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ABSTRACT 

 

Characterization and surface functionalization of self-assembling lipid- and surfactant- based 

materials for medical and consumer applications 

 

by 

 

Emily A. Wonder 

 

Surfactants and lipids are used in a broad range of applications from basic science to 

industrial hygiene and food products. These molecules are versatile building blocks for self-

assembling materials, with tunable surface properties and nanostructure via the interplay of 

different forces. Further, surface modification of membranes with specialized lipids can 

allow for formation of complex, functional materials with hierarchical assembly. This work 

discusses two different surfactant-based systems and their tunable features. 

Cationic liposomes (CLs) are a common synthetic carrier of nucleic acids (NA) for 

gene delivery and silencing. Optimization of NA delivery and expression requires 

understanding of the interactions between the lipid nanoparticles (NPs) and cellular 

membranes, affecting NP binding, uptake, endocytic trafficking, and endosomal escape. 

PEG(polyethylene glycol)-lipid molecules can also be distally modified with peptide binding 

groups in order to target to different tissue types via specific protein-ligand interactions. In 

our first study, we modulate the specific and nonspecific binding interactions between 

peptide-targeted NPs and cells and use flow cytometry to measure the uptake of targeted NPs 



 

 x 

by several cancer cell lines in vitro. Several optimized formulations were subsequently 

evaluated in vivo for tumor selectivity, with promising results.  

After CL-NA NPs bind to targeted cells, surface properties of the NP are still critical 

for endosomal escape and NA cargo delivery.  In two studies, we tuned NP surface 

properties via addition of cationic lipids or PEG-lipid molecules modified with peptide or 

hydrophobic binding groups, which can tether the NPs to cellular membranes via polymer 

bridges, with the goal of promoting endosomal escape. The study on hydrophobically-

modified PEG-lipids showed that small variations in chemical structure and membrane 

composition significantly altered the binding properties of CLs and CL-NA NPs, likely due 

to the equilibrium balance of different conformations of the PEG-lipid.  Formulations were 

subsequently evaluated in vitro using confocal microscopy and particle localization software 

to demonstrate the effect of surface properties on cell binding and endosomal trafficking, 

with GFP-labeled Rab proteins utilized to identify different endocytic pathways. 

Finally, we explore inter-membrane interactions in a system of single-chain 

surfactants, similar to those used in the commercial beauty products (specifically, hair 

conditioner). This system is composed of two fatty alcohols, a monovalent cationic 

surfactant, and water. Small-angle x-ray scattering and polarized optical microscopy were 

used to determine structure and phase behavior across composition space. We observed at 

least four different phases as a function of membrane charge density (σ), including a chain-

ordered lamellar phase (LCO) at low σ and a second lamellar phase (Lx) of intermediate order 

at high σ that coexists with a fiber-like phase of tubular morphology. This study led to the 

discovery of new structural features and unexpected membrane interactions that better 

informed our understanding of how composition determines structure and, ultimately, the 

viscoelastic properties of interest for this application. 
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Chapter 1  

Introduction 

 

In this doctoral work, I characterize the nanostructure and surface properties and 

interactions of several different surfactant systems for use in consumer and medical 

applications. Surfactants and lipids are used in a broad range of applications from basic 

science to industrial hygiene and food products. This choice of material is primarily based on 

the self-assembly and versatility of surfactant and lipid-based materials. Due to the infinite 

combinations of building blocks and, thus, the massive tunability of surfactant-based 

systems, they make for a very interesting subject of study. In this work, we specifically focus 

on the tunability and, in some cases, optimization of surface properties and nanostructure of 

these materials via the interplay of different forces. This includes several studies that focus 

on the surface modification of membranes with novel, specialized lipids that allow for 

formation of complex, functional materials with hierarchical assembly. This dissertation 

includes discussion of two different surfactant-based systems and their tunable features: 

cationic liposomes for use in drug and gene delivery and cationic surfactant membranes in a 

liquid-crystalline system for consumer beauty products (i.e. hair conditioner). 

1.1 Lipid-Based Materials for Drug and Gene Delivery  

Cationic liposomes (CLs) are a common synthetic carrier of small molecule drugs and 

nucleic acids (NA) for drug and gene delivery.[1–11] Optimization of drug delivery requires 

understanding of the physical interactions between the lipid-based nanoparticles (NPs) and 

cellular membranes. In the specific case of NA delivery, physical interactions must be tuned 
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to ensure NP binding to targeted cells, followed by uptake of the NP by the cell, endocytic 

trafficking into the cell interior, and escape of the NP from the endosome and into the 

cytoplasm. The balance of forces at play between the NP membrane and cellular membranes 

has a huge effect on all of these steps.  

Surface modification of CL NPs is necessary for in vivo drug and gene delivery due to 

unwanted interactions with immune cells and non-specific protein binding. PEGylation 

(modification of NP surface with poly(ethylene glycol)) is a commonly accepted solution to 

this problem, resulting in steric repulsion that aids in blocking unwanted cell or protein 

binding.[12–24] This PEGylation can have a further purpose due to the ability to add back in 

specific attractive interactions through the conjugation of binding groups to the distal end of 

the PEG-lipid. For example, PEG-lipid molecules can be distally modified with peptide 

binding groups, allowing for targeting of different tissue types via specific protein-ligand 

interactions.[17,25,26]  

In our first study, we modulated the specific and nonspecific binding interactions 

between peptide-targeted NPs and cells by altering NP electrostatics (i.e., membrane charge 

density and NP charge ratio) and ligand decoration (i.e., modification with peptides 

containing RGD and Cend-Rule motifs, which bind to integrin or neuropilin-1 surface 

receptors).[27–30] In another study, we then used flow cytometry to measure the uptake of 

targeted NPs by several cancer cell lines in vitro with the goal of identifying formulations 

that maximized specific interactions with cancer cells (via protein-ligand binding) and 

minimized non-specific electrostatic interactions. Several optimized formulations were 

subsequently evaluated in vivo for tumor selectivity in a mouse model of human gastric 

cancer, with promising results.[31] We found that our optimized formulations showed 

selective tumor targeting and very low accumulation in healthy tissue. Unexpectedly, we 
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also saw very high binding to small tumor nodules, which have high clinical relevance due 

to an association with tumor recurrence following surgical intervention.  

The ability to tune membrane interactions after CL NPs bind to targeted cell is also 

critical for successful cargo delivery.  In two studies, we tuned CL-NA NP surface properties 

via addition of cationic lipids or PEG-lipid molecules modified with peptide or hydrophobic 

binding groups. The goal was to increase attractive interactions between NPs and endosomal 

membranes either through electrostatic attraction or tethering of NPs to cellular membranes 

via polymer bridges, ultimately promoting endosomal escape. In these studies, we evaluated 

NP assembly, surface properties, and interactions with cells. The latter was evaluated in vitro 

using confocal imaging, fluorescent labeling of endosomal pathways (using GFP-tagged Rab 

endosomal protein markers and commercial products for endosome labeling), and particle 

tracking. Our first study on this topic indicated the importance of electrostatic attraction for 

endosomal trafficking and transfection of peptide-tagged CL-NA NPs.[27] The second study 

on hydrophobically-modified PEG-lipids showed that small variations in chemical structure 

and membrane composition significantly altered the binding properties of liposomes and CL-

NA NPs. A more detailed study into the phase behavior of this system indicated that these 

differences likely arose due to the equilibrium balance of different conformations of the 

PEG-lipid, which can switch between a purely repulsive “looping” conformation and an 

attractive “bridging” conformation.[32,33]   

1.2 Surfactant-Based Materials for Consumer Applications  

Finally, in the last year and half of my PhD work, I collaborated with Procter and 

Gamble on a study of the nanostructure of a system of single-chain surfactants, similar to 

those used in hair conditioner. The goal of this work was to systematically identify phase 
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behavior as a function of composition. In this quaternary system, composed of two fatty 

alcohols, a monovalent cationic surfactant, and water, we had many variables to explore. The 

first study on this system, included here, focused on the variations in membrane charge 

density and water content. Small-angle x-ray scattering and polarized optical microscopy 

were used to identify at least four different phases.[34,35] These included a chain-ordered 

lamellar phase (Lβ*) at low σ, a second lamellar phase (Lx) of intermediate chain order at 

high σ, a fiber-like phase of tubular morphology that appears to be composed of phase-

separated cationic surfactant, and a highly-ordered waxy precipitate composed of fatty 

alcohol membranes. This study led to the discovery of new structural features and 

unexpected membrane interactions that better informed our understanding of how 

composition determines structure and, ultimately, the viscoelastic properties of interest for 

this application. 

While these two systems may seem somewhat disparate, both projects focused on the 

delicate balance of interactions in surfactant- and lipid-based materials. In both cases, small 

changes in membrane formulation resulted in large variations in membrane interactions and 

surface properties, subsequently affecting phase behavior, nanostructure, and, ultimately, use 

for applications. 
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Chapter 2  

Competition of Charge-Mediated and Specific Binding by Peptide-

Tagged Cationic Liposome–DNA Nanoparticles In Vitro and In Vivo 

 

Reprinted with permission from E. Wonder, L. Simón-Gracia, P. Scodeller, R.N. 

Majzoub, V.R. Kotamraju, K.K. Ewert, T. Teesalu, C.R. Safinya, Competition of 

charge-mediated and specific binding by peptide-tagged cationic liposome–DNA 

nanoparticles in vitro and in vivo, Biomaterials. 166 (2018) 52–63. Copyright 2018 

Elsevier Ltd. 

 

Cationic liposome–nucleic acid (CL–NA) complexes, which form spontaneously, are a 

highly modular gene delivery system. These complexes can be sterically stabilized via 

PEGylation [PEG: poly(ethylene glycol)] into nanoparticles (NPs) and targeted to specific 

tissues and cell types via the conjugation of an affinity ligand. However, there are currently 

no guidelines on how to effectively navigate the large space of compositional parameters 

that modulate the specific and nonspecific binding interactions of peptide-targeted NPs with 

cells. Such guidelines are desirable to accelerate the optimization of formulations with novel 

peptides. Using PEG-lipids functionalized with a library of prototypical tumor-homing 

peptides, we varied the peptide density and other parameters (binding motif, peptide charge, 

CL/DNA charge ratio) to study their effect on the binding and uptake of the corresponding 

NPs. We used flow cytometry to quantitatively assess binding as well as internalization of 

NPs by cultured cancer cells. Surprisingly, full peptide coverage resulted in less binding and 
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internalization than intermediate coverage, with the optimum coverage varying between cell 

lines. In, addition, our data revealed that great care must be taken to prevent nonspecific 

electrostatic interactions from interfering with the desired specific binding and 

internalization. Importantly, such considerations must take into account the charge of the 

peptide ligand as well as the membrane charge density and the CL/DNA charge ratio. To test 

our guidelines, we evaluated the in vivo tumor selectivity of selected NP formulations in a 

mouse model of peritoneally disseminated human gastric cancer. Intraperitoneally 

administered peptide-tagged CL–DNA NPs showed tumor binding, minimal accumulation in 

healthy control tissues, and preferential penetration of smaller tumor nodules, a highly 

clinically relevant target known to drive recurrence of the peritoneal cancer.  

2.1 Introduction 

Delivery of nucleic acids with nanoscale nonviral carriers to effectively replace, silence, 

or edit genes for therapeutic purposes is an important but still elusive goal [1–12]. Viruses 

are the conventional choice for gene vectors and account for the majority of ongoing human 

gene therapy clinical trials [1,2]. However, viral vectors suffer from limited loading capacity 

(due to finite capsid size) and safety concerns: clinical applications of engineered retroviral 

and adenoviral vectors have resulted in cancer in four patients (due to insertional 

mutagenesis) and in severe immune reactions resulting in two deaths [13–15]. Synthetic 

delivery vectors based on, e.g., lipids or polymers, are widely investigated as a desirable, 

safer alternative [4–9,16]. Lipid-based vectors allow facile tuning of the physicochemical 

properties, including the nanoscale structure of the vector [17–20], relevant for the safe and 

controlled delivery of nucleic acids. The major challenges for synthetic vectors are 

improving their transfection efficiency (a measure of the expression of exogenous DNA 
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transferred into the cell by a vector) and tissue and cell specificity in vivo, to match or 

exceed that of viral vectors [4–9].  

Cationic liposomes (CLs) spontaneously form condensed CL–nucleic acid (CL–NA) 

complexes with liquid crystalline phases when mixed with DNA or RNA [5,17,21]. 

Typically, CL–NA complexes are prepared using excess cationic lipid (i.e., at a lipid 

(positive) to DNA (negative) charge ratio, ch, greater than 1), resulting in complexes with 

an overall positive charge [21,22]. This positive charge mediates attractive interactions 

between the CL–NA complexes and surface proteoglycans, which contain negatively 

charged sulfate groups [23,24]. The attractive interactions aid cell binding and subsequent 

endocytosis and also promote fusion with anionic endosomal membranes, thereby 

facilitating endosomal escape and release of the NA cargo into the cytoplasm. Another 

parameter which affects the transfection efficiency of CL–NA complexes, and is related to 

electrostatic interactions, is the membrane charge density (σM; the average charge per 

membrane area). The membrane charge density is a predictive parameter for the transfection 

efficiency of lamellar CL–NA complexes in vitro [23,25]. Similar to ch, σM modulates the 

surface charge and with it the strength of electrostatic interactions between the membranes 

of the complex and the cell [21,26].  

Cationic lipid-based gene delivery in vivo is challenging due to clearance of cationic 

liposomal carriers by cells of the reticuloendothelial system, resulting in short circulation 

lifetimes and the lack of selectivity in the binding of carriers towards desired cells and tissue 

types [27,28]. The circulation lifetime can be extended by limiting nonspecific protein 

binding. To achieve this, PEG-lipids [PEG: poly(ethylene glycol)] can be incorporated into 

CL–NA complexes, with the polymer chains in the brush state (e.g., 10 mol% for PEG of 

MW 2000 Da or 5 mol% for PEG of MW 5000 Da). This creates a hydrophilic corona that 
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stabilizes the complexes into nanoparticles (NPs) [22,29–33] and limits opsonization and 

nonspecific protein binding through a combination of steric repulsion and effective charge 

screening (Figure 1A) [34–38]. Such a limiting of nonspecific interactions reduces 

transfection efficiency but opens up possibilities for specific targeting by attachment of 

affinity ligands (e.g., peptides, antibodies) that selectively interact with molecules expressed 

on the target cells or tissue (Figure 1) [27,28,39,40]. Specifically, surface functionalization 

of NPs with homing peptides, by incorporation of peptide-PEG-lipids, provides a 

combination of affinity targeting and steric stabilization for precise guided delivery. Homing 

peptides are small (and typically straightforward to synthesize, eliminating the need for 

antibody protein engineering), not strongly immunogenic, and have a moderate affinity that 

circumvents the affinity site barrier [41,42]. In addition, homing peptides are particularly 

suited for the targeting of NPs, where multivalent interactions can significantly enhance 

target-specific avidity (by up to 4 orders of magnitude) [43] and thus the binding strength of 

the final material is readily tunable by adjusting the peptide density. Numerous homing 

peptides have been identified using in vivo phage display [44–46], allowing targeting of a 

variety of disease states and normal tissues [47,48]. Some homing peptides also confer 

additional therapeutically valuable properties such as membrane or tissue penetration 

[49,50].  
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Figure 1. (A) A schematic view of a cross-section of a surface-modified cationic 

liposome–DNA nanoparticle (CL–NA NP). Layers of cationic lipid bilayers 

alternate with layers of negatively charged nucleic acids (purple rods) in a 

lamellar liquid crystal structure. The lipid bilayers are modified with PEG-lipid 

molecules, forming a polymer corona around the NP. This corona provides steric 

repulsion which stabilizes the complex into a nanoparticle of well-defined size 

and inhibits nonspecific protein binding and opsonization by the immune system. 

To regain binding to specific cells or tissues, targeting ligands (purple triangles) 

can be conjugated to the distal end of the polymer-lipid. Redrawn and adapted 

from ref. 3 with permission from the Centre National de la Recherche 

Scientifique (CNRS) and the Royal Society of Chemistry. (B) Chemical structure 

of the peptide-PEG-lipid molecules used in this work to provide targeting for 

CL–NA NPs. A PEG2000-lipid building block was conjugated with a peptide 

(linear RGD, iRGD, cyclic RGD, or linear RPARPAR) [40]. In all cases, PEG 

MW=2000 g/mol (n=44). X: 6-amino-hexanoic acid. See Figure 2 for the chemical 

structures and charge of the peptides.  
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Proof of principle has been established that specific, peptide-mediated interactions can 

enhance internalization of NPs and restore some of the transfection efficiency that is lost 

when nonspecific electrostatic interactions are suppressed by PEGylation [33,40]. However, 

little is known about how to select compositional parameters for peptide-targeted CL–DNA 

NPs to achieve maximum effectiveness in vitro (strong binding to and internalization by 

target cells but minimal nonspecific binding and internalization) and how these results 

transfer to in vivo studies. To fully explore the relevant parameter space requires testing of a 

large number of formulations. This is expensive and time-consuming, to the extent of being 

prohibitive for in vivo evaluation. Thus, it is desirable to identify which parameters, and 

within what boundaries, need to be explored on a case-by-case basis rather than only once in 

a model system.  

Accordingly, the main goal of our study was to identify universal guidelines for the 

preparation of peptide-targeted nanoparticles that will inform and accelerate the work of 

optimizing formulations with novel homing peptides. We used a library of peptide-PEG-

lipids [40] (Figure 1B) comprising linear and cyclic peptides with the RGD [51,52] and C-

Figure 2. Chemical structures of the employed targeting peptides, with amino 

acid side chains in the charge state expected at neutral pH and the resulting net 

charge noted. Undefined stereo bonds (wavy lines) indicate where the peptides 

are conjugated to the PEG-lipids. 
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end rule (CendR, R/KXXR/K) [53] targeting motifs. These peptide motifs bind to integrin 

and neuropilin (NRP) receptors, respectively. Both of these receptors are commonly 

overexpressed in tumor cells, making them popular targets for cancer-homing NPs 

[28,54,55]. We varied the peptide density and the lipid/DNA charge ratio to study the effect 

of these parameters (peptide type, peptide density, charge ratio) on the in vitro cell binding 

and internalization of the corresponding NPs as measured by flow cytometry in two human 

cancer cell lines, PC-3 (prostate cancer) and M-21 (melanoma; lacking NRP-1). Our results 

provide insight into the interplay of nonspecific, charge-mediated and specific, peptide-

mediated interactions and highlight the importance of considering charge, including the 

charge on the peptide ligand, when designing peptide-targeted CL–NA NPs. Surprisingly, 

binding and internalization was highest at moderate rather than maximum peptide density.  

