 

Silica nanoparticles themselves have been shown to be non-cytotoxic to cells. 

Very low cytotoxicity (where cytotoxicity was determined by the cell death compared 

to the control of that particular cell lines) of LD50 (LD50 is an abbreviation for "Lethal 

Dose, 50%" or median lethal dose. It gives the amount of the substance required 

(usually per body weight) to kill 50% of the test population), with values in the 

milligrams per milliliter of the particle concentration range, was observed for amino 
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functionalized SiO2 in transfected Cos-1 cells.
13

In the case of in vivo transfection of 

plasmid DNA encoding for EGFP on Ormosil nanoparticles, by stereotaxic injection 

into the mouse ventral midbrain and lateral ventricle, no ORMOSIL-based toxicity was 

observed 4 weeks after transfection.
16

 The in vivo biodistribution and urinary excretion 

of three types of surface-modified silica nanoparticles (OH-SiNPs, COOH-SiNPs, and 

PEG-SiNPs) have been investigated in mice after intravenous injection using an optical 

imaging method, with the PEG- SiNPs exhibiting the longest blood circulation times.
22

 

By contrast, mesoporous silicates with particle sizes of 150nm, 800nm and 4mm 

exhibited in vitro toxicity in mesothelial cells, death in in vivo intra-peritoneal and 

intra-venous injections in mice, but good biocompatibility and no toxicity with in vivo 

subcutaneous injection.
23

 

In this work, DNA adsorption to lipid-coated SiO2 nanoparticles is investigated. 

Lipid adsorption to bare SiO2 nanoparticles is stable both in aqueous media and in high 

salt buffer for periods of at least 1 month. The silica nanoparticles are available in a 

wide range of sizes, so that the size dependence on nanoparticle transfection can be 

investigated in detail. Here we show that DNA binds to supported lipid bilayers (SLBs) 

of SiO2, where the lipids were mixtures of cationic unsaturated (DOTAP) or saturated 

(DMTAP) lipids with saturated (DMPC) or unsaturated (DOPC) zwitterionic lipids. 

DOTAP/DMPC or DMTAP/DMPC were both stable and completely fused in aqueous 

media (0.75 mM NaCl) at ratios of < 5/95 (DMTAP/DMPC and DOTAP/DMPC). 

Since the DMTAP/DMPC had a phase transition temperature easily observable (i.e. 

above 0 
o
C) in the nano-DSC, binding of DNA to DMTAP/DMPC was investigated in 

more detail for this system. 
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7.2       Experimental Methods 

7.2.1     Materials. 

 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC, 14:0 PC) and 1,2-

dimyristoyl-3-trimethylammonium-propane (DMTAP, 14:0 TAP) were obtained from 

Avanti Polar Lipids (Alabaster, AL) and used without further purification. Snowtex 

colloidal silica (SiO2) beads with nominal diameter of 40-50 nm, ST-20 L, 20 wt % 

SiO2, lot 170211, pH 9.5-11.0, specific gravity 1.12- 1.14 was obtained from Nissan 

Chemical Industries, Ltd. (Japan) and used as-received. The SiO2 beads were prepared 

by the water glass process and had densities of 2.2-2.6 g/cm
3
 (reported by the 

manufacturer). All solutions/ suspensions were prepared with HPLC grade water and 

chloroform and purchased from Fisher Chemicals (Fairlawn, NJ). Solution of 0.75 mM 

NaCl was prepared. Phosphate buffer saline (PBS), pH8 with 100mM NaCl was 

prepared from Na2HPO4.7H2O and NaH2PO4.H2O. A mini extruder from Avanti Polar 

Lipids was used for extrusion of the lipids using polycarbonate membranes with a pore 

size of 100 nm. 

7.2.2    Lipid Formulation: SUVs. 

Stock solutions of DMPC and DMTAP (10 mg/mL) were made in chloroform. 

The required different molar ratios of DMTAP/DMPC were made from these stock 

solutions. Dry lipid films were formed by evaporation of the solvent in a rotavapor or 

under a stream of nitrogen and were kept under vacuum overnight at room temperature 

to remove any residual solvent. The lipid film was subsequently redispersed in either 

water or NaCl solutions of specified concentrations and incubated above Tm (ca. 40-50 

o
C) of the lipid for a minimum of 2 h, with periodic shaking, to form hydrated 
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multilamellar vesicle (MLVs). Small unilamellar vesicles (SUVs) were obtained from 

MLVs after five freeze/thaw cycles followed by extrusion using a polycarbonate filter 

with a pore size of 100 nm. Approximately 1 mL of a 10 mg/mL lipid solution was 

passed back and forth for up to 50 times. A monodisperse population of liposomes was 

obtained, as determined by dynamic light scattering (DLS). 

7.2.3    Supported Lipid Bilayer (SLB) Preparation.  

The amount of lipid required to achieve single bilayer coverage was calculated 

using the surface area occupied by the DMPC head group and DMTAP head group 

(0.59 nm
2
 for DMPC

25
 and

 
0.7nm

2
 for DMTAP) and the total surface area of the 

nanobeads, with the assumption that the latter was a planar surface. Two solutions with 

known total surface areas of beads (SASiO2) and lipid (SADMPC/DMTAP) were prepared 

separately and were mixed to achieve the desired lipid/SiO2 ratio. The lipid/SiO2 ratio 

required for a single bilayer to form on a single nanobead will be referred to as a 

nominal SADMPC/DMTAP/SASiO2=1/1 coverage, and other ratios refer to nominal 

fractional or multiple bilayer coverages, although actual surface areas determined by 

DLS were used to prepare the suspensions. Adsorption of the vesicles onto the 

nanobeads was accomplished by addition of approximately equal volumes of SiO2 

dispersions to vesicle solutions held above Tm (40-50 
o
C) for 1 h with occasional 

stirring, unless otherwise indicated; the mixtures were stored at RT for not more than 1 

day. (It was found that mixing of approximately equal volumes of the two was 

preferable to the addition of small quantities of one in the other; the latter sometimes 

resulted in precipitation of the nanoparticles, possibly due to initial inhomogeneities 

upon mixing). The concentration of SiO2 dispersion was 20 % SiO2, with the specific 
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gravity of the beads assumed to be 2.4. Typically, these suspensions (with pH  9) were 

diluted 1/4 to prepare equal volumes for mixing with the lipid solutions, then mixed in 

a 1/1 v/v ratio, and further diluted for the nano-DSC measurements. The pH of the 

mixtures after dilutions up to 1/500 was approximately the same as the original pH of 

the beads (9), and no attempt was made to adjust the pH. The pH of the PBS solutions 

(8) did not change upon addition of the Nanoparticles. 