To validate our in vitro results, we assessed the tumor targeting of selected formulations 

of CL–NA NPs in vivo. For this, we used a mouse model of peritoneally disseminated 

human gastric cancer [56]. We assessed biodistribution and tumor penetration of 

intraperitoneally injected CL–DNA NPs using whole-organ imaging and confocal imaging 

of sectioned tumor tissue, respectively. Targeted NPs showed very good tumor homing and 

low accumulation in nonmalignant control tissues. Untargeted CL–DNA NPs also showed 

preferential accumulation in tumor tissue, but unlike these control NPs, targeted NPs 

preferentially bound to and penetrated into smaller tumor nodules, a highly clinically 

relevant target known to drive recurrence of the cancer after cytoreductive surgery.  
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2.2 Materials and Methods 

2.2.1 Materials 

DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) was purchased from Avanti Polar 

Lipids as a solution in chloroform. Cholesterol was obtained in powder form from Sigma 

Life Science. Pentavalent MVL5, PEG2000-lipid, RGD-, iRGD-, cRGD-, and RPARPAR-

PEG2000-lipid were synthesized as previously described [40,57,58]. The pGFP plasmid 

encoding the GFP gene was purchased from Promega, propagated in Escherichia coli, and 

purified using Qiagen Giga or Mega Prep kits. Stock solutions of pGFP were prepared in 

deionized water (dH2O). For in vitro studies, the pGFP plasmid was labeled using YOYO-1 

dye (Molecular Probes). For in vivo studies, the pGFP plasmid was labeled using the Mirus 

Bio Label IT Nucleic Acid Labeling Kit with Cy5 (excitation/emission maximum: 649 

nm/670 nm) (see details below).  

2.2.2 Liposome and DNA Preparation 

Stock solutions of MVL5, cholesterol, and PEG2000-lipid were prepared by dissolving 

them in a 3:1 (v/v) chloroform/methanol mixture. RGD-, iRGD-, and cRGD-PEG2000-lipid 

were dissolved in a 65:25:4 (v/v/v) chloroform/methanol/dH2O (dH2O, deionized water) 

mixture. RPARPAR-PEG2000-lipid was dissolved in methanol. Lipid solutions were 

combined volumetrically at the desired molar ratio, and the solvent was evaporated by a 

stream of nitrogen followed by incubation in a vacuum overnight (12–16 h). The appropriate 

amount of high resistivity water (18.2 MΩcm) was added to the dried lipid film to achieve 

the desired lipid concentration (1 mM). Hydrated films were incubated overnight (12–16 h) 

at 37 °C to form liposomes. The liposome suspension was then sonicated for 7 minutes 



 

 18 

using a tip sonicator to promote the formation of small unilamellar vesicles. Plasmid 

purification was performed according the manufacturers protocol. For in vitro experiments, 

pGFP was labeled with YOYO-1, using a dye/basepair ratio of 1:30 by incubating the 

appropriate amounts of dye and pGFP at 37 °C overnight. For in vivo experiments, pGFP 

was labeled using Cy5 according to the manufacturer’s protocol with one modification: the 

incubation time at 37 °C was increased from 1 to 2 h to improve labeling efficiency. 

Characterization of the nanoparticles (size by dynamic light scattering and zeta potential) is 

described in Tables 1 and 2.  
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Table 1 

 

 

 

 

 

Table 2 

(ch=1.5) ζ-potential (mV) Diameter (nm) 

PEG –3.8 ± 0.1 322 ± 8 

RGD –9.3 ± 0.2 282 ± 1 

iRGD –11.9 ± 0.4 259 ± 5 

cRGD 0.0 ± 0.1 275 ± 11 

RPARPAR 14.6 ± 0.1 263 ± 9 

ζ-potential (mV) ch=0.5 ch=1 ch=1.2 ch=1.5 ch=5 

PEG –19.9 ± 1.4 –16.3 ± 1.4 –8.4 ± 0.1 –3.8 ± 0.1 28.6 ± 0.5 

iRGD (neutral) –12.9 ± 1.8 –16.9 ± 0.7 –19.0 ± 2.4 –11.9 ± 0.4 19.5 ± 0.7 

RPARPAR (+2) –5.3 ± 1.7 –12.8 ± 0.8 9.2 ± 0.1 14.6 ± 0.1 4.6 ± 0.7 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tables 1 and 2. Size and effective charge measurements of CL−DNA nanoparticles 

(NPs). Zeta-potential and hydrodynamic diameter measurements of CL−DNA NPs 

were performed using a Nanosizer ZS (Malvern) utilizing the zeta-potential and 

dynamic light scattering (DLS) functions, respectively. CL–DNA NPs were 

formulated at 10/70/10/5/5 MVL5/DOPC/Cholesterol/PEG2K-lipid/x where 

x=PEG2K-lipid (“PEG”) or peptide-PEG2K-lipid. NPs were formed by mixing 1 g 

of plasmid DNA and the appropriate amount of liposome solution (to achieve the 

desired lipid/DNA charge ratio). Particles were diluted to 1 mL in high-resistivity 

deionized water and incubated for 20 min at room temperature. The solution was 

then transferred to cuvettes for measurement. The reported size is the z-average 

diameter, Dz [87]. The listed results are the average of three measurements 

performed on the same sample ± the standard deviation of the mean.  

Table 1: The zeta-potential and hydrodynamic diameter of control (PEG) and 

peptide-tagged CL−DNA NPs prepared at a moderate charge ratio (ch=1.5). Most 

NPs had a low, negative effective surface charge (zeta-potential), but RPARPAR-

tagged NPs had a slightly positive effective surface charge. These particles had 

diameters between 250 and 330 nm. Nanoparticles formed in salt solution, such as 

those used in the flow cytometry experiments, are typically somewhat smaller [88].  

Table 2: The zeta-potential of control (PEG-lipid only), iRGD-tagged and 

RPARPAR-tagged NPs at various charge ratios, with the charge of the peptide 

indicated in parentheses. The effective surface charge was negative for ch<1 

(lipid/DNA charge ratio). For moderate charge ratio (ch=1.5), most NP 

formulations had a negative effective surface charge, except for RPARPAR-tagged 

NPs which had a slightly positive charge. At high charge ratio (ch=5), all NP 

formulations have a positive effective surface charge. Note that the zeta-potential is 

the potential at the slipping plane, i.e., at or beyond the distal end of the PEG corona 

(with the polymer in the brush state) rather than at the lipid membrane surface. 
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2.2.3 Membrane Charge Density and Charge Ratio 

For the lipid formulations used in this study (10/70/10/10, molar ratio of 

MVL5/DOPC/Cholesterol/x, with x=PEG-lipid and/or peptide-PEG-lipid), the membrane 

charge density was low at σM≈0.0061 e/Å2. The membrane charge density can be calculated 

from the equation σM=[1–Φnl/(Φnl+rΦcl)]σcl [25]. Here, r=Acl/Anl is the ratio of the 

headgroup areas of the cationic and the neutral lipid; σcl=eZ/Acl is the charge density of the 

cationic lipid with valence Z; Φnl and Φcl are the molar fractions of the neutral and cationic 

lipids, respectively. In our nanoparticles, the neutral lipid component is a mixture of DOPC, 

cholesterol, and the PEG-lipid (with and without peptide). For simplicity, we assigned an 

estimated average headgroup area (that of DOPC) to this lipid mixture. (Compared to 

DOPC, cholesterol’s headgroup is much smaller, while those of the PEG-lipids are larger.) 

Thus, the membrane charge density was calculated using Anl=72 Å2, rMVL5=2.3, and 

ZMVL5=5.0 [25,26]. 

2.2.4 Cell Culture 

PC-3 cells (ATCC number: CRL-1435; human prostate cancer) and M-21 human 

melanoma cells (a gift from David Cheresh) were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM) (Invitrogen) supplemented with 10% fetal bovine serum (Gibco) and 1% 

penicillin/streptomycin (Invitrogen). Cells were passaged every 72 h to maintain 

subconfluency and cultured in an incubator at 37 °C in a humidified atmosphere containing 

5% CO2. MKN-45P human gastric cancer cells were originally isolated from parental MKN-

45 cells (a gift from Joji Kitayama) as described [59]. The MKN-45P cells were cultivated in 

DMEM (Lonza) containing 100 IU/mL of penicillin and streptomycin, and 10% of heat-

inactivated fetal bovine serum (GE Healthcare).  
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2.2.5 Flow Cytometry 

Cells were detached using enzyme-free cell dissociation buffer (Gibco), seeded in 24-

well plates at a density of 45 000 cells/well, and incubated for 18 h. A total of 1 g of pGFP 

(10% YOYO-1–labeled) was used for each sample (i.e., two wells). This DNA was diluted 

to 250 L with DMEM. The appropriate volume of liposomes (to reach the desired 

lipid/DNA charge ratio) was also diluted to 250 L with DMEM. The diluted liposome and 

DNA solutions were mixed and incubated at room temperature for 20 min to allow 

nanoparticle formation. After washing the cells with PBS, 200 L of NP solution was added 

to each well. Control wells received only DMEM or only (labeled) DNA. Cells were 

incubated with nanoparticles for 5 h, rinsed with PBS, detached with enzyme-free cell 

dissociation buffer (Gibco), and suspended in 200 L of DMEM. Cells were maintained on 

ice after harvesting to inhibit further uptake of NPs during the measurement. Fluorescence 

was measured using a Guava EasyCyte Plus Flow Cytometry System (Millipore). Cell 

solutions were passed through a 100 m filter to disperse aggregates prior to measurement. 

The filtered cell solution was divided in two. One half was mixed with a Trypan Blue 

(Gibco) solution (0.4% in water, w/v) at a 4:1 (cell:Trypan Blue) v/v ratio and incubated for 

5–10 min before the measurement, quenching extracellular fluorescence. The other half of 

the cell solution was mixed with PBS at the same 4:1 v/v ratio and measured immediately. 

The software parameters were set such that 10,000 events constituted a single measurement, 

though some samples with significant cell detachment only reached ≈2,000 events before 

time expired on the measurement while also showing an increased ratio of debris to cells. 

The flow cytometry results were analyzed using the Cyflogic software (CyFlo). Events were 

sorted using forward and side scattering to separate cells from debris. A single acceptance 
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window was used for each plate of cells, taking care to account for any shifting of the 

scattering due to high NP binding. The green (YOYO-1) fluorescence distribution of the 

accepted events (cells) was log-normal, making the geometric mean a more accurate 

measure of the distribution than the arithmetic mean. The data plots (Figures 2B and 3) show 

the normalized geometric means which were obtained by subtracting the geometric mean of 

the control (DMEM only) cells’ autofluorescence. The error bars show the uncertainty in the 

geometric mean which was calculated from the coefficient of variation (CV) of the 

fluorescence distribution using the following equation: σERROR=log(CV2–1)I/N. Here, I is 

the geometric mean and N is the number of counted cells. The propagated uncertainty of the 

mean NP fluorescence included the error of both the total fluorescence and control 

autofluorescence distributions. Control samples (DMEM only, DNA only, PEG-lipid only) 

were repeated across multiple experiments and are reported as the average of those 

experiments (with a clear outlier removed in one case for the PEG-lipid only control). 

2.2.6 In vivo biodistribution studies 

Athymic nude mice were purchased from Harlan Sprague Dawley. All the animal 

experimentation protocols were approved by Estonian Ministry of Agriculture, Committee of 

Animal Experimentation (Project #42). Mice were injected intraperitoneally with 2 106 

MKN-45P cells, and the MKN-45P tumors were allowed to grow for two weeks. CL–NA 

NPs containing Cy5-labeled pGFP were injected intraperitoneally (0.1 mL of 5 mg/mL 

solution was diluted in 0.5 mL of PBS). In vivo imaging was performed 4 h and 24 h after 

injection (See Figure 6 in the Supplementary Material). After 24 h, the animals were 

perfused with 10 mL of PBS. The tumors and organs were excised for fluorescence 

visualization using an Optix MX3 (Advanced Research Technologies). Fluorescence 
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quantification was done using the OptiView analysis software. The average fluorescent 

signal (n=3) was normalized by dividing by the control mouse fluorescence (receiving no 

injection) and the total grams of tissue. Tumor nodules were separated from membranous 

tissue connecting the nodules and pooled (for each set of NPs; n=3). Tissues were snap-

frozen in liquid nitrogen and stored at –80°C for further analysis. 

2.2.7 Immunofluorescence and microscopic imaging 

The snap-frozen tumors and organs were cryosectioned at a thickness of 10 m and fixed 

with 4% of paraformaldehyde in PBS. The nuclei of cells were counterstained with 1 g/ml 

DAPI. Tissue sections were imaged on a Zeiss LSM 510 (for lower magnification images) 

and an Olympus FV1200MPE (for higher magnification images), and the confocal images 

were analyzed with the ZEN lite 2012 and Olympus FluoView image software, respectively.  

2.3 Results and Discussion 

The objective of this work was to investigate how changes in composition, which alter 

physicochemical parameters (i.e., charge, binding affinity), affect the efficiency and 

selectivity of peptide-mediated targeting of CL–DNA NPs. We have previously shown that 

high membrane charge density increases NP uptake but does so via nonspecific, electrostatic 

interactions [26]. Thus, we prepared NPs at low membrane charge density as the starting 

point of our investigation, using lipid mixtures of MVL5/DOPC/Cholesterol/(peptide-)

PEG2000-lipid at a molar ratio of 10/70/10/10. MVL5 is a pentavalent cationic lipid; at the 

10 mol% used in this study, the membrane charge density is approximately that of 

membranes containing 40 mol% DOTAP (+1, mixed with DOPC) (σM≈0.0061 e/Å2) [25]. 
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In addition to a PEG-lipid only control and a linear RGD peptide (GRGDSP), we 

investigated three promising targeting peptides: cRGD (cRGDfK), RPARPAR, and iRGD 

(c(CRGDKGPDC). The GRGDSP, iRGD, and cRGD peptide all contain the integrin-

binding RGD motif and, thus, are expected to bind to the PC-3 and M-21 cancer cell lines, 

both of which overexpress αv integrins [60,61]. RPARPAR, a linear prototypic CendR motif 

(C-terminal R/KXXR/K) peptide [53], interacts with both NRP-1 (neuropilin-1) and NRP-2, 

triggering cellular internalization, extravasation, and tissue penetration of the peptide and 

coupled payloads [62,63]. NRP is overexpressed on the PC-3 cells and absent on the M-21 

cells. The linear RGD peptide, binds to multiple integrins, with α5β1 integrin being a 

preferred binding partner [64]. Cyclic RGD peptides, such as the c(RGDfK) used in this 

work [65,66], are conformationally restricted, which enables them to bind more selectively 

and strongly than linear RGD peptides. Thus, cyclic peptides can selectively target specific 

integrins. In the case of c(RGDfK), this target is the αvβ3 integrin that is overexpressed in 

many tumors [28,55]. The cyclic iRGD (c(CRGDKGPDC)) peptide binds to αv integrins for 

tumor recruitment and is processed by tumor proteases to expose a cryptic CendR motif 

(RGDK) to trigger NRP-1 binding. This dual binding actuates tumor-specific extravasation 

and accumulation of iRGD [62,67–75]. For example, a recent study found that iRGD- and 

RPARPAR-conjugated polymersomes loaded with paclitaxel show enhanced targeting and 

antitumor activity in mouse models of peritoneally disseminated tumors [50]. 

2.3.1 In vitro Binding and Internalization of Peptide-Tagged NPs 

To assess the effect of peptide density, we fixed the lipid/DNA charge ratio (ch) at 1.5, 

which yields near-neutral CL–DNA NPs without added peptide-PEG-lipid in deionized 

water [22]. The goal behind this was to maximize the contribution of specific interactions to 
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binding and internalization by minimizing nonspecific electrostatic interactions. We varied 

the peptide density by replacing some or all of the (peptide-less) PEG-lipid with peptide-

PEG-lipids (1, 2.5, 5, and 10 mol%). Thus, peptide-PEG-lipids made up 1 to 10 mol% of the 

lipid mixture, with the combined peptide-PEG-lipid and PEG-lipid content fixed at 10 

mol%. At 10 mol% PEG2000-lipid, membranes are coated with PEG in the brush 

conformation; at contents beyond 10 mol%, PEG2000-lipid phase separates.  

We have previously analyzed cell attachment and uptake of peptide-tagged NPs 

using fluorescence microscopy [26,33,76]. Here, we used flow cytometry as a high-

throughput method for analyzing NP binding and internalization after incubating PC-3 

and M-21 human cancer cells with CL–DNA NPs loaded with fluorescently labeled 

plasmid DNA for 5 h. Low resolution images showing colocalization of cells and DNA 

are shown in Figure 3. Importantly, we measured the cell-associated fluorescence not 

only after washing of the cells with buffer, but also (separately) after treating the cells 

with Trypan Blue, a cell-impermeable dye that quenches extracellular fluorescence. The 

first measurement, typically the only one reported in the literature, yields a combined 

value for binding and internalization because washing does not remove tightly bound 

CL–DNA NPs from the surface of cells [33]. The measurement after Trypan Blue 

treatment, in contrast, quantifies only fluorescence from internalized NPs [40,77].  
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Figure 4A shows an example of the flow cytometry data we obtained, for M-21 cells 

incubated with NPs containing 5 mol% peptide. The curves depict the fluorescence 

distributions of cells incubated with fluorescently-labeled CL–DNA NPs as well as controls 

incubated only with DMEM (cell culture medium) or (labeled) DNA. Because of variations 

in cell detachment and cellular debris, the area under each curve (total cell count) differs 

between samples. The inset shows the distributions with normalized height. From these 

distributions, the geometric mean fluorescence of each sample was calculated, and the data 

was normalized by subtracting the mean fluorescence of the cells that received only DMEM. 

The resulting normalized average DNA fluorescence per cell is plotted in the bar graphs in 

Figure 4B.  

Figure 3. Overlayed differential interference contrast and fluorescence images of 

PC-3 cells incubated with NPs containing YOYO-1-labeled DNA. The overlap of 

the fluorescence signal with the cells indicates binding and internalization of the 

NPs by the cancer cells. The NPs were formulated at ch=1.5 with lipid mixtures 

of 10/70/10/7.5/2.5 MVL5/DOPC/Cholesterol/PEG2000-lipid/peptide-PEG-lipid 

(peptide=none (“PEG”), RGD, iRGD, cRGD, or RPARPAR). DNA (without 

lipid) and cell culture medium (DMEM) were negative controls. Cells were 

imaged in plastic tissue culture plates immediately before harvesting for flow 

cytometry measurements. Imaged with Diaphot 300 (Nikon) equipped with a 10× 

DIC Objective and Sensicam QECCD (PCO Kelheim); scale bars: 100m. 
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A first notable feature of the data shown in Figure 4B is that the difference between the 

values for combined binding and internalization (green bars) and internalization only (blue 

bars) varies widely, with those for internalization much lower than those for combined 

binding and internalization in many cases. This highlights the importance of discriminating 

between these two values of cell-associated fluorescence. The extent to which combined 

binding and internalization differs from internalization differs between the cell lines; 

generally, internalization is much higher relative to combined binding and internalization in 

M-21 cells than in PC-3 cells. Such differences between cell lines shed light on the 

fundamental reasons behind the well-established observation that transfection efficiency 

varies greatly between cell lines.  

Another intriguing result in this context is that variation in peptide coverage influences 

the extent to which combined binding and internalization differs from internalization only. 

This is true for both cell lines, but is most evident in the PC-3 cells. For these, 

internalization is highest at the lowest peptide coverage (1% peptide-PEG-lipid content), 

even though combined binding and internalization is much higher at 2.5 and 5% peptide-

PEG-lipid content.  

The density of the targeting peptide also affects NP binding and internalization. In broad 

terms, the total binding and internalization of peptide-tagged NPs increased from 1 to 2.5 

mol% peptide, then slowly dropped off for 5 and 10 mol% peptide in PC-3 cells. For M-21 

cells, the total binding and internalization increased from 1 up to 5 mol% peptide to drop at 

10 mol% peptide. Thus, the optimum peptide coverage depends on the cell line and, to a 

lesser extent, on the peptide. In particular, and surprisingly, the NPs with highest coverage 

(10 mol% peptide-PEG-lipid) showed both the lowest combined binding and internalization 

as well as the lowest internalization (with the sole exception of iRGD-tagged NPs in PC-3 
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cells). A possible explanation is that the maximum peptide coverage reduced specific 

peptide-receptor binding due to lateral steric hindrance, because the addition of peptides to 

the end of all PEG chains results in a thicker hydrophilic corona with a dense peptide region 

at the surface of the NP. Supporting this idea is the fact that several peptide-targeted NPs at 

maximum coverage exhibited lower binding and internalization than the control (PEG-lipid 

only) NPs.  

Focusing in more detail on the effects of surface functionalization, the data in Figure 4 

shows that the control NPs (PEG-lipid only; no peptide), unlike naked DNA, exhibited 

binding and internalization well above the control of untreated cells (which is subtracted 

from the data shown in Figure 4). However, PEG-lipid only NPs showed lower binding and 

internalization than the targeted, peptide-tagged NPs, with the already mentioned exception 

of some NPs at full peptide-coverage (10 mol%). When cells were incubated with cRGD-

tagged NPs (at >1 mol% cRGD-PEG-lipid), a large number of them detached from the cell 

culture substrate (in the case of 5 mol% cRGD-PEG-lipid content on PC-3 cells, this even 

occurred to the extent that too few cells remained attached to perform the flow cytometry 

measurement). When we isolated the detached cells, they exhibited extremely high 

combined binding and internalization (“cRGD (det.)” in Figure 4). However, their 

fluorescence after Trypan Blue treatment was not higher than that of the cells that stayed 

attached, suggesting that there may be an upper limit for uptake mediated by binding to vβ3 

integrins. The cells that remained attached showed much lower combined binding and 

internalization of NPs than the detached cells, with combined binding and internalization at 

a level comparable to NPs tagged with the other peptides. However, the fraction of 

internalization was generally higher than that for NPs tagged with other peptides. As to the 

cause of the detachment, it seems plausible that the cyclic RGD peptides (some detachment 
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of cells was also observed for iRGD-tagged NPs), bind strongly enough to the cell’s 

integrins (cRGD is optimized for binding to vβ3 integrins) to displace the native ligand 

fibronectin to an extent that causes the cells to disconnect from the wells. (Fibronectin is 

used to coat the cell culture substrate’s surface to provide attachment points for the cells.) 

Notably, attached cells incubated with cRGD-targeted NPs exhibited both high binding and 

high internalization. In some instances, the internalization of cRGD-targeted NPs was so 

high that after normalization, the fluorescence with Trypan Blue treatment was higher than 

the fluorescence without Trypan Blue. Because the raw data always shows a higher mean 

fluorescence for cells without Trypan Blue treatment than for cells treated with Trypan Blue, 

this appears to be an artifact of the method of normalization (by subtraction of 

“autofluorescence” signal from cells not incubated with NPs).  

Binding and internalization of RPARPAR-targeted NPs peaked at 2.5 mol% for PC-3 

and 5 mol% for M-21, with the peak binding to PC-3 being ≈30% higher in magnitude. 

Given that the M-21 cells lack the NRP-1 receptor, lower binding and internalization in 

these cells is expected. Nonetheless, the difference in between the two cell lines is much less 

pronounced than in prior work that used metal and metal oxide NPs [50]. To understand this 

result, it is important to consider the net charge of the peptide ligands. While the linear 

(GRGDSP) and cyclic (cRGD and iRGD) RGD peptides bear no charge or a single negative 

charge at physiological pH, respectively, the RPARPAR peptide bears two positive charges 

(see Supplementary Table 1). Because the interactions of CL–DNA NPs with cells are very 

sensitive to charge, the addition of the cationic RPARPAR peptides to the NP surface 

resulted in high, nonspecific binding and internalization interactions driven by electrostatic 

interactions. This reasoning is supported by measurements of the zeta potential of our CL–

DNA NPs (see Supplementary Table 1A and 1B), which is higher for RPARPAR-tagged 
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NPs than for other NPs (at the same membrane charge density and ch). This excess positive 

charge in RPARPAR-targeted NPs appears to be responsible for the binding to M-21 cells. 

The additional receptor-mediated binding of RPARPAR-targeted NPs to PC-3 cells (which 

express the NRP- receptor) resulted in higher peak binding as well as peak binding at lower 

peptide coverage (2.5mol%) when compared to M-21 cells. 
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Figure 4. Flow cytometry measurements of binding and internalization of peptide-

tagged CL–DNA NPs as a function of peptide density. PC-3 and M-21 cells were 

incubated with NPs containing fluorescently labeled DNA. The NPs were formulated 

at ch=1.5 with lipid mixtures of MVL5/DOPC/Cholesterol/PEG2000-lipid/peptide-

PEG2000-lipid at a 10/70/10/10–x/x molar ratio (x as indicated in the plots; 

peptide=RGD, iRGD, cRGD, or RPARPAR). Control NPs contained only 

nontargeted PEG2000-lipid (“PEG”; x=0). Naked DNA (without lipid) and cell 

culture medium (DMEM, with autofluoresence) only were the negative controls. (A) 

Example distributions of fluorescence intensity for M-21 cells incubated with NPs 

containing 5 mol% peptide. The area under each curve (total cell count) differs 

between samples due to variations in cell detachment and cellular debris. The inset 

shows the distributions with their maximum height normalized to 1. (B) Plots of the 

average DNA fluorescence per cell, obtained by calculating the geometric mean of 

each fluorescence distribution and subtracting the mean autofluorescence of cells 

that received no DNA (“DMEM”). Green bars show the mean of the average DNA 

fluorescence, representing combined NP binding and internalization. Blue bars 

show the average DNA fluorescence measured in the presence of Trypan Blue 

(which quenches fluorescence from extracellular label), representing NP 

internalization only. For NPs containing >1 mol% cRGD-PEG2000-lipid, a large 

number of cells detached from the growth substrate; the fluorescence of these cells 

was measured independently (“cRGD (det.)”). At 5 mol% cRGD-PEG2000-lipid, too 

few attached PC-3 cells remained to obtain data (*).  
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To further investigate the interplay between nonspecific (charge-mediated) and specific 

(peptide-mediated) interactions of peptide-tagged NPs with cells, we assessed binding and 

internalization as a function of the lipid/DNA charge ratio. For this investigation, we chose 

NPs with a fixed intermediate peptide density (2.5 mol% peptide-PEG-lipid content) that 

yielded efficient binding and internalization in both investigated cell lines according to the 

data shown in Figure 4. The lipid/DNA charge ratio, ch, is the molar ratio of positive 

charges (on the lipid) to negative charges (on the DNA) in the liposome and DNA solutions 

that are mixed to form CL–DNA NPs. This ratio is a key parameter governing the 

transfection efficiency of CL–DNA complexes [25,78]. We prepared NPs at 

ch=0.5, 1.0, 1.2, 1.5, and 5. The isoelectric point (neutral surface charge) of MVL5-based 

CL–NA complexes has been previously found to be at a ch around 1.5 in high-resistivity, 

deionized water, which was confirmed by measurements with these NPs (see Supplementary 

Table 1) [22]. Thus, the surface charge of the studied NPs was expected to vary from anionic 

(ch=0.5) to highly cationic (ch=5).  

Figure 5 shows combined binding and internalization (A,C) and internalization only 

(B,D) for the NPs in PC-3 (A,B) and M-21 (C,D) cells, as assessed by flow cytometry. The 

overall trend with ch is immediately obvious: combined binding and internalization as well 

as internalization only is highest for ch=5 and lowest for ch=0.5 for all NPs. Notably, 

binding and internalization are essentially at baseline (naked DNA) level at ch=0.5 in most 

cases. This result is in line with prior findings that a negative surface charge is detrimental to 

the efficacy of simple, nontargeted CL–DNA complexes [25,78]. However, it also indicates 

that low ch, i.e., negative NP charge, abolishes specific, peptide-mediated binding and 
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internalization, suggesting that electrostatic (in this case repulsive) interactions can 

overpower receptor-mediated interactions. 

In general, the effect of ch on binding and internalization of NPs appears to be more 

pronounced for M-21 cells than for PC-3 cells. This is evident from the steeper slope in the 

data, in particular for internalization only (Figure 5 B,D; note the different scales of the y-

axes). The data also shows (as observed earlier, see discussion of Figure 4) that the 

internalized NPs constitute a larger fraction of the combined bound and internalized NPs for 

M-21 cells, again shedding light on the differences between cell lines.  

For both cell lines and all charge ratios, the control NPs without peptide ligand (PEG-

lipid only; yellow) showed the lowest values for combined binding and internalization as 

well as internalization only. However, these control NPs also showed increased binding and 

internalization with increased ch. As a consequence, nontargeted, control NPs at ch=5 

(highly cationic) had higher binding and internalization than targeted, peptide-tagged NPs at 

ch=1.5 (near neutral). This shows how powerful a driving force for binding and 

internalization the NP charge can be, even for PEGylated NPs. Because the control NPs lack 

specific interactions, the fact that their internalization increases with ch demonstrates that 

the size of their PEG corona (PEG molecular weight: 2000 g/mol) is insufficient to 

completely shield electrostatic interactions, even at the low membrane charge density chosen 

for this investigation. Furthermore, we can use the binding and internalization of the control 

NPs as a rough measure of the degree of nonspecific binding and internalization. The data in 

Figure 5 therefore shows that it is important to limit the lipid/DNA charge ratio to minimize 

interactions of CL–DNA NPs with off-target tissues (i.e., healthy organs) in vivo.  
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The measured values for internalization (Figure 5 B,D) largely parallel those for 

combined binding and internalization, with a few notable exceptions. These exceptions once 

again highlight the value of using an assay that can distinguish the fraction of internalized 

NPs.  

The cells that detached after treatment with cRGD-functionalized NPs (dashed lines in 

Figure 5A inset and Figure 5C) are one exception. When these cells could be analyzed (at 

intermediate ch), combined binding and internalization was again extremely high, but 

internalization was similar to that seen in the cells that stayed attached and exhibited much 

lower combined binding and internalization. One possible explanation for this behavior is 

that there is a maximum level of uptake that can be mediated by the binding of cRGD to its 

vβ3 integrin receptor. An alternative explanation is that detachment from the substrate may 

have halted internalization of the NPs by the cells; it is known that significant physiological 

changes occur when cells are detached from their surrounding matrix, including cell death 

[79]. 

The M-21 cells that remained attached after incubation with cRGD-tagged NPs are 

another exception. In contrast to the detached cells, these cells showed very high 

internalization of NPs relative to total binding and internalization. In some of these cases, 

the fluorescence after incubation with Trypan Blue again even appeared higher (after 

normalization) than without Trypan Blue treatment (see discussion of Figure 4). 

The final exception are NPs functionalized with the RPARPAR peptide. These NPs 

showed some of the highest combined binding and internalization in both cell lines (for 

attached cells). While this corresponded to high internalization values for PC-3 cells, 

internalization was much lower for M-21 cells (as low as that of PEGylated control NPs at 
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ch=5, where combined binding and internalization is highest). Since M-21 cells lack the 

NRP-1 receptor, a likely explanation for this large difference between the cell lines is that 

the combined binding and internalization is dominated by charge-mediated electrostatic 

interactions of NPs and cells while much of the uptake is dominated by receptor-mediated 

interactions. In other words, the charge of the NPs (which is increased over that of the 

control NPs by the cationic peptide) promotes increased nonspecific electrostatic binding of 

the NPs to the anionic surface (sulfated) proteoglycans, while the NRP-1 receptor (absent 

from the surface of the M-21 cells) mediates the higher internalization observed in PC-3 

cells. Once again, this demonstrates the importance of considering the charge of peptide 

ligands when attempting to target specific tissues with NPs of near-neutral surface charge.  

Based on the result for the M-21 cells, we may take the difference between 

internalization of RPARPAR-tagged and control NPs in PC-3 cells as an estimate of the 

specific, receptor-mediated uptake. Interestingly, this difference also increases with ch. This 

finding (supported by the fact that the internalization of all NPs increases with ch) 

highlights the interplay between charge- and receptor-mediated uptake. It suggests that, for 

optimum uptake, the charge ratio of the NPs should be as large as possible without causing 

excessive off-target binding and internalization (after the charge of the peptide is taken into 

consideration). 

Regarding the effect of other peptides, the peptide mediating the highest combined 

binding and internalization by both PC-3 and M-21 cells again is cRGD (in detached cells). 

Even in the cells that did not detach from the substrate, cRGD-tagged NPs were consistently 

among those with the highest binding and internalization. While NPs tagged with cRGD and 

RPARPAR often showed the highest binding and internalization, NPs conjugated to iRGD 
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or GRGDSP peptides consistently had increased levels of binding and internalization above 

the control NPs (especially the combined binding and internalization in PC-3 cells which is 

quite high for linear RGD). In our in vitro experiments, the cryptic CendR motif of the iRGD 

peptide is not exposed [67]. Thus, the presence or absence of the NRP-1 receptor (in PC-3 

and M-21 cells) is not expected to play a role in binding or internalization of NPs tagged 

with iRGD. This could explain why the binding and internalization of the iRGD peptide in 

PC-3 cells was low.  

   

 

 

 

 

 

 

Figure 5. Flow cytometry measurements of binding and internalization of 

peptide-tagged CL–DNA NPs (2.5 mol% peptide-PEG-lipid) as a function of 

lipid/DNA charge ratio (ch). PC-3 and M-21 cells were incubated with NPs 

containing labeled DNA. The NPs were formulated at ch=0.5, 1.0, 1.2, 1.5, and 5 

using lipid mixtures of 10/70/10/7.5/2.5 MVL5/DOPC/Cholesterol/PEG2000-

lipid/peptide-PEG-lipid (peptide=none (control), RGD, iRGD, cRGD, or 

RPARPAR). (A,C) Plots of the mean of the cell-associated fluorescence, 

representing combined NP binding and internalization. The inset shows the data 

for the detached population of cells treated with cRGD-tagged NPs. (B,D) Plots 

of the mean fluorescence measured in the presence of Trypan Blue (which 

quenches fluorescence from extracellular label), representing NP internalization 

only. All data was normalized by subtracting the mean fluorescence 

(autofluorescence) of control cells which received no DNA.  
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2.3.2 In vivo Biodistribution  

Having established guidelines for selecting compositional parameters by our in vitro 

experiments, we sought to validate our approach with in vivo studies. To this end, we 

performed biodistribution experiments using a mouse model of peritoneally disseminated 

human gastric cancer (MKN-45P cells in nude mice). Expression of both integrin and NRP-

1 in this model have been well-characterized [50,68]. Previous studies have found that the 

therapeutic efficacy of intraperitoneally administered polymer- and iron oxide-based 

nanoparticles can be improved by targeting with CendR peptides [50,80]. However, 

targeting of CL–NA NPs with peptides (or other ligands) has not been previously attempted 

in this system. The MKN-45P cells, like clinical gastrointestinal and gynecological cancers, 

spread locoregionally in the peritoneal cavity, forming disseminated tumors (a condition 

known as peritoneal carcinomatosis) [56]. Clinically, after surgical resection of the primary 

tumors (cytoreduction), microscopic tumor nodules and disseminated cancer cells that 

remain in the peritoneal cavity may grow into new tumors, resulting in cancer recurrence 

[56,81–83]. To eliminate the cancer cells remaining after surgery, locoregional 

intraperitoneal chemotherapy is increasingly used to achieve elevated drug concentration in 

the peritoneal space and to decrease systemic exposure [56,83,84]. Intraperitoneal 

chemotherapy can target both vascularized and small non-vascularized tumor nodules and 

has shown advantages over systemic therapy for the treatment of peritoneal tumors. Despite 

these advances, 60% of peritoneal carcinomatosis patients still experience cancer recurrence 

[85]. 

Based on the findings of the in vitro studies, we chose low membrane charge density (10 

mol% MVL5), a moderate charge ratio (ch=1.5), and intermediate peptide ligand density (5 
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mol%) as compositional parameters expected to yield maximal, but specific, binding. 

PEGylated (no peptide) NPs at this composition served as the NP control. As peptide 

ligands, we chose cRGD in view of the extremely high binding it mediated in vitro, as well 

as iRGD because of its unique ability to penetrate into tumors [67], which is a property that 

is hard to assess in vitro. While the internalization of cRGD-tagged NPs in vitro did not 

stand out as much as their binding, binding to cells is the required first step for 

internalization. Therefore, maximizing it seemed a prudent strategy. On the other hand, the 

lower affinity of the linear GRGDSP peptide and concerns about reduced specificity caused 

by the charge of the RPARPAR peptide prompted us to not take these peptides into in vivo 

experiments.  