 

 7.2.4   Lipoplex preparation  

Solutions of plasmid DNA (gWiz™ Luc plasmid, Aldevon), and ladder Lambda 

DNA/Hind III (Promega), both 0.05 g/L, were prepared in sterile conditions, using 

nuclease-free water.  

Diluted stock solutions (0.2 mM, 300 µL each) of 1/99 and 5/95 molar 

concentrations of DMTAP/DMPC liposome formulations were made from 100 µL of 

the original stock solutions (0.6 mM) and 200 µL HPLC water. In three eppendorf 

tubes, 20 µL of diluted DNA stock were treated with  16 µL, 32 µL and 48 µL of 

diluted liposomal preparation lipid (SLB) /DNA ratios of 1/1, 2/1 and 3/1 respectively. 

The amount of DNA to add was determined by the charges on the cationic lipid and 

charges on the DNA; when these were matched, the ratio was 1/1. When twice as much 

positive charge on the lipid (on the SLBs) as charge negative charge on the DNA was 

used, the ratio was 2/1, and when three times as much positive charge on the lipid (on 

the SLBs) as charge negative charge on the DNA was used, the ratio was 3/1. It was 

determined from the further experimentation (gel electrophoresis) that three times as 
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much positive charge from the cationic lipids as negative charge from the DNA was 

required to completely compact the DNA. The vials were tapped gently for 1 min to 

ensure proper mixing, and then allowed to rest at room temperature for 30 min for 

proper lipoplex compaction. The volume of all lipoplex suspensions was adjusted with 

nuclease-free water to 150 µL.  

7.2.5    Gel electrophoresis of lipoplexes  

 In the gel electrophoresis experiment an amount of 15 µL of each lipoplex 

formulation was aliquoted out in small eppendorf vials and each vial subsequently 

received 3 µL of Blue/Orange Loading dye (Promega). A DNA standard was made by 

mixing 2 µL of diluted DNA stock with 13 µL nuclease free water and 3 µL of of 

Blue/Orange Loading dye. The same procedure was used to make a ladder reference 

standard using the Lambda DNA/Hind III marker. The final volume in all vials was 18 

µL. The lipoplex/dye mixtures were loaded into a 1% Agarose gel in 1X TAE buffer, 

pre-stained with GelStar® (Lonza) nucleic acid stain (10 µL in 50 mL gel suspension). 

Gel electrophoresis was carried out at 75 mV for 75 min. DNA bands were visualized 

with a Mighty Bright transilluminator (Hoefer), and the gel was photographed with an 

Olympus C-5060 digital camera. 

7.2.6 Nano-Differential Scanning Calorimetry (Nano-DSC), Zeta Potential (ζ),                    

Dynamic Light Scattering (DLS). 

Nano-differential scanning calorimetry (nano-DSC) measurements were 

obtained on a TA Instruments (New Castle, DE) NanoDSC-6300 apparatus. Typically, 

suspensions with approximately 2mg/ml lipid were run at heating and cooling scan 
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rates of 1
o
C/min. Samples of 750 μL were introduced in the nano-DSC apparatus at 25 

o
C, equilibrated at 5 

o
C for 10 min, heated to 50 

o
C, re-equilibrated at 50 

o
C for 10 

minutes, cooled to 5 
o
C, and rerun with the same protocol for another cycle. The gel-to-

liquid phase transition temperatures on heating and cooling, Tm and Tc, and their 

respective enthalpies, ΔHm and ΔHc, for the second nano-DSC scans are reported. 

When samples were in the form of stable suspensions, the concentration of lipid and the 

volume (0.299mL) in the nano-DSC apparatus were used to obtain values of ΔHm and 

ΔHc. When the samples precipitated, the known quantity of lipid was used to calculate 

ΔHm and ΔHc. Dynamic light scattering (DLS) and zeta potential (ζ) measurements 

were performed on a Zeta Sizer Nano ZS (Malvern Instruments Inc., Westborough, 

MA) instrument. Data were recorded only for samples that did not precipitate. 

Disposable capillary cells (DTS1060) or dip cells were used for the measurement of 

size and zeta potentials. In the former case, the voltage was 30 V/cm, and in the latter 

cases 3-5 V/cm. The reported diameters use the volume distribution obtained by 

cumulant analysis. 

7.2.7    TEM measurements  

These measurements were made on a JEOL JEM 1400 EM with an operating 

voltage of 80 KeV. The same concentration (ca. 1 wt %) of nanoparticles was used for 

each image and samples were stained (30 s) with a 1% solution of uranyl acetate if 

necessary. Four micro liter aliquots of the suspensions were placed on carbon-coated, 

type-A 300 mesh copper TEM grids (Ted Pella, Inc., Redding, CA) and air-dried for 45 

min. Images were captured using a Gatan Dual Vision 300 (1k), side entry cooled CCD 
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camera, or a Gatan Outer SCAN 1000 CCD Camera. Image capture, processing, and 

analysis were performed with Gatan Digital Micrograph software. 