Mice bearing peritoneal MKN-45P tumors were intraperitoneally injected with the three 

different NP compositions (n=3). Whole animal in vivo imaging was performed 4 h and 24 h 

after the fluorescent NPs were administered (see Figure 6). At 24 h, the mice were 

sacrificed, and the tumors and control organs were excised and analyzed by macroscopic 

fluorescence imaging (Figure 8) and confocal imaging of tissue sections (Figure 9). For all 

NP formulations, the observed fluorescence was much higher in the tumor than in any other 

organs. Outside of the tumor, the highest fluorescence per gram of tissue was seen in the 

liver and lung. The confocal imaging of tissue sections confirmed the low accumulation of 

NPs in healthy tissues (see Figure 7).  
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Figure 6. In vivo imaging of CL−NA nanoparticles (NPs) in mice. Mice bearing IP 

MKN-45P tumors were intraperitoneally injected with ≈0.5 mg of CL–DNA NPs 

formulated at 10/70/10/5/5 MVL5/DOPC/Cholesterol/PEG2K-lipid/x where 

x=PEG2K-lipid, iRGD-PEG2K-lipid, or cRGD-PEG2K-lipid and ch=1.5. In vivo 

imaging with Optix® MX3 (Advanced Research Technologies) was performed 4 h 

and 20 h after injection. (A) Representative compound fluorescent and bright-

field images. (B) Quantification of the in vivo fluorescent signal by the Art Optix 

software. The fluorescence was integrated over the entire abdominal area then 

averaged for the n=3 mice. This average was then divided by the pre-scan 

fluorescence (obtained before NP injection). The fluorescence intensity is much 

higher for iRGD- and cRGD-tagged NPs than for nontargeted control PEG NPs, 

indicating localized binding to the tumor mass. 
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The combined data shows that the intraperitoneally injected NPs efficiently home to 

tumors. Both whole organ fluorescence and confocal imaging of tissue sections indicate that 

NP accumulation in the tumor was significantly higher than off-target, liver accumulation for 

nontargeted PEG NPs and, to a greater extent, for the targeted iRGD- and cRGD-tagged 

NPs. The low but detectable presence of peptide-tagged NPs in the lungs and the liver 

indicates that some NPs have escaped the abdominal cavity after intraperitoneal injection 

Figure 7. Confocal imaging of CL–NA NPs in nonmalignant organs. Mice 

bearing IP MKN-45P tumors were intraperitoneally injected with ≈0.5 mg of 

CL–DNA NPs formulated at 10/70/10/5/5 MVL5/DOPC/Cholesterol/PEG2K-

lipid/x where x=PEG2K-lipid, iRGD-PEG2K-lipid, or cRGD-PEG2K-lipid and 

ch=1.5. Fluorescence confocal images of tissue sections collected 24 h after 

injection of NPs. Cy5 DNA label (NPs) is shown in red, anti-GFP 

immunofluorescence (DNA expression) is shown in green, and DAPI (cell nuclei) 

is shown in blue. There is very low accumulation of NP fluorescence in all 

nonmalignant organs. The highest accumulation is seen for cRGD-tagged NPs in 

the liver. Imaged on a Zeiss LSM 510 microscope; scale bar: 200 m.  

 



 

 41 

and entered the bloodstream. However, accumulation in the liver was much lower than is 

typical for nanometer-size particles. The control NPs showed a preference for binding tumor 

tissue despite the lack of specific peptide-ligand binding. This suggests that some tumor 

homing results from remaining nonspecific effects (e.g., charge or size). The iRGD- and 

cRGD-tagged NP formulations showed even higher accumulation in the tumor tissue, 

providing evidence of the beneficial effect of specific receptor–ligand binding for tumor 

homing.

 

 

 

 

 

 

2.3.3 In vivo Tumor Penetration 

To examine the distribution of the NPs in the tumor tissue we used fluorescence confocal 

microscopy. After the tumor nodules were dissected free from the membranous tissue 

connecting them, the nodules from mice that received identical NPs (n=3) were pooled, 

snap-frozen, cryosectioned, and imaged. Representative images are shown in Figure 9. All 

Figure 8. Biodistribution of intraperitoneally administered CL–NA NPs. Mice 

bearing peritoneal MKN-45P tumors were injected with either PBS (control) or 

≈0.5 mg of CL–NA NPs formulated at ch=1.5 from a 10/70/10/5/5 molar mixture 

of MVL5/DOPC/Cholesterol/PEG2K-lipid/x, where x=PEG2K-lipid, iRGD-

PEG2K-lipid, or cRGD-PEG2K-lipid. After 24 h the tumors and organs of 

interest were excised and fluorescent signal from the Cy5-labeled DNA was 

imaged. (A) Representative compound (fluorescent and bright-field) images. (B) 

Quantification of the fluorescent signal in tumors and other organs. The 

fluorescence intensity was normalized to tissue weight, averaged (n=3) and 

normalized by dividing by the autofluorescence of the control (which received no 

injection). 
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NP formulations showed some NP binding to the surface of the tumor nodules and 

superficial (10-20 m) penetration. Interestingly, there appeared to be a higher density of the 

iRGD- and cRGD-targeted NPs on small tumor nodules (diameter≈300 m). The peptide-

tagged NPs also appear to penetrate deeper (>100 m) into these small tumor nodules, as 

evident in Figure 9D and 9F (additional images are shown in Figure 10). The preference for 

small tumor nodules appears to be related to receptor-ligand binding, as it is observed for 

only for the peptide-tagged NPs and not for the control NPs. A possible explanation for this 

preference is that there is a difference in integrin expression between small and large tumor 

nodules. Regardless of the mechanism behind it, a preference of the peptide-tagged NPs for 

small tumor nodules and an ability to penetrate into them is fortunate because such 

microscopic tumors are the ones most likely to evade surgical removal and lead to cancer 

recurrence.  
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Figure 9. Fluorescence confocal images of sections of MKN-45P tumor nodules 

collected 24 h after intraperitoneal injection of CL–DNA NPs. The DNA label 

(Cy5) signal is shown in red (NPs), and DAPI fluorescence is shown in blue (cell 

nuclei). The NPs were formulated at ch=1.5 from 10/70/10/5/5 molar mixtures 

of MVL5/DOPC/PEG2000-lipid/x where x=PEG2000-lipid, iRGD-PEG2000-

lipid, or cRGD-PEG2000-lipid. (A,B) Tumor nodules from mice treated with 

control NPs (PEG2000-lipid only). (C,D) Tumor nodules from mice treated with 

iRGD-tagged NPs. (E,F) Tumor nodules from mice treated with cRGD-tagged 

NPs. Scale bars: 500 m (A,C,E) and 200 m (B,D,F). On most tumor nodules, 

the NPs are found primarily on the surface. iRGD- and cRGD-tagged NPs, 

however, also penetrate deeper into smaller tumor nodules (diameter≈300 m) 

and some higher-curvature surfaces of large tumor nodules. No such tumor 

penetration was observed with the control, untagged NPs. 
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Figure 10. Additional fluorescence confocal images of sections of MKN-45P 

tumor nodules collected 24 h after intraperitoneal injection of CL–DNA NPs. 

The DNA label (Cy5) signal is shown in red (NPs), and DAPI fluorescence is 

shown in blue (cell nuclei). The NPs were formulated at ch=1.5 from 

10/70/10/5/5 molar mixtures of MVL5/DOPC/PEG2000-lipid/x where 

x=PEG2000-lipid, iRGD-PEG2000-lipid, or cRGD-PEG2000-lipid. (A,B) 

Tumor nodules from mice treated with control NPs (PEG2000-lipid only). (C,D) 

Tumor nodules from mice treated with iRGD-tagged NPs. (E,F) Tumor nodules 

from mice treated with cRGD-tagged NPs. (G,H) Tumor nodules from mice 

injected with PBS only (no NPs). Scale bars: 500 m (A,C,E,G) and 200 m 

(B,D,F,H). On most tumor nodules, the NPs are found primarily on the surface. 

iRGD- and cRGD-tagged NPs, however, also penetrate deeper into smaller 

tumor nodules (diameter≈300 m) and some higher-curvature surfaces of large 

tumor nodules. No such tumor penetration was observed with the control, 

untagged NPs. 
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2.4 Conclusion 

Effective tissue targeting by CL–NA NPs requires both strong specific, peptide-mediated 

binding and minimal nonspecific, charge-mediated binding between the cationic membranes 

of the NP vector and anionic sulfated surface proteoglycans. We have demonstrated the 

interplay between charge-mediated and peptide-mediated binding in this study of a variety of 

compositional parameters. Nonspecific binding and internalization of CL–NA NPs is 

primarily governed by the NP’s surface charge. The surface charge is strongly affected by the 

cationic lipid to nucleic acid charge ratio and the cationic membrane charge density. To 

minimize nonspecific interactions, membrane charge density must be low and the lipid/DNA 

charge ratio near 1 (ideally on the cationic side of the isoelectric point, as noted in the 

discussion of Figure 5). However, our data clearly shows that the charge of the peptide 

ligand must also be taken into account. As seen in the case of the RPARPAR peptide, 

charge-mediated interactions caused by the peptide can obscure specific interactions. This is 

the case particularly if cellular internalization is not distinguished from the combined 

binding and internalization that is usually measured. Thanks to the modular nature of CL–

NA vectors, a positive charge on the peptide can be offset by reducing ch. 

Binding and internalization of CL–DNA NPs also varies significantly with the density of 

peptide ligands. Notably and somewhat counterintuitively, we found that maximum peptide 

coverage resulted in inferior binding and internalization compared to intermediate coverage. 

While the optimum peptide coverage depends on the cell line, our results suggest that the 

optimum ligand density is largely independent of the targeting peptide for a given cell line. 

We found that generally 2.5 mol% and 5 mol% were the optimal peptide-PEG-lipid densities 

for PC-3 cells and M-21 cells, respectively. (All formulations contained a mixture of PEG-

lipid and peptide-PEG-lipid with a combined concentration of 10 mol% of total lipid.) 
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The effective targeting of liposomal carriers to specific tissues in vivo is critical for the 

future of synthetic NA delivery vectors in medicine. By modulating the charge and targeting 

properties of peptide-tagged CL–NA NPs, we were able to identify NP formulations in vitro 

that proved to have very good tumor-homing properties in vivo. This was achieved using 

integrin- and NRP-1-binding peptides as tumor-targeting ligands, rather than large 

antibodies. In an in vivo mouse model of human peritoneal carcinomatosis, intraperitoneally 

administered CL–DNA NPs targeted with iRGD or cRGD successfully targeted and 

penetrated microscopic tumor nodules similar to those most likely to cause cancer recurrence 

in human patients, while also showing very little accumulation in healthy tissue. This 

demonstrates the utility of the systematic exploration of CL–NA NP formulation space, 

especially as it concerns the surface charge of the nanoparticle.  

Expression of the delivered DNA was low, but the time scale of our in 

vivo biodistribution experiments was too short to reliably assess this aspect, and the DNA 

contained a large amount of covalently attached fluorophore. Future work will focus on 

therapeutic properties of the targeted CL–DNA NPs and require strategies to improve the 

expression of the delivered DNA cargo. The modular nature of CL–NA NPs facilitates 

implementation of such strategies for increasing endosomal escape and delivery of the NA 

cargo, e.g., by including acid-labile PEG-lipids [86] or ionizable lipids with pH-dependent 

charge that increase the membrane charge density within late endosomes. Such strategies 

will allow the NPs to maintain low membrane charge density and charge ratio as well as 

steric shielding stealth during circulation while leading to stronger NP–cell membrane 

interactions and ultimately fusion in the low-pH environment of the late endosome.  

Our study demonstrates the importance of tuning the physicochemical parameters of CL–

NA NPs (e.g., charge and ligand properties) to minimize nonspecific, electrostatic binding 



 

 47 

and maximize specific, peptide-mediated binding for efficient solid tumor targeting. By 

narrowing down the parameter space that needs to be explored for new formulations using 

novel peptides or different cargo (e.g. siRNA or proteins), the discovered trends will be 

useful for future optimization of peptide-targeted nanoparticles.  
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Chapter 3 

Rab11 and Lysotracker markers reveal correlation between endosomal 

pathways and transfection efficiency of surface-functionalized cationic 

liposome–DNA nanoparticles 

 

Reprinted with permission from Majzoub, R. N.; Wonder, E.; Ewert, K. K.; 

Kotamraju, V. R.; Teesalu, T.; Safinya, C. R. Rab11 and Lysotracker Markers Reveal 

Correlation between Endosomal Pathways and Transfection Efficiency of Surface-

Functionalized Cationic Liposome-DNA Nanoparticles. J. Phys. Chem. B 2016, 120 

(26), 6439–6453. Copyright 2016 American Chemical Society. 

 

Cationic liposomes (CLs) are widely studied as carriers of DNA and short-interfering 

RNA for gene delivery and silencing, and related clinical trials are ongoing. Optimization of 

transfection efficiency (TE) requires understanding of CL–nucleic acid nanoparticle (NP) 

interactions with cells, NP endosomal pathways, endosomal escape, and events leading to 

release of active nucleic acid from the lipid carrier. Here, we studied endosomal pathways 

and TE of surface-functionalized CL–DNA NPs in PC-3 prostate cancer cells displaying 

over-expressed integrin and neuropilin-1 receptors. The NPs contained RGD-PEG-lipid or 

RPARPAR-PEG-lipid, targeting integrin and neuropilin-1 receptors, respectively, or control 

PEG-lipid. Fluorescence colocalization using Rab11-GFP and Lysotracker enabled 

simultaneous colocalization of NPs with recycling endosome (Rab11) and late 

endosome/lysosome (Rab7/Lysotracker) pathways at increasing mole fractions of 
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pentavalent MVL5 (+5 e) at low (10 mol%), high (50 mol%), and very high (70 mol%) 

membrane charge density (σM). For these cationic NPs (lipid/DNA molar charge ratio, chg 

= 5), the influence of membrane charge density on pathway selection and transfection 

efficiency is similar for both peptide-PEG NPs, although, quantitatively, the effect is larger 

for RGD-PEG compared to RPARPAR-PEG NPs. At low σM, peptide-PEG NPs show 

preference for the recycling endosome over the late endosome/lysosome pathway. Increases 

in σM, from low to high, lead to decreases in colocalization with recycling endosomes and 

simultaneous increases in colocalization with the late endosome/lysosome pathway. 

Combining colocalization and functional TE data at low and high σM shows that higher TE 

correlates with a larger fraction of NPs colocalized with the late endosome/lysosome 

pathway while lower TE correlates with a larger fraction of NPs co-localized with the Rab11 

recycling pathway. The findings lead to a hypothesis that increases in σM, leading to 

enhanced late endosome/lysosome pathway selection and higher TE, result from increased 

nonspecific electrostatic attractions between NPs and endosome luminal membranes, and 

conversely, enhanced recycling pathway for NPs and lower TE are due to weaker attractions. 

Surprisingly, at very high σM, the inverse relation between the two pathways observed at low 

and high σM breaks down, pointing to a more complex NP pathway behavior.  

3.1 Introduction 

Currently, an unprecedented level of research activity is centered on the delivery of 

nucleic acids with synthetic vectors (i.e., carriers) for the treatment of diseases stemming 

from misregulated or defective genes.[1–10] Numerous classes of synthetic vectors, 

including those based on lipids or polymers, are investigated as potential alternatives to 

engineered viral vectors for the delivery of therapeutic nucleic acids. While the vast majority 
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of ongoing human gene therapy clinical trials targeting cancer, genetic, and infectious 

diseases employ engineered viral vectors,[1] the method suffers from safety issues typically 

not associated with synthetic vectors. Notably, use of engineered retroviral and adenoviral 

vectors has resulted in insertional mutagenesis leading to cancer in two patients treated for 

X-linked SCID (severe combined immunodeficiency) and in severe immune reactions 

resulting in two patient deaths, respectively.[11–13] The ease of tuning of the 

physicochemical properties of synthetic vectors makes them promising candidates for safe 

and controlled delivery of exogenous nucleic acids. The major challenge is improving their 

cell targeting and transfection efficiency properties, which are much inferior to those of viral 

vectors in vivo.[2–7] 

Lipid-based drug delivery was first described soon after the discovery of liposomes by 

Bangham and Horne (Figure 1A, closed assemblies of lipid bilayers also called 

vesicles).[14] In these initial studies[15–17] researchers demonstrated the potential of 

liposomes as carriers of therapeutic drugs, proteins, and nucleic acids with hydrophobic and 

hydrophilic molecules encapsulated within the bilayer or aqueous interior, respectively.[18] 

Two challenges commonly encountered in vivo are insufficient circulation lifetime due to 

removal of carriers by immune cells and the lack of selectivity of therapeutic carriers 

towards the appropriate cell and tissue types.[19,20] The addition of PEG-lipids (PEG: 

poly(ethylene glycol)) to liposomes with the polymer chains in the brush state (e.g., 10 mol% 

for 2000 Mw PEG or 5 mol% for 5000 Mw PEG) improves colloidal stability of 

liposomes[21–23] and extends the circulation lifetime by preventing clearance by the 

mononuclear phagocytic system (Figure 1B).[24–28]  
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Felgner et al. developed a distinctly different DNA vector using cationic liposomes 

(CLs) in order to utilize the electrostatic attraction with anionic mammalian cells (i.e., due to 

sulfated proteoglycans at the cell surface).[29] The earlier work used anionic or neutral 

liposomes.[15–17] This initial landmark paper introducing “lipofection” (≈ 3500 citations to 

date) was followed by the demonstration of gene expression in targeted organs in vivo[30] 

and human clinical trials.[31] Later, synchrotron x-ray scattering studies showed that mixing 

cationic liposomes (CLs) with DNA leads to the spontaneous formation of collapsed CL–

DNA condensates with distinct liquid crystalline phases. The most prevalent CL–DNA 

phase consists of a multilamellar structure, labeled Lα
C, with DNA monolayers sandwiched 

between cationic membranes (Figure 1C).[32,33] A change in the shape of the lipid 

molecules, resulting in changes to the spontaneous curvature of the membranes of CL–DNA 

complexes, revealed different structures including the inverted hexagonal structure (HII
C), 

with DNA encapsulated within cationic lipid monolayer tubes,[34,35] and the HI
C structure, 

with hexagonally ordered DNA rods surrounded by cylindrical micelles,[36] which was 

achieved with custom-synthesized highly charged dendritic multivalent lipids (MVLs). 

Further studies with a series of multivalent lipids with charge between +2 e and +5 e led to 

the finding that membrane charge density (σM) is a predictive parameter for transfection by 

Lα
C CL–DNA complexes.[37,38] More recently, the structure of gyroid cubic phases of CL–

short-interfering RNA (CL–siRNA) complexes have been quantitatively established by 

synchrotron X-ray diffraction. Owing to their saddle-shaped membranes that promote pore 

formation, cubic phase complexes are efficient at endosomal escape and gene silencing in 

vitro.[39,40] 
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Figure 1. Liposomes as drug and gene delivery vectors. (A) A liposome, a self-

assembled spherical shell of amphiphilic lipid molecules, containing 

hydrophobic molecules (red spheres) trapped within the bilayer. Liposomes 

can be used as drug delivery vehicles by trapping hydrophobic drugs within 

the oily membrane or hydrophilic drugs within the aqueous lumen. (B) A 

surface-modified liposome with polymer-lipid molecules forming a polymer 

corona. Surface properties of the liposomes can be optimized for in vivo 

delivery using hydrophilic polymers (e.g., poly(ethylene glycol), PEG). These 

polymers provide steric repulsion that inhibits nonspecific protein binding 

and opsonization by the immune system, resulting in “stealth” particles. 