7.3       Results  

7.3.1    Nano-system Stability. 

The stabilities of the (DMTAP/DMPC)-SiO2 mixed nanosystems were 

monitored using 40-50 nm SiO2 by visual inspection at least 1 h after mixing the 

components. Various molar ratios of DMTAP/DMPC (1/99, 5/95, 10/90, 30/70, 50/50, 

70/30, and 100/0) liposomes were prepared and monitored for stability/precipitation of 

the components. 

Initially all these mixed liposomal preparations were made in HPLC grade water 

using SASUV/SASiO2 = 1/1 and the stability of the SLB system with 40-50 nm SiO2 

checked. It was observed that any DMTAP/DMPC molar ratio > 10/90 precipitated and 

anything below this ratio was stable in a SASUV/SASiO2 = 1/1 ratio of liposomes to 40-

50 nm SiO2. In order to improve stability, additional lipid was added. The ratio of 

SASUV/SASiO2 = 1/1 was increased incrementally until a stable suspension was 

achieved. It was shown that for all molar ratios of the lipids above 10/90 

(DMTAP/DMPC) a small amount of extra liposome was needed to make the SLB 

suspension stable. Table 7.1 presents the various ratios of excess lipid needed to make 

the SLB suspensions stable. Thus, increased amounts of DMTAP fostered precipitation, 

and a greater amount of excess SUVs enriched in DMTAP were needed to keep the 

suspensions stable.  

When the DMTAP/DMPC (1/99, 5/95, 10/90, 30/70, 50/50, 70/30, and 100/0) 

liposomes were mixed with 40-50 nm SiO2 at SASUV/SASiO2 = 1/1 in PBS buffer, all of 
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the SLBs precipitated. Lastly, when these same lipid compositions were mixed at 

SASUV/SASiO2 = 1/1 in 0.75 mM NaCl, the 1/99 and 5/95 compositions were stable, but 

the 10/90 composition (and other compositions with more DMTAP) precipitated. 

 

Figure 7.1:  Nano DSC thermograms of MLVs lipids of DMTAP and DMPC in various 

molar ratios in water, in increasing order of the molar ratio of DMTAP from top to 

bottom. 

 



275 

 

 

Figure 7.2 : Nano DSC thermograms of SUVs lipids of DMTAP and DMPC in various 

molar ratios in water, in increasing order of the molar ratio of DMTAP from top to 

bottom 
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Table 7.1: Table representing the different molar ratios of the cationic lipid/zwitterionic 

lipid and the ratio to the Silica bead at which they are stable in suspension 

 

Molar ratio of DMTAP/DMPC Excess amount of the lipid needed to 

maintain stability  

(Lipid/Bead) 

0/100 1/1 

1/99 1/1 

5/95 1/1 

10/90 1/1 

30/70 1.3/1 

50/50 1.4/1 

70/30 1.6/1 

100/0 1.7/1 
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7.3.2   Nano DSC Data 

Nano-DSC thermograms of MLVs in water at different molar ratios of 

DMTAP/DMPC are shown in Figure 7.1, and the corresponding SUVs in water are 

shown in Figure 7.2. The MLVs of neat DMPC have the characteristic narrow phase 

transition temperature, Tm, and a pretransition, but the DMTAP is broader and does not 

have a pretransition. As observed previously, the Tm values have a maxima at 

DMTAP/DMPC = 1/1. The same trends in Tm are observed for the SUVs, namely that 

there is a maximum in Tm at the DMTAP/DMPC = 1/1 composition, but they also have 

both broader transitions than the corresponding MLVs and marginally higher transition 

temperatures. Further, we note that we and others sometimes observe double peaks in 

the phase transitions of both MLVs and SUVs of lipids. The reason for this has not 

been adequately addressed. We suggest (without proof) here, that this may arise from 

differences in composition and/or packing between the inner and outer leaflets of the 

bilayer. We also note that it was much more difficult to extrude samples containing 

DMTAP compared to pure DMPC. This may be due to the headgroup pairing and 

strong electrostatic interaction of the anionic (phosphate) portion of the zwitteronic 

head groups of DMPC with the cationic headgroup of the DMTAP. 

Nano-DSC thermograms for systems in which DMPC/DMTAP SUVs in water 

were incubated for 1 h above Tm with 40-50 nm SiO2 at SASUV/SASiO2 = 1/1 ratios are 

shown in Figure 7.3. In all cases, two transitions are observed. As discussed previously, 

the one at lower temperature is attributed to lipid in the form of a supported lipid 

bilayer (SLB). The one at higher temperature is attributed to the excess SUVs in the 

suspension. Thus, for these systems, there was incomplete fusion of the SUVs on the 



278 

 

SiO2, so that mixtures of SUVs and SLBs were present. Note that in the absence of 

added salt, even the pure DMPC SUVs do not fuse completely (after 1 h) to the SiO2. 

Further, although there are excess vesicles in all the samples, precipitation of the 

nanosystem is enhanced as the composition of the lipid mixture is enriched in DMTAP.  

Although the zeta potentials of the SLBs cannot be measured (since they 

precipitate), the zeta potentials of the beads (-40 mV) and SUVs can be measured 

separately. The zeta potentials of the SUVs become increasingly positive as the 

composition is enriched in the cationic lipid. We have previously observed that in low 

salt, where we can keep the SLBs fused and stable (for DMPC), the zeta potential of the 

SLBs decreases from -40 to -20 (at a pH between 8 and 9), which is near the stability 

limit of colloids. Thus, as more positively charged lipid is added, we expect that this 

number will be further reduced, decreasing stability. 

Lastly, the peak positions of the excess SUVs did not correspond to the parent 

SUVs, and this phenomenon, due to preferential adsorption of the particular lipids, will 

be discussed below. 
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Figure 7.3: Nano-DSC thermograms of SUVs incubated with nominal 40-50 SiO2 (1 

h/40 
o
C) to form the SLBs in 1/1 ratio in water. 
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Figure 7.4 Nano-DSC thermograms of DMTAP/DMPC compositions as SUVs (
__

); 

incubated with 40-50 nm SiO2 (1 h above Tm) in a ratio of SASUV/SASiO2 = 1/1 (----); 

and incubated with 40-50 nm SiO2 (1 h above Tm) with excess SUVs (SASUV/SASiO2 > 

1) in an amount required (see Table 7.1) to keep the suspensions stable (
…..

) all in 

water. 
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NanoDSC plots of mixtures of 40-50 nm SiO2 in water and excess SUVs 

sufficient to keep the SLBs in suspension (Table 1) are shown in Figure 7.4.  The 

nanoDSC thermograms of the SUVs and the systems in which SASUV/SASiO2 = 1/1 are 

included for comparison. It can be seen (as mentioned and shown here for the SUVs 

and systems with SASUV/SASiO2 = 1/1) that the peak positions of the excess SUVs did 

not correspond to the parent SUVs, and are shifted by comparison with the 

SASUV/SASiO2 = 1/1 systems. This phenomenon, as discussed below, is due to 

preferential adsorption of lipids onto the SiO2 surface.  

In order to affect complete fusion of the SUVs onto the 40-50 nm SiO2, the 

samples were incubated in PBS buffer. As shown in Figure 7.5, this resulted in a single 

SLB transition, but as discussed above, all of the SLBs precipitated. 
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Figure 7.5: Nano-DSC thermograms of DMTAP/DMPC SUVs (in water) and the SUVs 

incubated with nominal 40-50 SiO2 (1 h/40 
o
C) at SASUV/SASiO2 = 1/1 in PBS buffer to 

form the SLBs, with single Tms; all the SLBs precipitated. 
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In order to affect complete fusion, as discussed in chapter 5, but also keep the 

SLBs in suspension, low concentrations of salt were added to the DMTAP/DMPC = 

1/99, 5/95 and 10/90 compositions. Figure 7.5 shows the nano-DSC traces of the 1/99, 

5/95 and 10/90 compositions in water and in 0.75 mM NaCl, showing the 

disappearance of the SUV peak when salt is added, and only a single SLB transition. 

Both the 1/99, 5/95 compositions were stable, but the 10/90 composition precipitated. 

As the 5/95 DMTAP/DMPC SLB system had a little more of the cationic lipid when 

compared to 1/99 DMTAP/DMPC SLB system, this was used in further experiments to 

form a lipoplex. 

 

7.3.3  Preferential adsorption of lipids onto the SiO2 nanoparticles during SLB 

formation 

When different molar ratios of DMTAP/DMPC were used to form SLBs, it was 

observed that there was preferential attachment of one lipid to the negatively charged 

silica bead. These conclusions were drawn based on shifts in the nano-DSC traces of 

both the SUVs and SLBs when 40-50 nm SiO2 was incubated with DMTAP/DMPC 

SUVs in water either at SASUV/SASiO2 = 1/1, at SASUV/SASiO2 > 1, at ratios necessary to 

keep the suspensions stable, or at SASUV/SASiO2 = 2/1. In order to estimate the 

compositions of the lipids in both the SUVs and SLBs when an excess amount of lipid 

was accessible to the SiO2 nanoparticles: (i) a calibration curve was prepared for the 

SUVs in water (Figure 7.6 top); (ii) a calibration curve was prepared for SLBs in which 

all of the lipid was attached to the 40-50 nm SiO2; this was accomplished by using 

SASUV/SASiO2 = 1/1 and incubation with the SiO2 in PBS buffer (Figure 7.6 bottom); 
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(iii) the 40-50 nm SiO2 nanoparticles were incubated with DMTAP/DMPC SUVs at a 

SASUV/SASiO2 = 2/1 ratio. 

 

Figures 7.6 Plots of the gel-liquid crystalline phase transition temperatures, Tms, of 

DMTAP/DMPC as a function of composition for (top) SUVS in water; and (bottom) 

SLBs in PBS buffer at SASUV/SASiO2 = 1/1. 
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Figure 7.7 presents nanoDSC thermograms of SUVs, and mixtures of SUVs 

incubated in water with SiO2 nanoparticles in SASUV/SASiO2 = 1/1 and 2/1 ratios. For 

the SASUV/SASiO2 = 1/1 compositions in water, both the pure DMPC and DMTAP 

systems have residual SUVs, that is there is only partial fusion to the SiO2, although 

one is suspended (DMPC) and the other is precipitated (DMTAP). In the former case, 

as observed previously, the weak interaction between the zwitterionic lipids and the 

negatively charged SiO2 requires the addition of salt to speed up the fusion process. In 

the latter case, there should be a strong attraction between the negatively charged silica 

and the positively charged DMTAP. The fact that not all of the DMTAP SUVs fuse to 

the beads suggests that there is too much positive charge confined on the SiO2 surface 

(perhaps in the outer leaflet), despite the charge cancellation; for SUVs and MLVs, the 

dimensions of the vesicles can expand to accommodate the charge. 

Further, the Tm (23 
o
C) of the DMPC MLVs depends little on whether they are 

formed in water or buffer, and neither does Tm of the SLBs of DMPC (22.1 
o
C in PBS 

buffer and 22.5 
o
C in water). Similarly, the peak position of Tm for pure DMTAP 

MLVs is the same (32.5 
o
C) in water and buffer, although the transition is much 

broader in both cases. However, for the DMTAP SLBs, Tm in water (22-23
o
C) is lower 

compared with DMTAP SLBs (27.6 
o
C) in buffer, and increases (22.0 

o
C, 22.5 

o
C, 23.0 

o
C) as the ratio of SASiO2/SASUV increases from 1/1 (22.0 

o
C) to 1.7/1 (22.5 

o
C) to 2/1 

(23.0 
o
C). A higher Tm suggests better lipid packing (either of the alkyl chains or the 

headgroups). We speculate that in the absence of salt, the amount of DMTAP that can 

be accommodated on the SiO2 surface is limited, but that in the presence of buffer and 
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the resultant charge shielding, more lipids with better packing can fuse to the SiO2 

surface. 