Targeted delivery can also be achieved by the addition of cell-targeting 

ligands (white rectangles) to the distal end of the polymer-lipid. (C) A 

complex of cationic lipid bilayers with negatively charged nucleic acids 

(purple rods) in a lamellar liquid crystal structure. These complexes are used 

as gene delivery vectors due to their ability to condense nucleic acids into 

nanostructured particles. These complexes can be further optimized by the 

addition of polymer-lipids, which stabilize the complex into a nanoparticle of 

well-defined size. Acid-labile polymer-lipids release the polymer in low-pH 

late endosomes, promoting interactions between cell and nanoparticle 

membranes. Adapted and modified with permission from [ref. 3]. 
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It is noteworthy that an important advantage of cationic lipid vectors over engineered 

viral vectors is the ability to deliver very large pieces of DNA. This was first shown in the 

pioneering development of artificial human chromosomes, where extremely large pieces of 

DNA, of order 108 bps, were delivered into cells by lipofection.[41] CL–DNA vectors are 

self-assemblies of cationic liposomes and DNA,[35] which effectively removes limits on the 

length of the nucleic acid that may be complexed with membranes. Thus, synthetic vectors 

may be designed to carry full-length genes and regulatory sequences. In contrast, engineered 

viruses are limited in their DNA carrying capacity by their capsid size, and to date, only 

cDNA therapeutic genes (i.e., genes missing long noncoding introns) have been delivered. 

We should note that although natural capsids have relatively small nanometer scale sizes, 

very recent advances in our understanding of viral capsid protein assembly, both from the 

perspective of experiment and theory,[42–47] point to the possibility of future designs of 

significantly enlarged engineered capsids overcoming the current size limits. 

Covalent attachment of targeting peptides or antibodies to the distal end of PEG-lipids 

(Figure 1C) promotes the delivery of therapeutic molecules to the cells positive for 

expression of the receptors of the affinity ligands.[19,20,48] Extended circulation lifetime 

due to steric stabilization of PEGylated CL–DNA nanoparticles (NPs),[49] coupled with 

targeting, can ensure localization of the systemically administered NP in the target tissue and 

cells. Similar ligand-PEG surface functionalization has been used with other delivery 

vehicles to promote kinesin transport and biomolecule capture.[50,51] However, numerous 

barriers remain, including uptake, endosomal escape, and therapeutic molecule release from 

the carrier. Previous work has shown that cellular uptake and therapeutic nucleic acid release 

can be improved by addition of targeting peptides and the incorporation of environmentally 
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responsive materials that promote intracellular carrier disassembly, respectively.[52–55] 

However, designing PEGylated nanoparticles with efficient endosomal escape remains a 

significant challenge. One strategy is to chemically insert an acid-labile acylhydrazone bond 

between the lipid headgroup and the PEG chain (Figure 1C). A recent study has shown that 

the low pH (≈ 5) of late endosomes induces dePEGylation,[56] which in turn leads to 

membrane charge density-promoted endosomal escape by activated fusion.[37,38] 

 

 

 

 

 

 

 

 

Figure 2. The endosomal recycling and late endosome/lysosome pathways. Upon 

internalization of cargo via macropinocytic ruffles (MPR) or clathrin pits (CP), 

the cargo is trafficked in macropinosomes (MP) or clathrin-coated vesicles 

(CCV). The MP and CCV undergo Rab5-mediated fusion to form the early 

endosome (EE). From the early endosome, cargo can be sequestered into vesicles 

which pinch off and either traffic to the perinuclear recycling center (PRC) or 

the plasma membrane (PM). From the PRC, cargo is trafficked to the plasma 

membrane via recycling endosomes (RE) containing Rab11 (green). 

Alternatively, after sufficient time has elapsed, the EE will gradually lose Rab5 

(orange) and acquire Rab7 (purple), marking its evolution into a late 

endosome/multivesicular body (LE/MVB). The LE/MVB contains an acidic 

lumen (pink) and both Rab7 and Rab9 (light blue) on its surface. In some cases, 

LE/MVB will fuse with the plasma membrane, releasing the intraluminal vesicles 

as exosomes. Rab7 mediates fusion between lysosomes and LE/MVB to form a 

hybrid lyso-endosome containing characteristics of both organelles. Eventually 

the lyso-endosome will mature into a lysosome. Rab9 is also associated with 

transport of the mannose-6-phosphate receptor from the late endosome to the 

trans-Golgi Network (TGN). 
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Endocytosis of NP cargo by cells is typically followed by intracellular trafficking 

through one of two distinct pathways.[57] Figure 2 displays a schematic showing the roles of 

various Rab GTPases in early endosome, late endosome/lysosome, and recycling endosome 

trafficking. Rab proteins are a family of small GTPases in eukaryotes that coordinate 

intracellular vesicle trafficking between organelles (i.e., budding of vesicular carriers from 

the donor membrane, followed by vesicle transport and fusion to the acceptor 

membrane).[58,59] Clathrin-coated pits (CCPs) and macropinocytic ruffles (MPRs) 

internalize extracellular medium and cargo into clathrin-coated vesicles (CCVs) and 

macropinosomes (MPs) that fuse, via Rab5, to form the early endosome (EE). (Rab5 

coordinates vesicle budding, trafficking, and fusion between the plasma membrane and early 

endosomes.) Small, tubular vesicles containing Rab11 and/or Rab4 (not shown) bud from 

the early endosome and are recycled to the plasma membrane.[60] Alternatively, cargo from 

the EE can be trafficked to a large tubular structure called the perinuclear recycling center 

(PRC).[61] From the PRC, Rab11-positive spherical and tubular vesicles bud and recycle 

their cargo to the plasma membrane.[62,63] The fast and slow recycling pathways (i.e., 

directly from EE and through the PRC) allow cells to recycle receptors to the plasma 

membrane.[61] An alternate pathway to recycling is the late endosome/lysosome pathway. 

After sufficient time, the concentration of Rab5 on the EE membrane will decrease while the 

concentration of Rab7 increases.[64] Upon complete removal of Rab5, recycling events no 

longer occur and a new class of proteins associates with the vesicle.[65] This marks the 

transition into a late endosome/multivesicular body (LE/MVB). Aside from the formation of 

intraluminal vesicles (ILVs), the low pH of the LE/MVB distinguishes it from an EE.[65] 

Rab7 mediates fusion of LE/MVBs with lysosomes into hybrid lyso-endosomes, which 

contain characteristics of both LE/MVBs and lysosomes and mature into lysosomes after 
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sufficient time.[66] Alternatively, LE/MVBs can fuse with the plasma membrane, resulting 

in the formation of exosomes through the release of ILVs.[67] A growing number of studies 

involving colocalization of NPs with endocytic markers have been published,[68–74] and 

one recent study has implicated recycling of lipid–siRNA NPs via exosome formation as a 

major bottleneck to siRNA delivery.[75]  

In this study, we investigated the endosomal pathways and transfection efficiency (TE, a 

measure of expression of an exogenous gene that is transferred into the cell by the lipid 

carrier) of three types of surface-functionalized CL–DNA NPs with distinct coatings: control 

NPs containing PEG-lipid with no peptide, and NPs containing either RGD-PEG-lipid or 

RPARPAR-PEG-lipid (Figure 3).[76] Cryogenic transmission electron microscopy 

(TEM)[77] and dynamic light scattering (DLS) studies of PEGylated CL–DNA NPs[52] 

show that their diameter ranges between 100 nm and 150 nm. The linear RGD peptide used 

in this study (full peptide sequence: GRGDSP) targets integrin receptors (with α5β1 as the 

preferred receptor). The RPARPAR peptide (a CendR sequence) binds to neuropilin-1. 

CendR peptides (sharing the carboxy-terminal consensus motif R/KXXR/K), of which 

RPARPAR is the prototypic example, have been shown to use a unique neuropilin-1-

dependent internalization pathway that leads to cell uptake in vitro and extravasation/tissue 

penetration in vivo.[78–81] Prostate cancer (PC-3) cells displaying overexpressed integrins 

and neuropilin-1 were used as model human cancer cells.[82–85] The cationic liposomes 

consisted of mixtures of pentavalent MVL5 (+5 e),[37,86,87] neutral DOPC (1,2-dioleoyl-

sn-glycero-3-phosphatidylcholine), and 10 mol% PEG2000-lipid with and without peptide 

attached at the distal end of PEG. Increases in the mol% of MVL5 in CLs allowed us to look 

for the effect of membrane charge density (σM, defined as total cationic charge divided by 
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the total membrane area) on CL–DNA NP endosomal pathway selection at low σM ≈ 0.0061 

e/Å2 and high σM ≈ 0.021 e/Å2, corresponding to compositions of 10/80/10 and 50/40/10 for 

MVL5/DOPC/x in mol%, with x = PEG-lipid, RGD-PEG-lipid, or RPARPAR-PEG-lipid 

(see Materials and Methods). We further looked at NPs prepared at very high σM ≈ 0.025 

e/Å2, corresponding to 70/20/10 for MVL5/DOPC/x. The cationic NPs were prepared at 

cationic lipid/DNA molar charge ratio ρchg = 5. 

Previous optical fluorescence co-localization imaging using Rab5-GFP and a mutant 

form of Rab5 revealed that linear RGD-tagged and untagged PEGylated CL–DNA NPs enter 

the cell via endocytosis, leading to NP entrapment inside early endosomes.[68] To better 

understand how NP composition influences downstream endosomal pathways, and thus 

transfection efficiency after endocytosis, we developed a quantitative multi-organelle 

fluorescence colocalization method using Rab11-GFP and Lysotracker (an acidic organelle 

marker, which colocalizes with Rab7) that allowed us to simultaneously observe recycling 

endosomes (Rab11), late endosomes/lysosomes (Lysotracker), and fluorescently-labeled 

NPs. Significantly, while NPs utilize both pathways, we find that membrane charge density 

modulates the selection of pathways. Furthermore, while the trend for pathway selection at 

different σM is similar for RGD-PEG and RPARPAR-PEG NPs, the effect is larger for 

RGD-PEG NPs. At low σM, peptide-PEG NPs show preferred colocalization with Rab11 

(recycling endosomes) compared to Lysotracker (late endosomes/lysosomes). For both 

peptide-PEG NPs, overall Rab11 colocalization decreases with increases in the NP’s 

membrane charge density between low and high σM. The decrease in Rab11 colocalization 

coincides with an increase with Lysotracker colocalization. This finding suggests that 

increased electrostatic binding of NPs to endosome luminal membranes with increasing σM 
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favors the late endosome/lysosome pathway. The behavior at very high σM is unexpected: 

here, peptide-PEG NPs show decreased colocalization with acidic organelles compared to 

high σM NPs (reverse of the trend between low and high σM) while colocalization with 

recycling endosomes remains roughly the same. As expected, the control PEG NPs show 

small but consistent increases in colocalization with the late endosome/lysosome pathway 

with increasing σM, most likely due to the aforementioned increase in nonspecific 

electrostatic attraction between NPs and luminal membranes of the endosome. 

Transfection efficiency measurements of surface-functionalized CL–DNA NPs revealed 

improvement with increasing σM. RGD-PEG and PEG coated NPs showed the largest 

variations in TE, increasing by more than an order of magnitude between low and very high 

σM. In contrast, RPARPAR-PEG coated NPs showed more modest increases in TE by about 

a factor of four. Combining colocalization and TE data as a function of σM leads to the 

qualitative finding that an increase in TE correlates with a decrease in the fraction of NPs 

colocalized with the Rab11 recycling pathway and an increase in the fraction of NPs co-

localized with Lysotracker along the late endosome/lysosome pathway.  
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3.2 Materials and Methods 

3.2.1 Materials 

DOPC was purchased from Avanti Polar Lipids as a solution in chloroform. Pentavalent 

MVL5,[88] PEG2000-lipid,[26] RGD-PEG2000-lipid, and RPARPAR-PEG2000-lipid[76] 

were synthesized as previously described. The pGL3 and pGFP plasmids encoding the 

luciferase and GFP genes were purchased from Promega, and several Rab-GFP plasmids 

(Rab7,[89] Rab9, and Rab11[90]) were purchased from addgene.org. Rab5-GFP plasmid 

was a gift from the Weimbs lab (Molecular, Cellular, and Developmental Biology 

Department, UCSB). All plasmids were propagated in Escherichia coli and purified using 

Qiagen Giga or Mega Prep kits. For microscopy studies, the pGFP plasmid was labeled 

Figure 3. Schematics and corresponding legend showing the compositions of 

nanoparticles (NPs). All NPs were prepared at chg = 5. NPs 1–3, 4–6, and 7–9 were 

formulated at the molar ratios 10/80/10, 50/40/10, and 70/20/10 of MVL5/DOPC/x, 

respectively, with x = PEG-lipid (NP1, NP4, NP7), RGD-PEG-lipid (NP2, NP5, 

NP8), or RPARPAR-PEG-lipid (NP3, NP6, NP9).  
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using the Mirus Bio Label IT Nucleic Acid Labeling Kit with Cy5 (excitation/emission 

maximum: 649 nm/670 nm). Poly-L-lysine (Sigma-Aldrich) was used to coat glass slides 

prior to seeding cells for microscopy studies.  

3.2.2 Liposome and DNA preparation 

Stock solutions of MVL5 and PEG2000-lipid were prepared by dissolving them in a 3:1 

chloroform:methanol mixture. RGD-PEG2000-lipid and RPARPAR-PEG2000-lipid were 

dissolved in a 65:23:2 chloroform:methanol:dH20 (dH20: deionized water) mixture. Lipids 

were combined at the desired molar ratio (all compositions investigated had either 10, 50 or 

70 mol% MVL5 and 10 mol% RGD-PEG2000-, RPARPAR-PEG2000- or PEG2000-lipid; 

see Figure 3). After mixing the desired molar ratios, the organic solvent was evaporated by a 

stream of nitrogen followed by overnight (12–16 h) incubation in a vacuum. The appropriate 

amount of high resistivity water (18.2 MΩcm) was added to the dried lipid film to achieve 

the desired liposome concentration (0.5–2.0 mM). Hydrated films were incubated overnight 

at 37 °C to form liposomes. The liposome solution was then sonicated using a tip sonicator 

to promote the formation of small unilamellar vesicles. Following plasmid purification 

according the manufacturers protocol, pGFP was labeled using Cy5 according to the 

manufacturer’s protocol with one modification: the incubation time at 37 °C was increased 

from 1 h to 2 h to improve labeling efficiency. When the unilamellar vesicles are mixed with 

Cy5-labeled DNA, they will self-assemble into fluorescent multilamellar nanoparticles.[91] 

3.2.3. Membrane charge density 

The membrane charge density can be calculated from the equation σM = [1- Φnl/(Φnl + 

rΦcl)]σcl.[37] Here, r = Acl/Anl is the ratio of the headgroup areas of the cationic and the 
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neutral lipid; σcl = eZ/Acl is the charge density of the cationic lipid with valence Z; Φnl and 

Φcl are the mole fractions of the neutral and cationic lipids, respectively. In the calculation, 

the neutral lipid component consists of the sum of DOPC and the PEG-lipid (with and 

without peptide). The membrane charge density was calculated using Anl = 72 Å2, rMVL5 = 

2.3, and ZMVL5 = 5.0.[37] For the three compositions used in this study (10/80/10, 50/40/10, 

70/20/10 molar ratio of MVL5/DOPC/x, with x = PEG-lipid, RGD-PEG-lipid, or 

RPARPAR-PEG-lipid), the membrane charge densities were low σM ≈ 0.0061 e/Å2 for 

10/80/10, high σM ≈ 0.021 e/Å2 for 50/40/10, and very high σM ≈ 0.025 e/Å2 for 70/20/10. 

The nanoparticles studied were prepared at cationic lipid/DNA molar charge ratio (ρchg) = 5. 

3.2.4 Cell culture and transfection 

PC-3 cells (ATCC number: CRL-1435; human prostate cancer) were cultured in DMEM 

(Invitrogen) supplemented with 10% fetal bovine serum (Gibco) and 1% 

Penicillin/Streptomycin (Invitrogen). Cells were passaged every 72 h to maintain 

subconfluency and kept in an incubator at 37 °C in a humidified atmosphere containing 5% 

CO2. For transfection studies, cells were seeded in 24-well plates at 40,000 cells/well. CL–

DNA NPs were prepared by diluting 1 μg of DNA and the appropriate amount of liposome 

solution (based on desired charge ratio and stock lipid concentration) to 250 μL in serum-

free medium. After the mixing of lipid and DNA solutions, the NPs were incubated at room 

temperature for 20 min prior to their addition to cells. The cells were washed with PBS, and 

200 μL of complex solution (containing 0.4 μg of DNA) was added to each well. The cells 

were incubated with the nanoparticle solution for 6 h. After 6 h, the NP solution was 

removed, the cells were washed with PBS, and fresh serum-containing medium was added. 

Cells were further incubated in the presence of serum-containing medium for 20–24 h. After 
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the overnight incubation, cells were washed twice with PBS and then lysed and harvested 

with 150 μL of Passive Lysis Buffer (Promega). Further lysis was achieved by subjecting the 

lysate to one freeze-thaw cycle. Luciferase expression was measured using the Luciferase 

Assay System (Promega) and a Perkin-Elmer 1420 Victor3 V multilabel counter following 

the assay manufacturer’s instructions and normalized to total cellular protein as measured 

with a Bradford Assay (BioRad). Measurements were performed in duplicate with error bars 

indicating the standard deviation. All data points were measured at least two times to ensure 

reproducibility.  

3.2.5 Microscopy of nanoparticle uptake in cultured cells 

Prior to seeding cells, 22 x 22 mm No. 1.5 glass coverslips were coated with poly-L-

lysine. PC-3 cells were seeded on the coated coverslips in 6-well plates such that the 

confluency was 60–80% 24 h after seeding. At 24 h post-seeding, complexes were formed 

by mixing 10 μL of Lipofectamine 2000 (Life Technologies) with either 4 μg of the desired 

Rab-GFP plasmid (Rab11-GFP) or 2 μg of the desired Rab-GFP plasmid (Rab5-, Rab7-, and 

Rab9-GFP) and 2 μg of noncoding calf thymus DNA. The concentration of Rab5-, Rab7- 

and Rab9-GFP was reduced via substitution of calf thymus DNA to prevent overexpression 

of Rab proteins. Lipofectamine 2000/pRab-GFP complexes were added to cells in serum-

free medium and removed 6 hours later, according to the manufacturer’s protocol. After 

removal of the Lipofectamine complexes, cells were washed with PBS and incubated in 

serum-containing medium overnight. The next day, cells were washed and serum-containing 

medium was added again. Forty-eight hours after transfection, fluorescently-labeled NPs 

were prepared by mixing 2.4 μg of unlabeled pGFP with 0.6 μg of Cy5-labelled pGFP to 

produce a solution of 3 μg DNA in 250 μL of serum-free medium. The appropriate amount 



 

 75 

of liposome solution (based on charge ratio and stock lipid concentration) was diluted to 250 

μL in serum-free DMEM. Liposome and DNA solutions were mixed together and incubated 

at room temperature for 20 min. The 6-well plates containing seeded coverslips were 

removed from the incubator, washed once with PBS, and 2 mL of serum-free medium was 

added to each well containing cells. The 500 μL of NP suspension was added to each well 

and cells were placed in the incubator for 4.5 h. After 4.5 hours, cells were removed and 

rinsed once with PBS. Following PBS washing, 2 mL of serum-free medium containing 50 

ng/mL of LysoTracker® Red (Life Technologies) was added to each well. Cells were 

incubated at 37 °C for 30 min in the presence of Lysotracker Red to allow for labeling of 

acidic organelles. After acidic organelle labeling, cells were washed two times with PBS and 

fixed using a PBS solution containing 3.7% formaldehyde. Cells were incubated in the 

presence of formaldehyde for 10 minutes at room temperature with occasional agitation. 