The most interesting point to note is the trend observed for the SLBs (Figure 

7.7). The only composition in which there is no shift in Tm for either the SLBs or 

SUVs, as the SUVs are incubated with the SiO2 and excess SUVs are added, is for the 

DMTAP/DMPC (50/50) composition. For all other SLBs, the trend is for the lipid 

composition on the SLBs to approach that of the DMTAP/DMPC (50/50) composition.  

For DMTAP/DMPC (50/50), the transition temperature (which has two peaks) 

for the SUVs in the systems where SASUV/SASiO2 = 1/1 or 2/1 occurs at the same 

temperature as does the neat SUVs. This strongly suggests that the composition of the 

SUVs is the same, and is not enriched in one of the components after fusion with the 

SiO2. Similarly, the SLB peak is the same after incubation with SUVs at ratios of 

SASUV/SASiO2 = 1/1 or 2/1. If the 2/1 SUVs have a 50/50 DMTAP/DMPC composition, 

then the SLBs must also have a 50/50 DMTAP/DMPC composition, although it is not 

possible to determine whether the inner and outer leaflets of the MLVs, SUVs or SLBs 

of DMTAP/DMPC have different compositions in the inner and outer leaflets. Further, 

the position of the SLB transition in water (28 
o
C) is lower than the transition in buffer 

(35.2 
o
C).  This suggests that more lipids can fuse to the SiO2 in the presence of buffer, 

enhancing packing and increasing Tm, as was the case for pure DMTAP SLBs. 

By contrast, for the other compositions, the SLBs all have Tms that are the same 

as or shift towards that of the DMTAP/DMPC (50/50) transition temperature. For 

DMTAP/DMPC < (50/50) the Tms of the SLBs are at lower temperatures than the 50/50 
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composition and for > DMTAP/DMPC (50/50), the Tms of the SLBs are at almost the 

same temperature as the 50/50 composition.  

For DMTAP/DMPC compositions < DMTAP/DMPC (50/50), that is for 

compositions in which there is less DMTAP than for the 50/50 composition, the SLBs 

become enriched in DMTAP, and the SUVs become depleted in DMTAP after fusion, 

for both the SASUV/SASiO2 = 1/1 and SASUV/SASiO2 = 2/1 ratios. 

For example, for the DMTAP/DMPC (20/80) composition (where there is a 

single SUV transition), addition of SiO2 in a SASUV/SASiO2 = 1/1 ratio results in a 

decrease in Tm for the residual SUVs compared with the parent SUVs. From Figure 7.6, 

a decrease in Tm (left side of calibration curve) is expected in the SUVs as the 

composition shifts towards 10/90. The SLB transition should then be enriched in 

DMTAP (e.g. 30/70), to conserve mass. This SLB transition is still at a lower value 

(and thus lower Tm compared with the 50/50 composition). At SASUV/SASiO2 = 2/1, the 

same trend is observed with respect to the parent SUV and 50/50 DMTAP/DMPC 

SLBs. However, both the SUV and SLB transition temperatures increase as more SUVs 

are added. Since this cannot be explained based on mass conservation, other factors, 

such as interactions between the SUVs and SLBs that affect Tm values must be 

responsible. 

For DMTAP/DMPC compositions > DMTAP/DMPC (50/50), that is for 

compositions in which there is more DMTAP than for the 50/50 composition, the SLBs 

are at lower or the same temperature as the 50/50 composition. This indicates that they 

are enriched in DMTAP compared with the 50/50 composition. The SUVs are at higher 

temperatures compared with the parent SUVs, indicating they are depleted in DMTAP 
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compared with the parent SUVs (going from right to left in Figure 7.6). However, as 

observed above in comparisons of the SASiO2/SASUV = 1/1 and 2/1 ratios, both the 

SUVs and SLBs shift in the same direction, which violates the conservation of mass, so 

that interactions between the SUVs and SLBs may be responsible. 
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Figure 7.7: Nano DSC plots of different molar ratios of DMTAP/DMPC for: (i) SUVs 

in water (
__

); (ii) SUVs incubated with 40-50 nm SiO2 in water at SASUV/SASiO2 = 1/1; 

the SLBs precipitate (----); (iii) SUVs incubated with 40-50 nm SiO2 in water at 

SASUV/SASiO2 = 2/1; SLBs stay suspended (
….

).  

 

These results indicate that the optimal composition for DMTAP/DMPC on the 

beads is one for which there are equal amounts of the two lipids. When provided with 

SUVs of variable compositions, more DMTAP is removed from SUVs with 

DMTAP/DMPC < 50/50 to provide more DMTAP to the SLBs, and the reverse occurs 

for DMTAP/DMPC > 50/50. For DMTAP/DMPC = 50/50 the composition of the 

SUVs and SLBs does not change 

7.3.4    Dynamic Light Scattering Data and Zeta Potential Measurements of DMTAP-

DMPC/SiO2 Nanosystems.  

Dynamic light scattering (DLS) and zeta potential (ζ) measurements were 

obtained in parallel with nano-DSC experiments. The size and the zeta potential 

measurements of the SiO2, SLBs and the DNA/SLBs (Lipoplexes) are given in Figure 

7.8 for the 40-50 nm SiO2, SLBs prepared using 95/5 DMTAP/DMPC and 0.75 mM 

NaCl, and for this SLB with DNA in a 3/1 charge ratio. 