After fixation, cells were washed with PBS three times and mounted onto slides using Anti-

fade mounting medium (Life Technologies). The anti-fade medium was cured overnight and 

coverslips were sealed to the glass slides using a fast-curing epoxy resin.  

Cells were imaged within 5 days of fixation using an Olympus DSU microscope 

equipped with a 100 UPlanSApo objective, a Hamamatsu ImagEM CCD camera, and 

Metamorph software. Representative cells were chosen and imaged at z-steps of 1 μm. Prior 

to colocalization analysis, images were processed as follows. First, the z-stacks were 

deconvolved using the ImageJ plug-in Iterative Deconvolve 3D. Post-deconvolution 

processing consisted of a background subtraction with a 10-pixel rolling ball radius as well 

as a smooth filter for improved image clarity. Colocalization analysis was performed using 

custom-written Matlab routines and is described below.  
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3.2.6 Object-based quantitative colocalization analysis 

Colocalization analysis[52,56,68,92] was performed on approximately 20–30 cells per 

NP composition. A rough outline of each cell was generated from an image produced by 

subtracting the NP channel from a saturated image of the Rab channel. This subtraction step 

allows automatic location of the cell boundary while excluding extracellular NPs, which 

form a thick fluorescent coat on the outside of the plasma membrane.[93]The Matlab routine 

prompts the user to mask neighboring cells in close proximity to the cell of interest and to 

set the bottom and top slice of each cell. For our analysis, we selected z-stack regions that 

were 2–3 μm thick. For each slice, NPs were located using a Matlab version of the algorithm 

first reported by Crocker and Grier.[94] Next, particles were given z-coordinates based on 

their brightness in each stack (some NPs can be imaged in more than one stack). Following 

the generation of a list of acidic organelle, recycling endosome, and NP coordinates, NPs 

were counted as colocalized with a marker (e.g., Lysotracker) if they were within three 

pixels of that marker and at least five pixels away from the other marker (e.g., Rab11-GFP). 

We refer to this method of colocalization as “object-based”.[92] In all samples measured, a 

small fraction of NPs (< 18 %) were found to colocalize with both markers (data not shown). 

NPs were not designated any colocalization if they were at least five pixels away from both 

markers. The colocalization statistics were calculated by dividing the total number of 

colocalized NPs by the total number of intracellular NPs. This method for averaging, as 

opposed to single-cell statistical averaging, is analogous to how TE is measured with 

luciferase. (Luciferase expression measurements lack single-cell statistic due to cell lysis 

during harvesting.) Error for colocalization fractions is estimated at ±2%, as found for one 

sample that was imaged and analyzed twice. 
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3.3 Results 

3.3.1 Transfection efficiency of MVL5-based CL–DNA nanoparticles 

Figure 4 shows transfection efficiency (TE) as a function of mol% cationic lipid (MVL5) 

for CL–DNA NPs functionalized with PEG, RGD-PEG, and RPARPAR-PEG. The NPs 

were formed from CLs with MVL5/DOPC/x compositions equal to 10/80/10, 50/40/10, and 

70/40/10 at the cationic lipid/DNA molar charge ratio (ρchg) = 5 (x = PEG-lipid, RGD-PEG-

lipid, or RPARPAR-PEG-lipid). The TE of NPs increases with σM, with the exception of 

very high σM RGD-PEG NPs. At all σM, the transfection of RGD-PEG NPs is the highest, 

followed by the control PEG NPs. RPARPAR-PEG NPs had the lowest TE at every σM 

examined in this study. Furthermore, while TE increased by a little over an order of 

magnitude for RGD-PEG and PEG NPs between 10 mol% MVL5 and 50 mol% MVL5, the 

increase with RPARPAR NPs was more modest, about a factor of 4.  
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3.3.2 Lysotracker as a marker of acidic endocytic organelles 

As shown in Figure 2, different members of the Rab family of GTPases are associated 

with different stages of the endocytic pathway. Figure 5A-D shows fluorescence 

micrographs of cells expressing the indicated Rab (marking distinct endosomes) and having 

acidic organelles fluorescently labeled by Lysotracker (a small, membrane-permeable dye 

that nonspecifically labels low-pH late endosomes and lysosomes). The micrographs indicate 

that Lysotracker shows little colocalization with Rab5 and Rab11 (Fig. 5A, B, markers of 

early and recycling endosomes, respectively), while showing high and moderate levels of 

Figure 4. Transfection efficiency versus cationic lipid content for CL–DNA 

nanoparticles containing MVL5. The transfection efficiency (TE) of 

nanoparticles containing MVL5/DOPC/PEG2K-lipid (orange), 

MVL5/DOPC/RGD-PEG2K-lipid (purple), MVL5/DOPC/RPARPAR-PEG2K-

lipid (green) generally increases with membrane charge density. For very high 

membrane charge density RGD-PEG2K-lipid NPs, TE decreases slightly. At all 

charge densities, the transfection of RGD-PEG-lipid-containing NPs is the 

highest, followed by the control PEG-lipid NPs. NPs containing RPARPAR-

PEG-lipid had the lowest TE at every charge density examined in this study. All 

CL–DNA NPs (NP1–9) performed better than naked DNA and worse than 

Lipofectamine 2000 (a commercial in vitro transfection agent). 
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colocalization with Rab7 (Fig. 5C, marker of late endosomes and lysosomes) and Rab9 (Fig. 

5D, marker of late endosomes). The results of our quantitative colocalization analysis 

between Rabs 5, 11, 7, and 9 and Lysotracker are shown in Fig. 5E. The green region of each 

bar graph represents the fraction of Rab-labeled vesicles that lack Lysotracker colocalization 

(green signal in Fig. 5A-D) while the yellow region of the bar graph represents the fraction 

of Rab-labeled vesicles that do colocalize with Lysotracker (yellow due to overlap of green 

and red in Figure 5A-D). Rab5 and Rab11 show low levels of colocalization, likely due the 

finite spatial resolution of our images. Rab7 shows high levels of colocalization while the 

fraction of the total Rab9 labelled vesicles colocalized with Lysotracker is relatively low. A 

closer inspection of the data (and micrographs) reveals that this is not due to a low number 

of Rab9-Lysotracker colocalization events (yellow signal in micrographs) but instead due to 

the high number of Rab9 vesicles lacking Lysotracker colocalization (green signal in 

micrograph, green region of bar). This most likely arises because Rab9 marks other, 

nonendosomal organelles. In particular, Rab9 is known to mediate trafficking between late 

endosomes and the trans-Golgi network (Fig. 2).[32] The significant colocalization of 

Lysotracker with Rab7 and Rab9 confirms its usefulness as a marker of the late 

endosome/lysosome pathway. 
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3.3.3 Surface-functionalized CL–DNA NPs traffic through late endosome/lysosome and 

recycling pathways 

Figure 6A shows a fluorescent micrograph of a PC-3 cell that has been incubated with 

CL–DNA NPs at low σM ≈ 0.0061 e/Å2 with a lipid molar ratio of 10/80/10 

MVL5/DOPC/RPARPAR-PEG2K-lipid at ρchg = 5 for 5 hours. The NPs are fluorescently-

labeled (blue signal) by forming them with a mixture of Cy5-labeled and unlabeled DNA at 

a ratio of 20:80. The acidic organelles (red signal) are fluorescently labeled using 

Figure 5. Multi-organelle colocalization using Rab GTPases and Lysotracker. 

Lysotracker Red, a membrane permeable small molecule dye, labels acidic 

organelles. In the micrographs, Rab-GFP is shown in green, Lysotracker in red, 

with overlap appearing yellow. (A, B) Rab5 and Rab11 label early and recycling 

endosomes, respectively, both of which show low levels of colocalization with 

Lysotracker Red. (C) Rab7, a marker for late endosomes and lysosomes shows 

high levels of colocalization with Lysotracker. (D) Rab9, a marker of late 

endosomes and vesicles that traffic between late endosomes and the Golgi 

apparatus, shows moderate levels of colocalization with Lysotracker. (E) 

Quantitative colocalization results showing the total number of Rab-labeled 

vesicles per cell (total height of bar) and the fraction of the Rab-labeled vesicles 

that colocalize with Lyostracker Red (yellow portion). 
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Lysotracker-Red while recycling endosomes are labeled using transient expression of 

Rab11-GFP (green). The inset shows the corresponding bright field image. The boxed 

regions in Fig. 6A are magnified in Fig. 6B and C for clarity, and Fig. 6D-F displays single 

channel images of the region depicted in Fig. 6C, showing red (Lysotracker), green (Rab11-

GFP), and blue (NP Cy5-DNA) channels. Fig. 6B contains a purple spot (i) and a cyan spot 

(ii) (see corresponding intensity profile in Fig. 6G) that exemplify how within a single cell, 

individual NPs can use either the late endosome/lysosome pathway (overlap of red and blue) 

or recycling pathway (overlap of green and blue). Fig. 6C and the corresponding intensity 

profile in Fig. 6H show a large green structure (green arrow in Fig. 6E and Fig. 6H) 

containing a high local concentration of Rab11-GFP. The high level of Rab11 and 

perinuclear position suggests that this structure is the perinuclear recycling center (PRC, see 

Fig. 2) where Rab11-labeled recycling endosomes are generated. This large Rab11-positive 

structure was seen in nearly all the cells visualized over the course of the investigation. The 

solid blue arrows in Fig. 6F and Fig. 6H highlight a Cy5-DNA-labeled NP which is inside 

the PRC. Furthermore, near the PRC is a large acidic organelle (red arrow in Fig. 6D and 

Fig. 6H) containing a NP (blue broken arrows in Fig. 6F and Fig. 6H). In summary, the three 

color fluorescence imaging of Rab11-GFP, Lysotracker-Red, and DNA-Cy5 allows 

simultaneous visualization of NPs within the recycling and late endosome/lysosome 

pathways. Moreover, there is not a high level of specificity in regards to the intracellular 

pathway of CL–DNA NPs (i.e., within single cells, NPs can be found in either pathway). 

These results suggest that a comprehensive study of NP uptake pathways requires 

quantitative colocalization for measuring the fraction of NPs using either the late 

endosome/lysosome or recycling pathway. 
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3.3.4 Low membrane charge density RPARPAR-PEG and RGD-PEG NPs prefer the 

Rab11-mediated recycling pathway 

Figure 7 shows colocalization data for NPs formed at low σM ≈ 0.0061 e/Å2 with lipid 

molar ratios of 10/80/10 MVL5/DOPC/x at ρchg = 5, where x is either PEG-lipid (NP1), 

RGD-PEG-lipid (NP2), or RPARPAR-PEG-lipid (NP3) (see Figure 3). Fig. 7A-C shows 

fluorescent micrographs of fixed PC-3 cells expressing Rab11-GFP (green), treated with 

Lysotracker-Red (red), and incubated in the presence of labeled Cy5-DNA containing NPs 

Figure 6. CL–DNA NPs traffic through both recycling and late endosome/lysosome 

pathways. (A, B, C) Fluorescence micrograph and cropped regions of fixed PC-3 

cells expressing Rab11-GFP (green), treated with Lysotracker Red (red) and 

incubated with 10/80/10 MVL5/DOPC/RPARPAR-PEG-lipid CL–DNA NPs (blue) 

at chg =5 for 5 hours. The inset displays the brightfield micrograph of the cells. (D, 

E, F) show the individual channels from (C) for clarity. (G, H) Intensity profiles of 

the dashed lines in (B) and (C). In (B) and (G), an acidic organelle (i) and a 

recycling endosome (ii), each containing an NP, are shown. In (C, D, E, F, H) the 

perinuclear recycling center (green arrow), a large, bright resolvable signal in the 

green channel, is shown containing an NP (solid blue blue). An acidic organelle 

containing a NP is also shown (red arrow, broken blue arrow). Scales bars in (A) 

and (B,C) are 10 μm and 5 μm, respectively. 
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(blue) for 5 hours. The insets show the bright field images. The boxed regions in Fig. 7A-C 

are magnified in Fig. 7E-G for clarity. Fluorescent intensity profiles along the lines in each 

boxed region are shown in Fig. 7H-J. In all three cases, an example of Rab11-NP 

colocalization [(i), (iii), (vi)] and Lysotracker-NP colocalization is shown [(ii), (iv), (v)]. In 

Fig. 7D, the results of simultaneous colocalization quantification are shown. The total 

heights of the bars indicate the average number of NPs per cell, while the red and green 

regions of the bars show the fraction of intracellular NPs that colocalize with Lysotracker 

and Rab11-GFP, respectively. The average number of NPs per cell that lack colocalization 

with a marker is indicated by the blue region. The data show that at this low σM, the addition 

of either RGD (NP2) or RPARPAR (NP3) to the distal end of the PEG moiety increases the 

total uptake of NPs into cells relative to the control NPs with PEG alone (NP1). RGD-PEG 

and RPARPAR-PEG NPs show a stronger preference for the recycling pathway than the 

control PEG NPs, with high degree of colocalization with Rab11 (31%, 29%) compared to 

relatively low levels of colocalization with Lysotracker (10%, 15%). Despite RGD-PEG and 

RPARPAR-PEG NPs using completely different receptors for endocytosis (integrin and 

neuropilin-1, respectively) they show similar colocalization statistics. The control PEG NPs 

show moderate colocalization with both markers. They have only a slight preference for the 

Rab11 pathway over the late endosome/lysosome pathway (22% and 17%, respectively). 
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Figure 7. Low membrane charge density CL–DNA NPs show high 

colocalization with Rab11-GFP. Low membrane charge density NPs were 

formulated with 10/80/10 MVL5/DOPC/x at chg = 5 where x = PEG-lipid 

(NP1), RGD-PEG-lipid (NP2), or RPARPAR-PEG-lipid (NP3) (see Figure 2). 

(A,B,C) Fluorescence micrographs and brightfield images (insets) of fixed PC-

3 cells expressing Rab11-GFP (green) and treated with Lysotracker (red) such 

that acidic organelles (i.e., late endosomes and lysosomes) are visible. The cells 

have been incubated with fluorescently-labeled nanoparticles of formulations 

NP1, NP2, and NP3, respectively (blue). (D) Simultaneous quantitative 

colocalization of NPs with recycling endosomes (green) and acidic organelles 

(red) for the NP compositions NP1, NP2, and NP3. In all three cases, NPs show 

colocalization with both markers. The use of linear RGD- or RPARPAR-PEG-

lipid increases total uptake relative to the PEG-lipid control (compare the total 

height of the bars). The error for colocalization percentages is about ±2%. 

(E,F,G,H,I,J) Magnified boxed regions from (A,B,C) and intensity profiles. 

Examples of NP–Rab11 and NP–Lysotracker colocalization are marked with 

roman numerals and observed in all cases. Scale bars in (A,B,C) and (E,F,G) 

are 10 and 5 μm, respectively. 
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3.3.5 High membrane charge density RPARPAR-PEG and PEG NPs show comparable 

preference for either pathway while RGD-PEG NPs prefer the late endosome/lysosome 

pathway 

Figure 8 shows colocalization data for NPs formed at high σM ≈ 0.021 e/Å2 with lipid 

molar ratios of 50/40/10 MVL5/DOPC/x at ρchg=5, where x is either PEG-lipid (NP4), RGD-

PEG-lipid (NP5), or RPARPAR-PEG-lipid (NP6) (see Figure 3). Fluorescent micrographs 

(Fig. 8A-C), magnified boxed regions (Fig. 8E-G), intensity profiles (Fig. 8H-J), and results 

of simultaneous colocalization quantification (Fig. 8D) are shown. Total NP uptake is 

overall lower compared to low σM formulations, with peptide-PEG NPs showing a larger 

reduction in uptake. RPARPAR-PEG NPs and control PEG NPs show nearly equal 

colocalization with both Rab11 and acidic organelles, with RPARPAR-PEG NPs showing 

higher slightly fractions along both pathways. In contrast, RGD-PEG NPs show Lysotracker 

colocalization (29%) moderately higher than Rab11 colocalization (21%).  
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Figure 8. High membrane charge density CL–DNA NPs show comparable 

colocalization with Rab11-GFP and Lysotracker. High membrane charge 

density NPs were formulated with 50/40/10 MVL5/DOPC/x at chg = 5 where 

x = PEG-lipid (NP4), RGD-PEG-lipid (NP5), or RPARPAR-PEG-lipid (NP6) 

(see Figure 2). (A,B,C) Fluorescence micrographs and brightfield images 

(insets) of fixed PC-3 cells expressing Rab11-GFP (green) and treated with 

Lysotracker (red) such that acidic organelles (e.g., late endosomes and 

lysosomes) are visible. The cells have been incubated with fluorescently-

labeled nanoparticles of formulations NP4, NP5, and NP6, respectively 

(blue). (D) Simultaneous quantitative colocalization of NPs with recycling 

endosomes (green) and acidic organelle (red) for the NP compositions NP4, 

NP5, and NP6. In all three cases, NPs show colocalization with both markers. 

The use of linear RGD- or RPARPAR-PEG-lipid has no effect on total 

uptake relative to the PEG-lipid control (compare the total height of the 

bars). The error for colocalization percentages is about ±2%. (E,F,G,H,I,J) 

Magnified boxed regions from (A,B,C) and intensity profiles. Examples of 

NP–Rab11 and NP–Lysotracker colocalization are marked with roman 

numerals and observed in all cases. Scale bars in (A,B,C) and (E,F,G) are 10 

and 5 μm, respectively. 
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3.3.6 Very high membrane charge density RGD-PEG and RPARPAR-PEG NPs show 

reduced preference for late endosome/lysosome pathway compared to recycling pathway 

Figure 9 shows colocalization data for NPs formed at very high σM ≈ 0.025 e/Å2 with 

lipid molar ratios of 70/20/10 MVL5/DOPC/x at ρchg=5, where x is either PEG-lipid (NP7), 

RGD-PEG-lipid (NP8), or RPARPAR-PEG-lipid (NP9) (see Figure 3). Fluorescent 

micrographs (Fig. 9A-C), magnified boxed regions (Fig. 9E-G), intensity profiles (Fig. 9H-

J), and results of simultaneous colocalization quantification (Fig. 9D) are shown. Total NP 

uptake is the reverse of what was seen for low-σM NP formulations: the control (PEG) NPs 

show the highest uptake, followed by RGD-PEG and then RPARPAR-PEG NPs. Between 

high and very high σM formulations, the uptake of control PEG NPs roughly doubled. While 

colocalization with Rab11 remained unchanged from that at high σM formulations for RGD-

PEG and RPARPAR-PEG NPs, the fraction traveling along the late endosome/lysosome 

pathway is reduced, especially for RGD-PEG NPs (from 29% to 16%). The control PEG 

NPs show a slight preference for the late endosome/lysosome pathway over the Rab11 

recycling pathway.  
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3.4 Discussion 

The transfection efficiency results presented in Figure 4 are in agreement with previous 

work that found that the TE of PEGylated CL–DNA NPs, while significantly lower than that 

of CL–DNA complexes lacking PEG, increases with σM and/or RGD-tagging.[52] The low 

TE of PEGylated NPs, at low membrane charge density in particular, has been attributed to 

Figure 9. Very high membrane charge density CL–DNA NPs show high 

colocalization with Lysotracker. Very high membrane charge density NPs were 

formulated with 70/40/10 MVL5/DOPC/x at chg = 5 where x = PEG-lipid (NP7), 

RGD-PEG-lipid (NP8), or RPARPAR-PEG-lipid (NP9) (see Figure 2). (A,B,C) 

Fluorescence micrographs and brightfield images (insets) of fixed PC-3 cells 

expressing Rab11-GFP (green) and treated with Lysotracker (red) such that acidic 

organelles (e.g., late endosomes and lysosomes) are visible. The cells have been 

incubated with fluorescently-labeled nanoparticles of formulations NP7, NP8, and 

NP9, respectively (blue). (D) Simultaneous quantitative colocalization of NPs with 

recycling endosomes (green) and acidic organelle (red) for the NP compositions 

NP7, NP8, and NP9. In all three cases, NPs show colocalization with both markers. 

Total uptake was highest in the PEG-lipid control, decreasing with the use of 

RGD-PEG-lipid and RPARPAR-PEG-lipid (compare the total height of the bars). 

The error for colocalization percentages is about ±2%. (E,F,G,H,I,J) Magnified 

boxed regions from (A,B,C) and intensity profiles. Examples of NP–Rab11 and 

NP–Lysotracker colocalization are marked with roman numerals and observed in 

all cases. Scale bars in (A,B,C) and (E,F,G) are 10 and 5 μm, respectively. 
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their poor uptake and endosomal escape.[52,56] Peptide-tagging of PEGylated NPs 

improves their binding, subsequent uptake, and TE, although the effect of peptide-tagging on 

intracellular NP pathway selection is poorly understood. Previous work with univalent and 

multivalent CL–DNA complexes lacking the PEG coat found that membrane charge density 

modulates cell binding, internalization, endosomal escape, and transfection 

efficiency.[37,38] The linear RGD sequence used in this study binds to α5β1 integrins, which 

has been previously implicated as a viable internalization pathway for ultimately achieving 

efficient transfection.[52] The TE of RGD-PEG MVL5-based NPs is much lower in the PC-

3 cells investigated here than the mouse L-cells used in a previous study.[52] This finding is 

consistent with human cells typically being considered “hard-to-transfect.” RPARPAR-PEG 

NPs, on the other hand, actually reduced TE relative to the control PEG NPs that lack 

peptides. RPARPAR, a CendR motif peptide that binds to the neuropilin-1 receptor, has 

shown excellent targeting and drug delivery properties in vivo.[78] The comparable uptake 

of RPARPAR-PEG NPs coupled with its low TE in the current study suggests that it uses a 

different trafficking pathway from RGD-PEG NPs that is not conducive to delivery of large 

plasmids.  

Figure 10 summarizes the colocalization of the NP formulations with Rab11-labeled 

recycling endosomes and acidic organelles labeled with Lysotracker. Both Rab11 and 

Lysotracker colocalization show clear trends with increasing mol% MVL5 (i.e., increasing 

membrane charge density), regardless of the type of NP. The fraction of control (PEG) NPs 

colocalized with Rab11 recycling endosomes is nearly constant between low and very high 

σM (≈ 22%, 19%), while the fraction colocalized with late endosomes/lysosomes increases 

slightly between low and very high σM (from 17% to 25%). The observation that the 
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recycling pathway of PEG NPs is essentially independent of σM suggests that the sections of 

the early endosome membrane that pinch off in the recycling pathway (Fig. 3) either lack or 

have a very low concentration of anionic lipids, resulting in weak electrostatic interactions 

with the cationic PEG NPs. The peptide-PEG NPs show distinctly different behavior. At low 

σM (10 mol% MVL5), RGD-PEG and RPARPAR-PEG NPs show strong preference for the 

recycling pathway (31% and 29% colocalized with Rab11) compared to the late 

endosome/lysosome pathway (10%, 15% colocalized with Lysotracker). The increased 

recycling of peptide-PEG NPs compared to control NPs at low σM suggests that ligand-

receptor interactions tend to drive NPs in early endosomes along Rab11-mediated recycling 

pathways. At high σM (50 mol% MVL5), with comparable fractions of NPs colocalized 

along either pathway, RGD-PEG and RPARPAR-PEG NPs show decreased recycling (21%, 

24% colocalized with Rab11) and increased late endosome/lysosome pathway colocalization 

(29%, 25% colocalized with Lysotracker) compared to low σM NPs. The colocalization 

findings, in the low to high σM regime, lead to a hypothesis that increased nonspecific 

electrostatic attractions between the peptide-PEG coated NPs and the endosome luminal 

membrane, which is expected to occur with increases in σM,[37,52,56] increases the fraction 

of NPs following the late endosome/lysosome pathway, thus decreasing the fraction along 

the recycling pathway.  
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At very high σM (70% MVL5), recycling of RGD-PEG and RPARPAR-PEG NPs 

remains nearly unchanged compared to that at high σM. In contrast, the peptide-PEG NPs 

show decreased colocalization of NPs along the late endosome/lysosome pathway. The 

combined effects of peptide-receptor binding and increased σM is expected to lead to more 

frequent collisions between cationic peptide-PEG NPs and the anionic luminal membrane of 

endosomes. This would result in a higher probability of membrane fusion, leading to 

Figure 10. Comparison of the colocalization of nanoparticles with endosomal 

markers. The percentages of NPs showing colocalization with Rab11 (top) and 

Lysotracker (bottom) were extracted from figures 7D, 8D, and 9D for control 

PEG-lipid NPs (orange), RGD-PEG-lipid NPs (purple), and RPARPAR-PEG-

lipid NPs (green). Rab11 colocalization varies little with charge density for the 

control PEG-lipid NPs. Both RGD- and RPARPAR-PEG-lipid NPs show a 

decrease in Rab11 colocalization from low to high charge density and little 

change from high to very high charge density. The control PEG-lipid NPs show 

a monotonic increase in Lysotracker colocalization with charge density. Both 

RGD- and RPARPAR-PEG-lipid NPs show a large increase in Lysotracker 

colocalization from low to high charge density and a smaller decrease from high 

to very high charge density. RPARPAR-PEG-lipid shows a smaller range of 

colocalization with both Rab11 and Lysotracker compared to RGD-PEG-lipid. 
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endosomal escape and lower colocalization with acidic organelles. Overall, the lack of the 

inverse relation between the two pathways (as observed for peptide-PEG NPs at low and 

high σM) suggests a more complex pathway behavior at very high σM. 

To obtain the relationship between pathway preferences and NP efficacy, transfection 

efficiency was plotted against NP colocalization with Rab11 (Fig. 11A) and Lysotracker 

(Fig. 11B) by combining TE and colocalization data (Fig. 4 and Fig. 10). The plots of TE 

versus pathway selection of NPs shows an inverse correlation between TE and NP 

colocalization with the Rab11 recycling pathway and a direct correlation between TE and 

NP colocalization with the late endosome/lysosome pathway (Lysotracker), independent of 

the type of NP. This suggests that unlike the Rab11-mediated recycling pathway, the late 

endosome/lysosome pathway allows time for endosomal escape and, subsequently, higher 

TE. Nevertheless, on closer inspection one can readily discern that RPARPAR-PEG and 

PEG data are clustered closer together compared to the RGD-PEG data, indicating that 

membrane charge density has a larger effect on pathway selection and transfection efficiency 

for RGD-PEG NPs. For example, Fig. 10 shows that between low and very high σM (10 and 

70 mol% MLV5), RGD-PEG NPs show variations from 10% to 29% in colocalization with 

Lysotracker and from 31% to 21% in colocalization with Rab11. In comparison, RPARPAR-

PEG NPs show a smaller variation in Lysotracker colocalization from 15% to 25% and an 

even more modest variation in Rab11 colocalization from 29% to 24%. For control (PEG) 

NPs, Lysotracker colocalization similarly show a modest change from 17% to 25% while 

changes in colocalization with Rab11 were minimal from 22% to 19%. These quantitative 

differences in pathway selection between the peptide-PEG NPs most likely arise from their 

binding to different cell receptors.  
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3.5 Conclusion 

PEGylated CL–nucleic acid NPs with targeting peptides attached at the distal end of the 

PEG chain are promising carriers of therapeutic nucleic acids, but their intracellular 

trafficking along different endosomal pathways and eventual endosomal escape mechanisms 

are poorly understood. In this study, we investigated the uptake and trafficking properties of 

pentavalent MVL5 (+5 e) surface-functionalized CL–DNA NPs using a custom-developed 

multi-organelle fluorescence colocalization method. To understand the effect of membrane 

charge density on transfection efficiency and endosomal pathway selection of surface-

functionalized CL–DNA NPs, The transfection efficiency results presented in Figure 4 are in 

agreement with previous work that found that the TE of PEGylated CL–DNA NPs, while 

significantly lower than that of CL–DNA complexes lacking PEG, increases with σM and/or 

Figure 11. Correlation of transfection efficiency (TE) with endosomal marker 

colocalization. Transfection efficiency (TE) of control PEG-lipid NPs (orange), 

RGD-PEG-lipid NPs (purple), and RPARPAR-PEG-lipid NPs (green) is plotted 

against colocalization with Rab11 (A) and Lysotracker (B) for all NP formulations. 

Rab11 colocalization shows an inverse correlation with TE, while Lysotracker 

colocalization shows a weaker direct correlation with TE. Gray lines are included 

as guides to the eye.   
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RGD-tagging.[52] The low TE of PEGylated NPs, at low membrane charge density in 

particular, has been attributed to their poor uptake and endosomal escape.[52,56] Peptide-

tagging of PEGylated NPs improves their binding, subsequent uptake, and TE, although the 

effect of peptide-tagging on intracellular NP pathway selection is poorly understood. 

Previous work with univalent and multivalent CL–DNA complexes lacking the PEG coat 

found that membrane charge density modulates cell binding, internalization, endosomal 

escape, and transfection efficiency.[37,38] The linear RGD sequence used in this study binds 

to α5β1 integrins, which has been previously implicated as a viable internalization pathway 

for ultimately achieving efficient transfection.[52] The TE of RGD-PEG MVL5-based NPs 

is much lower in the PC-3 cells investigated here than the mouse L-cells used in a previous 

study.[52] This finding is consistent with human cells typically being considered “hard-to-

transfect.” RPARPAR-PEG NPs, on the other hand, actually reduced TE relative to the 

control PEG NPs that lack peptides. RPARPAR, a CendR motif peptide that binds to the 

neuropilin-1 receptor, has shown excellent targeting and drug delivery properties in vivo.[78] 

The comparable uptake of RPARPAR-PEG NPs coupled with its low TE in the current 

study suggests that it uses a different trafficking pathway from RGD-PEG NPs that is not 

conducive to delivery of large plasmids.  

Figure 10 summarizes the colocalization of the NP formulations with Rab11-labeled 

recycling endosomes and acidic organelles labeled with Lysotracker. Both Rab11 and 

Lysotracker colocalization show clear trends with increasing mol% MVL5 (i.e., increasing 

membrane charge density), regardless of the type of NP. The fraction of control (PEG) NPs 

colocalized with Rab11 recycling endosomes is nearly constant between low and very high 

σM (≈ 22%, 19%), while the fraction colocalized with late endosomes/lysosomes increases 
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slightly between low and very high σM (from 17% to 25%). The observation that the 

recycling pathway of PEG NPs is essentially independent of σM suggests that the sections of 

the early endosome membrane that pinch off in the recycling pathway (Fig. 3) either lack or 

have a very low concentration of anionic lipids, resulting in weak electrostatic interactions 

with the cationic PEG NPs. The peptide-PEG NPs show distinctly different behavior. At low 

σM (10 mol% MVL5), RGD-PEG and RPARPAR-PEG NPs show strong preference for the 

recycling pathway (31% and 29% colocalized with Rab11) compared to the late 

endosome/lysosome pathway (10%, 15% colocalized with Lysotracker). The increased 

recycling of peptide-PEG NPs compared to control NPs at low σM suggests that ligand-

receptor interactions tend to drive NPs in early endosomes along Rab11-mediated recycling 

pathways. At high σM (50 mol% MVL5), with comparable fractions of NPs colocalized 

along either pathway, RGD-PEG and RPARPAR-PEG NPs show decreased recycling (21%, 

24% colocalized with Rab11) and increased late endosome/lysosome pathway colocalization 

(29%, 25% colocalized with Lysotracker) compared to low σM NPs. The colocalization 

findings, in the low to high σM regime, lead to a hypothesis that increased nonspecific 

electrostatic attractions between the peptide-PEG coated NPs and the endosome luminal 

membrane, which is expected to occur with increases in σM,[37,52,56] increases the fraction 

of NPs following the late endosome/lysosome pathway, thus decreasing the fraction along 

the recycling pathway.  

At very high σM (70% MVL5), recycling of RGD-PEG and RPARPAR-PEG NPs 

remains nearly unchanged compared to that at high σM. In contrast, the peptide-PEG NPs 

show decreased colocalization of NPs along the late endosome/lysosome pathway. The 

combined effects of peptide-receptor binding and increased σM is expected to lead to more 
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frequent collisions between cationic peptide-PEG NPs and the anionic luminal membrane of 

endosomes. This would result in a higher probability of membrane fusion, leading to 

endosomal escape and lower colocalization with acidic organelles. Overall, the lack of the 

inverse relation between the two pathways (as observed for peptide-PEG NPs at low and 

high σM) suggests a more complex pathway behavior at very high σM. 

To obtain the relationship between pathway preferences and NP efficacy, transfection 

efficiency was plotted against NP colocalization with Rab11 (Fig. 11A) and Lysotracker 

(Fig. 11B) by combining TE and colocalization data (Fig. 4 and Fig. 10). The plots of TE 

versus pathway selection of NPs shows an inverse correlation between TE and NP 

colocalization with the Rab11 recycling pathway and a direct correlation between TE and 

NP colocalization with the late endosome/lysosome pathway (Lysotracker), independent of 

the type of NP. This suggests that unlike the Rab11-mediated recycling pathway, the late 

endosome/lysosome pathway allows time for endosomal escape and, subsequently, higher 

TE. Nevertheless, on closer inspection one can readily discern that RPARPAR-PEG and 

PEG data are clustered closer together compared to the RGD-PEG data, indicating that 

membrane charge density has a larger effect on pathway selection and transfection efficiency 

for RGD-PEG NPs. For example, Fig. 10 shows that between low and very high σM (10 and 

70 mol% MLV5), RGD-PEG NPs show variations from 10% to 29% in colocalization with 

Lysotracker and from 31% to 21% in colocalization with Rab11. In comparison, RPARPAR-

PEG NPs show a smaller variation in Lysotracker colocalization from 15% to 25% and an 

even more modest variation in Rab11 colocalization from 29% to 24%. For control (PEG) 

NPs, Lysotracker colocalization similarly show a modest change from 17% to 25% while 

changes in colocalization with Rab11 were minimal from 22% to 19%. These quantitative 
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differences in pathway selection between the peptide-PEG NPs most likely arise from their 

binding to different cell receptors.  

We investigated colocalization of PEG, RGD-PEG, and RPARPAR-PEG NPs with 

distinct endocytic markers (Rab11 for recycling endosome and Lysotracker for acidic 

organelles) at low, high, and very high membrane charge density (σM). Previous work has 

suggested that nanoparticles do use multiple pathways, but we present the first direct 

evidence of nanoparticles within a single cell simultaneously colocalized with both a 

recycling vesicle and a degradative vesicle. This behavior is in contrast to transferrin or LDL 

particles, which are recognized by the cell and trafficked solely through specific 

pathways.[95]  

The key findings for RGD-PEG and RPARPAR-PEG NPs are as follows. At low σM, 

NPs exhibit low transfection efficiency (TE) and enhanced colocalization with Rab11-

mediated recycling endosomes compared to late endosome/lysosome organelles. At high σM, 

NPs have significantly higher TE, decreased colocalization with recycling endosomes, and 

increased colocalization with late endosome/lysosome organelles. The NP colocalization 

behavior at very high σM shows a different trend where the fraction of NPs colocalized with 

recycling endosomes is unchanged even though the fraction of NPs colocalized with the late 

endosomes/lysosomes is reduced compared to that at high σM. The absence of the inverse 

relation between colocalization of NPs along the two pathways, seen at low and high σM, 

suggests a more complex pathway selection behavior at very high σM. 

The observation of similar trends in endosomal pathway selection and transfection 

efficiency of both RGD-PEG and RPARPAR-PEG NPs at different σM is notable. This is 

because the current study focused on overall highly cationic NPs with the cationic 
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lipid/DNA molar charge ratio of ρchg = 5, where nonspecific electrostatic interactions with 

cell components are significant. Future studies emphasizing specific ligand-receptor 

interactions over nonspecific electrostatic interactions, both at the plasma membrane surface 

and inside early endosomes, will require studies of NPs prepared near the isoelectric point 

where ρchg = 1. Finally, it is important to note that a significant fraction of NPs do not show 

colocalization with either of the investigated pathways, implying the NPs are involved in 

alternative pathways (e.g., Rab4-mediated recycling). These initial Rab-based colocalization 

studies open the path for future colocalization studies with other members of the Rab family 

that colocalize with a broader range of intracellular organelles. This would lead to a more 

comprehensive understanding of the influence of NP composition on pathway selection, 

yielding further insights for improving NP transfection efficiency. 

3.6 Acknowledgements 

We would like to acknowledge insightful discussions on peptide targeting motifs with 

Erkki Ruoslahti. This work was supported by the National Institute of Health under award 

GM-59288 (CRS), by Cancer Center Support Grant CA30199 from the National Cancer 

Institute, by Norwegian-Estonian collaboration grant EMP181 (TT), European Research 

Council starting grant GLIOMADDS from European Regional Development Fund (TT), and 

Wellcome Trust International Fellowship WT095077MA (TT). The work was also 

supported in part by the National Science Foundation under award DMR-1401784 (CRS, 

automated image analysis of nanoparticles). The Rab5-GFP plasmid was a generous gift 

from the Weimbs Lab (UCSB). The Spinning Disk Microscopy was performed at the NRI-

MCDB Microscopy Facility at UC Santa Barbara; we thank Mary Raven for her help. EW 



 

 99 

was supported by the National Science Foundation Graduate Research Fellowship under 

Grant No. DGE 1144085. 