It can be seen (Figure 7.8a) from the DLS measurements that the size of the SiO2 

nanoparticles increases upon addition of the lipid and further upon addition of the 

DNA. The size of the naked 40-50 nm SiO2 beads was 43.82 nm ± 2 nm by volume %, 

as previously observed. Incubation of the 40-50 nm SiO2 beads with the 5/95 

DMTAP/DMPC liposome solution, 0.75 mM NaCl, for 2 h above the phase transition 
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temperature of the liposomes, in a SASUV/SASiO2 = 1/1 surface ratio of the beads to 

lipids resulted in an increase in the bead size from 43.83 nm to 58.77 nm. (15 nm 

increase in diameter) The hydrodynamic radii of the corresponding SLBs increased an 

average of 7.5 nm, in excellent agreement with the increase expected based on the ca. 7 

nm lengths of the lipids. This is slightly larger than the expected 5 nm length of the 

lipids. 

When the SLBs were mixed with DNA in different ratios, compaction was 

achieved (see gel electrophoresis results below) at a 3/1 charge ratio of the lipid/DNA. 

DLS data for this 3/1 lipid/DNA ratio on the SiO2 nanoparticles resulted in an increase 

of size of the DNA/SLBs complex to 68.06 nm. The 10 nm increase in the size of the 

SLBs with additional DNA is a clear indication of the compaction of the DNA on the 

SLBs (Further proof provided with Gel electrophoresis and the TEM experiments). For 

the 2/1 and 1/1 DNA/cationic lipid on the SLBs, large aggregates of over 1000 nm were 

observed, indicating that no compaction occurred. 

The zeta potential readings of the colloidal preparations were taken in parallel 

with the DLS readings. The Figure 7.8b shows the readings in a graphical form. It can 

be seen in the figure that the zeta potential of the naked beads is -41.6 mV, and with the 

addition of the liposomes (96.6 nm), which have a zeta potential of +2.3 mV (which 

have a zeta potential of + 2.3 mV; 1/99 has 0.74 mV, 5/95 has +2.3 mV, 50/50 has 

+22.7 mV and 100/0 has + 40.3 mV) the zeta potential becomes positive (+ 14.4 mV), 

clearly indicating the fusion of the liposomes to the silica beads. The next stage is the 

addition of the negatively charged DNA to the positively charged entity. As mentioned 

above the addition of the SLBs to the DNA was done in four different charge ratios of 
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1/1, 2/1, 3/1 and 4/1 of positive charge (SLBs) to negative charge (DNA). When this 

addition was made, in the first two attempts of 1/1 and 2/1 in the charge ratio of 

positive to negative, the zeta potential yielded a final negative charge, (which means 

that the DNA was not compacted onto the lipid; the DLS data also gave a peak in the 

range of 1000 nm, indicating that there was a lot of free DNA left aside and needed 

more lipid for compaction). Finally when the amount of the positive charge was 

increased to three times the negative charge, it was seen in both the DLS and the Zeta 

potential data that the compaction was complete.. The zeta potential proves that by 

having a positive charge of 14.6 mV and the DLS proves that not having any large 

chucks of free DNA and by having complete compaction on the SLB. See Figure7.8a. 
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Figure 7.8a: Graphical representation of DLS and the zeta potential data (in 0.75 mM 

NaCl): a) DLS data of the SiO2 beads, SLBs (DMTAP/DMPC 5/95) and the DNA on 

the SLBs (3/1 lipid/DNA charge ratio)                                                                               

 

Figure 7.8b:  zeta potential data of the SiO2, SLBs (DMTAP/DMPC 5/95) and DNA on 

the SLBs (3/1 lipid/DNA and 4/1 lipid/DNA); the negative zeta potential of the SiO2 

becomes positive upon addition of the lipid and then the DNA. 
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7.3.5    Gel electrophoresis 

The gel electrophoresis experiments were conducted in parallel with the DLS 

and the Nano-DSC experiments.  Two sets of experiments were conducted, with 

DMTAP/DMPC ratios of 1/99 and 5/95. The SLBs of both these ratios of liposomes 

were made up in the surface ratio of 1/1 in 0.75 mM NaCl. Then the DNA in three 

different charge ratios (1/1, 2/1 and 3/1) was run in the gel to see the compaction of 

each one of them. It was seen that the charge ratio of 1/1 and 2/1 was not sufficient for 

compaction, and any charge ratio >3/1 was sufficient for the compaction of the DNA on 

the SLBs. In order to make the charge ratio 3/1, using the DMPC/DMTAP = 5/95, more 

beads were added for the same amount of DNA (since the lipid composition was fixed).  

This phenomenon was also proven with the DLS and the Zeta potential experiments. 

Figure 7.9 shows the gel picture and the bands of the various charge ratios where 

compaction occurred. It can be seen that the DNA did not compact at all in the third 

and the fourth lanes (charge ratio of 1/1), it compacted comparatively better in the 

(charge ratio of 2/1) (lighter bands) and it completely compacted in the charge ratio of 

3/1 (no bands in the gel picture).  It can be clearly seen that the DNA does not flow in 

the last two lanes which in turn refers to complete compaction of the DNA with the 

SLBs.  
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Figure 7.9:  This is a gel electrophoresis picture of the DNA/SLB complexes. The first 

two lanes represent the Ladder and the DNA. The lanes from 3-8 represent the two SLB 

mixtures made with 1/99 and 5/95 of DMTAP/DMPC with 40-50 nm SiO2 beads in 

three different charge ratios of 1/1, 2/1 and 3/1 +/-The 3/1 +/- is the most compacted 

lane of all. 
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7.3.6    TEM Experiments 

The TEM experiment is the most important and the final proof for the indication 

that the DNA is compacted on the SLBs. The Figure 7.10 shows the TEM images of the 

SLBs and the DNA coating on the beads.  The Figure 7.10a shows the image of just the 

SLBs; the outer coating of the liposome on the beads is approximately 7 nm, matching 

perfectly with the DLS data attained before. The addition of the DNA onto the SLBs 

gave a dark lining on the surface of the SLB depicting the compaction of the DNA on 

the SLBs (Figure 7.10b). The length was measured to be approximately 4 nm, again 

matching perfectly with the DLS data of the SLBs/DNA data attained above.  Another 

experiment was conducted with the SLBs and DNA, and three charge ratios of 1/1, 3/1 

and 6/1 (+/- ), to prove  that by adding the excess positive charge in the form of SLBs 

there is more compaction of the DNA and no free DNA is in the solution after the 

charge ratio of 3/1 +/-, which means at least three times excess of the lipid is needed for 

the complete compaction of the DNA. This is proved right by the DLS and the zeta 

potential experiments too. The Figure 7.9a shows that in the 1/1 ratio of lipid to DNA, 

there is much DNA left uncompacted and it needs more lipid in the form of SLBs for 

compaction. The Figure 7.9b and Figure 7.9c shows the TEM of the Lipids to DNA in 

the ratio of 3/1 and 6/1 showing that any ratio of the lipid above the ratio of 3/1 of the 

lipid to the beads is enough for the compaction of the DNA. 
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 a)                                            b)                                              c) 

Figure 7.10: The picture above represents the TEM images. a) This picture represents 

lipid and the DNA in 1/1 ratio of the positive to the negative. (You can see lots of free 

DNA in the picture). b) This represents the lipid to DNA in the 3/1 ratio of the positive 

to negative. c) This represents the lipid to DNA in the ratio of 6/1. 

 

 

     a)                                                b)                                             c) 

 Figure 7.11: The picture above represents the TEM images. a) This is the image of a 

100 nm silica bead with a coating of the lipid b) represents the DNA/SLB structures 

with the focus on one particular structure c) represents the magnified image of 

DNA/SLB structure (the outer dark layer over the lipid is the DNA) 
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7.4      Discussion  

In the current work, formation and colloidal stability of DMTAP/DMPC 

bilayers on silica nanobeads was investigated as a function of the ratio of surface area 

of lipid to surface area of bead (SAlipid/SASiO2), to a lesser extent time and more 

importantly the colloidal stability based on the different molar ratios of DMTAP to 

DMPC. Finally the formation of the lipoplexes on the SLBs was investigated 

extensively using nano-DSC, TEM, Gel electrophoresis and DLS experiments. 

Stability of the colloidal suspension of SLBs formed on the 40-50 nm beads was 

found to be dependent upon the ratio of surface area of lipid to surface area of bead 

(SAlipid/SASiO2). It was found that for a SAlipid/SASiO2 ratio of 1/1, all the molar 

concentrations of DMTAP-DMPC above the ratio of 5/95 precipitated and needed 

additional amounts of SUVs for the stabilization. The amount of lipid needed for 

stabilization was found by a trial and error method of adding a little extra lipid every 

time and checking for the stability. (Table 7.1) As seen in the Table, in water, more 

excess lipid was required as the amount of DMTAP in the liposome composition 

increased. The process of vesicle fusion has been extensively investigated for planar 

surfaces, which proceed either by a fast, two-step or a slow, one-step mechanism, and 

depend on lipid and salt type concentration.
 
Initially when all the experiments were 

done in water, the stability of the system depended upon the existence of the excess 

lipids in the solution. The amount of excess lipids needed to stabilize the colloidal 

system, increased with the increase in the molar concentration of DMTAP in the 

DMTAP/DMPC SUVs, which means as the amount of DMTAP increases in the lipid 

ratio, more SUVs are needed to stabilize the same amount of silica. 
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As observed before in chapter 4, increased ionic strength favored fusion and 

formation of SLBs and increased amount of the lipid added to the system favors 

stability. To counteract these difficulties, a particular molar concentration of the 

DMTAP/DMPC was chosen and further efforts were made to make sure that there was 

complete fusion, by addition of salt to the SiO2/lipid mixture. These systems were then 

used for DNA compaction. The reasoning behind this was that if free lipid remained in 

the suspension, the possibility existed that the DNA would preferentially be compacted 

by the free SUVs, since it is known that multilayer lipoplexes are formed when DNA 

and cationic liposomes are mixed. 

It was seen that any molar concentration of the lipid less than 10/95 of the 

DMTAP/DMPC lipid was stable in a 1/1 ratio of the lipid to bead. A Nano DSC scan 

was taken on these SLBs and it was found that, though the colloidal system was stable, 

the fusion was not complete and it needed some amount of the salt in the system for 

fusion as discussed before in chapter 4 and chapter 5. Hence the same colloidal 

solutions were made except that this time they were made with 0.75mM NaCl. 

However, salt can trigger precipitation as the result of charge shielding and this is what 

in the case of 10/90 DMTAP/DMPC 1/1 colloidal solutions of lipid to bead. But for the 

lipid molar ratios of anything below 10/90 DMTAP/DMPC was stable in a 1/1 ratio of 

the lipid to beads and completely fused (as confirmed by the nanoDSC runs). The 

stability and the fusion were attributed to the fact that for any molar ratio of the lipid 

less than 10/90 of the DMTAP/DMPC, the dominance in the lipid system was created 

by DMPC rather than DMTAP and hence they behave in the same way as if it was a 

100% DMPC lipid solution rather than a combination of the lipids. Keeping all this in 
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view the lipid molar ratio of DMTAP/DMPC of 5/95 was used for further 

experimentation, which was stable in a 1/1 ratio of the lipid and to beads and formed 

completely fused SLBs. 

There are a lot of factors that can affect the stability and the fusion of the 5/95 

DMTAP/DMPC colloidal system in a 1/1 surface ratio of the lipid to 40-50 nm beads. 

It is simple when fusion is taken into discussion, because as known earlier in chapter 4 

and chapter 5, the fusion is effected by the presence of salt in the solution. As the 

amount of salt in the colloidal system increases, the fusion of the lipids on to the silica 

beads increases, hence the salt concentration of 0.75mM NaCl is used for the complete 

fusion. When it comes to stability, there are two main factors that affect the stability of 

the colloidal system namely, the charge density and the structure of the lipids must be 

taken into consideration. There are two lipids namely DMPC, a zwitterionic lipid and 

DMTAP, a cationic lipid which are being used. There is a lot of difference in the 

structure and the charge of these lipids. When just DMPC was used, in water there was 

no problem of stability as calculated 1/1 surface ratio of the lipids to beads almost 

matched correctly and all the lipids because of their straight alignment of the tail group 

of the lipid fit perfectly on the beads. Because of the bent shape of the lipids as the 

amount of the DMTAP increased in the molar ratio of the lipid, the amount of the 

excess lipid that has to be added to stabilize the system as a whole increased (see table 

7.1). 

When the nanoDSC was run on the various SUVs and the SLBs of the lipid 

bead solutions, a very interesting fact was found. It was seen that when there is a 

mixture of lipids in a solution, one lipid has higher affinity to the beads compared to 
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others in most cases. An exception to this in the DMTAP/DMPC mixtures of lipids was 

the lipid ratio of 50/50 DMTAP to DMPC. A lot more investigation has to go into this, 

with the help of Gas chromatography and mass spectroscopy techniques to prove this 

particular fact.  

The stabilized and fused SLBs of the 5/95 and 1/99 DMTAP/DMPC lipid in a 

1/1 ratio of lipid to beads in 0.75mM NaCl solution had been used for the further gel 

electrophoresis and the TEM experimentations.   

Gel electrophoresis of plasmid DNA and DNA bound to the lipid-DNA 

nanoparticles is shown in Figure 7.8. In studies of DNA bound to ORMOSIL 

nanoparticles, which have different amounts of positively charged amino groups on 

their surfaces (and differ also in size), the mobility of the complexed DNA towards the 

positive terminal was retarded with an increase in the number of amino groups binding 

the DNA, suggesting that complexation has restricted the mobility in the gel.
17-15

 In the 

gel electrophoresis experiments, as discussed in the results, different +/- charge ratios 

of the SLBs (Lipids) and DNA, were run and the charge ratio of 3/1(+/-) was stable and 

was compacted when compared to the other charge ratios of the lipids. In the 1/1 and 

the 2/1 charge ratios, it can be seen that, the compaction was not complete and it 

needed more of the positive charge, and as the amount of the lipid increased, the 

positivity of the lipid helped in the compaction of the DNA (Figure 7.9) and led to a 

completely compacted system, which can further be transfected into the cancerous 

cells. A lot of investigation is being done on the transfection of these DNA-Lipid-Silica 

systems into cancerous cells. These systems were very stable and the DNA was nicely 

compacted and rather preserved and stored in the silica-lipid system for months 
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(checked stability up to 2 months) Based on the shelf life of these systems, they can be 

used extensively in storing the DNA for longer periods of time.  

The final confirmation of the formation of the DNA-Lipid-Silica systems was 

confirmed with the help of TEM (Transmission Electron Microscopy). The Figure 7.10 

describes about the complexity, structure and the arrangement of the DNA in between 

the different layers of the lipid in the system. The figure 7.10 a shows a single silica 

bead of 100nm in diameter, the Figure 7.10 b shows the distribution of the DNA-Lipid-

Silica systems in the colloidal suspension. It can be seen they are well distributed and in 

the colloidal system and the Figure 7.10 b is the TEM image of a 3/1 +/- charge ratio of 

the system, here we do not see any extra DNA, showing the complete compaction of 

the DNA onto the SLB system. The Figure 7.10 C is a magnification of a single DNA-

Lipid-Silica system. Here it can be clearly seen that, there is a dark layer of the DNA on 

the bead like an outer covering, confirming the coverage of the DNA on the silica bead. 

 

7.5       Conclusions 

The stabilization and the fusibility of the DMTAP/DMPC mixed lipids were 

found to depend upon the amount of the DMTAP used in the mixture and also the 

presence of salt. In water there was no SLB formation and as the salt concentration 

increased the formation of SLBs also increased. The stability of the system in a 1/1 

ratio of the lipid to SiO2 depended upon the amount of DMTAP present in the lipid 

mixture. The lesser the amount of DMTAP in the lipid mixture, higher was the stability 

and as the amount of the DMTAP increased in the lipid mixture higher amounts of the 

lipid was needed for the stabilization of the same amount of Silica beads. The formation 
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of the SLBs was confirmed by with the help of DLS, Zeta and the TEM and Nano-DSC 

measurements. The presence of the cationic lipid in the system is very important 

because of the charge of the particular DMTAP lipid which is positive and the fact that 

helps in the binding and the compaction of the DNA in the next stage of 

experimentation. 

The SLBs formed in this case was used for further experimentation and it was 

seen that the DNA compacts with the lipid on the SLBs and forms the DNA delivery 

system. The compaction of the DNA on to the SLBs was made at a 3/1 +/- charge ratio 

of the positive DMTAP lipid and the negative DNA. The colloidal system of the DNA 

on the SLBs was stable for long periods of time and also can be used for the shelf 

storage of the DNA without further degradation. The Gel electrophoresis confirmed the 

necessity of the 3 times positive charge ratio of the lipid for the compaction, because at 

only such high lipid ratios the DNA did not flow on the gel and was compacted 

properly as observed in the gel electrophoresis images and the TEM images.  

This particular three layer system of the Silica bead, mixture of the cationic and 

the zwitterionic lipid and the DNA is a relatively new method of delivering the gene or 

DNA into the cancerous cells. This system can also be used as a storage system of the 

DNA. An interesting use of this particular method can be controlled delivery system of 

the gene, DNA or the drug which can be embedded into the various layers between the 

lipids, when multilayered system of the lipids can be formed on the beads, with the 

object of delivery embedded in between the lipid layers. A lot more investigation had to 

be done for this particular multilayer system to be understood and used in the future 

drug delivery systems 
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