3.7 References 

[1] Gene Therapy Clinical Trials Worldwide, J. Gene Med. (n.d.). 

http://www.wiley.com/legacy/wileychi/genmed/clinical/ (accessed August 7, 2017). 

[2] X. Guo, L. Huang, Recent advances in nonviral vectors for gene delivery, Acc. Chem. 

Res. 45 (2012) 971–979. doi:10.1021/ar200151m. 

[3] C.R. Safinya, K.K. Ewert, R.N. Majzoub, C. Leal, Cationic liposome–nucleic acid 

complexes for gene delivery and gene silencing, New J. Chem. 38 (2014) 5164–5172. 

doi:10.1039/C4NJ01314J. 

[4] H. Yin, R.L. Kanasty, A.A. Eltoukhy, A.J. Vegas, J.R. Dorkin, D.G. Anderson, Non-

viral vectors for gene-based therapy, Nat. Rev. Genet. 15 (2014) 541–555. 

doi:10.1038/nrg3763. 

[5] V.D. Sharma, M.A. Ilies, Heterocyclic cationic gemini surfactants: A comparative 

overview of their synthesis, self-assembling, physicochemical, and biological 

properties, Med. Res. Rev. 34 (2014) 1–44. doi:10.1002/med.21272. 

[6] W. Bielke, C. Erbacher, eds., Nucleic acid transfection, Springer, Berlin, 2010. 

doi:10.1016/0302-4598(80)87026-7. 

[7] K.K. Ewert, A. Zidovska, A. Ahmad, N.F. Bouxsein, H.M. Evans, C.S. McAllister, 

C.E. Samuel, C.R. Safinya, Cationic liposome-nucleic acid complexes for gene 

delivery and silencing: pathways and mechanisms for plasmid DNA and siRNA, Top. 

Curr. Chem. 296 (2010) 191–226. doi:10.1007/128_2010_70. 



 

 100 

[8] K. Ewert, H.M. Evans, A. Ahmad, N.L. Slack, A.J. Lin, A. Martin-Herranz, C.R. 

Safinya, Lipoplex Structures and their Distinct Cellular Pathways, in: L. Huang, M.-C. 

Hung, E. Wagner (Eds.), Non-Viral Vectors Gene Ther. (Advances Genet. Vol. 53), 

2nd ed., Elsevier Academic Press, San Diego, 2005: pp. 119–155. 

[9] K.K. Ewert, A. Ahmad, H.M. Evans, C.R. Safinya, Cationic lipid-DNA complexes for 

non-viral gene therapy: Relating supramolecular structures to cellular pathways, 

Expert Opin. Biol. Ther. 5 (2005) 33–53. doi:10.1517/14712598.5.1.33. 

[10] B. Jana, J. Sarkar, P. Mondal, S. Barman, S. Mohapatra, D. Bhunia, K. Pradhan, A. 

Saha, A. Adak, S. Ghosh, S. Ghosh, A short GC rich DNA derived from microbial 

origin targets tubulin/microtubules and induces apoptotic death of cancer cells, Chem. 

Commun. 51 (2015) 12024–12027. 

[11] D.A. Williams, C. Baum, Gene therapy - New Challenges Ahead, Science. 302 (2003) 

400–401. doi:10.1126/science.1091258. 

[12] C.E. Thomas, A. Ehrhardt, M.A. Kay, Progress and problems with the use of viral 

vectors for gene therapy, Nat. Rev. Genet. 4 (2003) 346–58. doi:10.1038/nrg1066. 

[13] S. Hacein-Bey-Abina, A. Garrigue, G.P. Wang, J. Soulier, A. Lim, E. Morillon, E. 

Clappier, L. Caccavelli, E. Delabesse, K. Beldjord, V. Asnafi, E. MacIntyre, L. Dal 

Cortivo, I. Radford, N. Brousse, F. Sigaux, D. Moshous, J. Hauer, A. Borkhardt, B.H. 

Belohradsky, U. Wintergerst, M.C. Velez, L. Leiva, R. Sorensen, N. Wulffraat, S. 

Blanche, F.D. Bushman, A. Fischer, M. Cavazzana-Calvo, Insertional oncogenesis in 

4 patients after retrovirus-mediated gene therapy of SCID-X1, J. Clin. Invest. 118 

(2008) 3132–3142. doi:10.1172/JCI35700. 



 

 101 

[14] A.D. Bangham, R.W. Horne, Negative staining of phospholipids and their structural 

modification by surface-active agents as observed in the electron microscope., J. Mol. 

Biol. 8 (1964) 660–668. doi:10.1016/S0022-2836(64)80115-7. 

[15] G. Gregoriadis, P.D. Leathwood, B.E. Ryman, Enzyme entrapment in liposomes, 

FEBS Lett. 14 (1971) 95–99. doi:10.1016/0014-5793(71)80109-6. 

[16] G. Gregoriadis, B.E. Ryman, Fate of Protein-Containing Liposomes Injected into 

Rats. An Approach to the Treatment of Storage Diseases, Eur. J. Biochem. 24 (1972) 

485–491. doi:10.1111/j.1432-1033.1972.tb19710.x. 

[17] G. Gregoriadis, The Carrier Potential of Liposomes in Biology and Medicine Part I, 

N. Engl. J. Med. 295 (1976) 704–710. doi:10.1056/NEJM197609302951406. 

[18] C.R. Safinya, K.K. Ewert, Liposomes derived from molecular vases, Nature. 489 

(2012) 372–374. doi:10.1038/489372b. 

[19] M.L. Immordino, F. Dosio, L. Cattel, Stealth liposomes: Review of the basic science, 

rationale, and clinical applications, existing and potential, Int. J. Nanomedicine. 1 

(2006) 297–315. doi:10.1023/A:1020134521778. 

[20] E. Ruoslahti, S.N. Bhatia, M.J. Sailor, Targeting of drugs and nanoparticles to tumors, 

J. Cell Biol. 188 (2010) 759–768. doi:10.1083/jcb.200910104. 

[21] P.-G. De Gennes, Scaling Concepts in Polymer Physics, 1st ed., Cornell University 

Press, New York, 1979. 

[22] D. Needham, T.J. McIntosh, D.D. Lasic, Repulsive interactions and mechanical 

stability of polymer-grafted lipid membranes, Biochim. Biophys. Acta - Biomembr. 

1108 (1992) 40–48. doi:10.1016/0005-2736(92)90112-Y. 



 

 102 

[23] T.L. Kuhl, D.E. Leckband, D.D. Lasic, J.N. Israelachvili, Modulation of interaction 

forces between bilayers exposing short-chained ethylene oxide headgroups., Biophys. 

J. 66 (1994) 1479–88. doi:10.1016/S0006-3495(94)80938-5. 

[24] A.L. Klibanov, K. Maruyama, V.P. Torchilin, L. Huang, Amphipathic 

polyethyleneglycols effectively prolong the circulation time of liposomes, FEBS Lett. 

268 (1990) 235–237. doi:10.1016/0014-5793(90)81016-H. 

[25] G. Blume, G. Cevc, Liposomes for the sustained drug release in vivo., Biochim. 

Biophys. Acta. 1029 (1990) 91–97. doi:10.1016/0005-2736(90)90440-Y. 

[26] D. Papahadjopoulos, T.M. Allen, A. Gabizon, E. Mayhew, K. Matthay, S.K. Huang, 

K.D. Lee, M.C. Woodle, D.D. Lasic, C. Redemann, Sterically stabilized liposomes: 

improvements in pharmacokinetics and antitumor therapeutic efficacy., Proc. Natl. 

Acad. Sci. U. S. A. 88 (1991) 11460–4. doi:10.1073/pnas.88.24.11460. 

[27] T.M. Allen, C. Hansen, F. Martin, C. Redemann, A. Yau-Young, Liposomes 

containing synthetic lipid derivatives of poly(ethylene glycol) show prolonged 

circulation half-lives in vivo, Biochim. Biophys. Acta - Biomembr. 1066 (1991) 29–

36. doi:10.1016/0005-2736(91)90246-5. 

[28] M.C. Woodle, D.D. Lasic, Sterically stabilized liposomes, Biochim. Biophys. Acta. 

1113 (1992) 171–199. doi:10.1016/0304-4157(92)90038-C. 

[29] P.L. Felgner, T.R. Gadek, M. Holm, R. Roman, H.W. Chan, M. Wenz, J.P. Northrop, 

G.M. Ringold, M. Danielsen, Lipofection: a highly efficient, lipid-mediated DNA-

transfection procedure., Proc. Natl. Acad. Sci. U. S. A. 84 (1987) 7413–7. 

doi:10.1073/pnas.84.21.7413. 

[30] N. Zhu, D. Liggitt, Y. Liu, R. Debs, Systemic gene expression after intravenous DNA 

delivery into adult mice, Science. 261 (1993) 209–211. doi:10.1126/science.7687073. 



 

 103 

[31] G.J. Nabel, E.G. Nabel, Z.Y. Yang, B.A. Fox, G.E. Plautz, X. Gao, L. Huang, S. Shu, 

D. Gordon, A.E. Chang, Direct gene transfer with DNA-liposome complexes in 

melanoma: expression, biologic activity, and lack of toxicity in humans., Proc. Natl. 

Acad. Sci. U. S. A. 90 (1993) 11307–11. doi:10.1073/pnas.90.23.11307. 

[32] J.O. Rädler, I. Koltover, T. Salditt, C.R. Safinya, Structure of DNA – Cationic 

Liposome Complexes : DNA Intercalation in Multilamellar Membranes in Distinct 

Interhelical Packing Regimes, Science. 275 (1997) 810–814. 

doi:10.1126/science.275.5301.810. 

[33] I. Koltover, T. Salditt, C.R. Safinya, Phase diagram, stability, and overcharging of 

lamellar cationic lipid-DNA self-assembled complexes, Biophys. J. 77 (1999) 915–

24. doi:10.1016/S0006-3495(99)76942-0. 

[34] I. Koltover, T. Salditt, J.O. Rädler, C.R. Safinya, An inverted hexagonal phase of 

cationic liposome-DNA complexes related to DNA release and delivery, Science. 281 

(1998) 78–81. doi:10.1126/science.281.5373.78. 

[35] C. Safinya, Structures of lipid – DNA complexes : supramolecular assembly and gene 

delivery, Curr. Opin. Struct. Biol. 11 (2001) 440–448. 

http://www.sciencedirect.com/science/article/pii/S0959440X0000230X. 

[36] K.K. Ewert, H.M. Evans, A. Zidovska, N.F. Bouxsein, A. Ahmad, C.R. Safinya, A 

columnar phase of dendritic lipid-based cationic liposome-DNA complexes for gene 

delivery: Hexagonally ordered cylindrical micelles embedded in a DNA honeycomb 

lattice, J. Am. Chem. Soc. 128 (2006) 3998–4006. doi:10.1021/ja055907h. 

[37] A. Ahmad, H.M. Evans, K. Ewert, C.X. George, C.E. Samuel, C.R. Safinya, New 

multivalent cationic lipids reveal bell curve for transfection efficiency versus 



 

 104 

membrane charge density: lipid-DNA complexes for gene delivery, J. Gene Med. 7 

(2005) 739–748. doi:10.1002/jgm.717. 

[38] A.J. Lin, N.L. Slack, A. Ahmad, C.X. George, C.E. Samuel, C.R. Safinya, Three-

dimensional imaging of lipid gene-carriers: membrane charge density controls 

universal transfection behavior in lamellar cationic liposome-DNA complexes, 

Biophys. J. 84 (2003) 3307–16. doi:10.1016/S0006-3495(03)70055-1. 

[39] C. Leal, N.F. Bouxsein, K.K. Ewert, C.R. Safinya, Highly Efficient Gene Silencing 

Activity of siRNA Embedded in a Nanostructured Gyroid Cubic Lipid Matrix, J. Am. 

Chem. Soc. 132 (2010) 16841–16847. doi:10.1021/ja1059763. 

[40] C. Leal, K.K. Ewert, R.S. Shirazi, N.F. Bouxsein, C.R. Safinya, Nanogyroids 

incorporating multivalent lipids: Enhanced membrane charge density and pore 

forming ability for gene silencing, Langmuir. 27 (2011) 7691–7697. 

doi:10.1021/la200679x. 

[41] J.J. Harrington, G. Van Bokkelen, R.W. Mays, K. Gustashaw, H.F. Willard, 

Formation of de novo centromeres and construction of first-generation human 

artificial microchromosomes, Nat. Genet. 15 (1997) 345–355. doi:10.1038/ng0497-

345. 

[42] L. Lavelle, M. Gingery, M. Phillips, W.M. Gelbart, C.M. Knobler, R.D. Cadena-

Nava, J.R. Vega-Acosta, L.A. Pinedo-Torres, J. Ruiz-Garcia, Phase diagram of self-

assembled viral capsid protein polymorphs, J. Phys. Chem. B. 113 (2009) 3813–3819. 

doi:10.1021/jp8079765. 

[43] P. Prinsen, P. Van Der Schoot, W.M. Gelbart, C.M. Knobler, Multishell structures of 

virus coat proteins, J. Phys. Chem. B. 114 (2010) 5522–5533. doi:10.1021/jp911040z. 



 

 105 

[44] R.D. Cadena-Nava, M. Comas-Garcia, R.F. Garmann, A.L.N. Rao, C.M. Knobler, 

W.M. Gelbart, Self-Assembly of Viral Capsid Protein and RNA Molecules of 

Different Sizes: Requirement for a Specific High Protein/RNA Mass Ratio, J. Virol. 

86 (2011) 3318–3326. doi:10.1128/JVI.06566-11. 

[45] C.M. Knobler, W.M. Gelbart, Physical chemistry of DNA viruses., Annu. Rev. Phys. 

Chem. 60 (2009) 367–383. doi:10.1146/annurev.physchem.59.032607.093728. 

[46] W.M. Gelbart, C.M. Knobler, The physics of phages, Phys. Today. 61 (2008) 42–47. 

doi:10.1063/1.2835152. 

[47] W.H. Roos, R. Bruinsma, G.J.L. Wuite, Physical virology, Nat. Phys. 6 (2010) 733–

743. doi:10.1038/nphys1797. 

[48] D. Peer, J.M. Karp, S. Hong, O.C. Farokhzad, R. Margalit, R. Langer, Nanocarriers as 

an emerging platform for cancer therapy, Nat. Nanotechnol. 2 (2007) 751–760. 

doi:10.1038/nnano.2007.387. 

[49] A. Martin-Herranz, A. Ahmad, H.M. Evans, K. Ewert, U. Schulze, C.R. Safinya, 

Surface functionalized cationic lipid-DNA complexes for gene delivery: PEGylated 

lamellar complexes exhibit distinct DNA-DNA interaction regimes, Biophys. J. 86 

(2004) 1160–8. doi:10.1016/S0006-3495(04)74190-9. 

[50] B. Jana, A. Biswas, S. Mohapatra, A. Saha, S. Ghosh, Single functionalized graphene 

oxide reconstitutes kinesin mediated intracellular cargo transport and delivers 

multiple cytoskeleton proteins and therapeutic molecules into the cell, Chem. 

Commun. 50 (2014) 11595–11598. doi:10.1039/C4CC04924A. 

[51] B. Jana, G. Mondal, A. Biswas, I. Chakraborty, A. Saha, P. Kurkute, S. Ghosh, Dual 

Functionalized Graphene Oxide Serves as a Carrier for Delivering Oligohistidine- and 



 

 106 

Biotin-Tagged Biomolecules into Cells, Macromol. Biosci. 13 (2013) 1478–1484. 

doi:10.1002/mabi.201300129. 

[52] R.N. Majzoub, C.L. Chan, K.K. Ewert, B.F.B. Silva, K.S. Liang, E.L. Jacovetty, B. 

Carragher, C.S. Potter, C.R. Safinya, Uptake and transfection efficiency of PEGylated 

cationic liposome-DNA complexes with and without RGD-tagging, Biomaterials. 35 

(2014) 4996–5005. doi:10.1016/j.biomaterials.2014.03.007. 

[53] A. Cardoso, S. Trabulo, J.N. Moreira, N. Duzgunes, M.C.P. de Lima, Targeted 

Lipoplexes for siRNA Delivery, Methods Enzymol. 465 (2009) 267–287. 

doi:10.1016/S0076-6879(09)65014-X. 

[54] L. Zhu, R.I. Mahato, Lipid and polymeric carrier-mediated nucleic acid delivery., 

Expert Opin. Drug Deliv. 7 (2010) 1209–26. doi:10.1517/17425247.2010.513969. 

[55] R.S. Shirazi, K.K. Ewert, C. Leal, R.N. Majzoub, N.F. Bouxsein, C.R. Safinya, 

Synthesis and characterization of degradable multivalent cationic lipids with 

disulfide-bond spacers for gene delivery, Biochim. Biophys. Acta - Biomembr. 1808 

(2011) 2156–66. doi:10.1016/j.bbamem.2011.04.020. 

[56] C.-L. Chan, R.N. Majzoub, R.S. Shirazi, K.K. Ewert, Y.-J. Chen, K.S. Liang, C.R. 

Safinya, Endosomal escape and transfection efficiency of PEGylated cationic 

liposome-DNA complexes prepared with an acid-labile PEG-lipid., Biomaterials. 33 

(2012) 4928–35. doi:10.1016/j.biomaterials.2012.03.038. 

[57] G.J. Doherty, H.T. McMahon, Mechanisms of endocytosis., Annu. Rev. Biochem. 78 

(2009) 857–902. doi:10.1146/annurev.biochem.78.081307.110540. 

[58] H. Stenmark, Rab GTPases as coordinators of vesicle traffic., Nat. Rev. Mol. Cell 

Biol. 10 (2009) 513–25. doi:10.1038/nrm2728. 



 

 107 

[59] M. Zerial, H. McBride, Rab Proteins As Membrane Organizers, Nat. Rev. Mol. Cell 

Biol. 2 (2001) 107–117. doi:10.1038/35052055. 

[60] B. Sönnichsen, S. De Renzis, E. Nielsen, J. Rietdorf, M. Zerial, Distinct membrane 

domains on endosomes in the recycling pathway visualized by multicolor imaging of 

Rab4, Rab5, and Rab11, J. Cell Biol. 149 (2000) 901–914. doi:10.1083/jcb.149.4.901. 

[61] D.J. Yamashiro, B. Tycko, S.R. Fluss, F.R. Maxfield, Segregation of transferrin to a 

mildly acidic (pH 6.5) para-golgi compartment in the recycling pathway, Cell. 37 

(1984) 789–800. doi:10.1016/0092-8674(84)90414-8. 

[62] B.D. Grant, J.G. Donaldson, Pathways and mechanisms of endocytic recycling., Nat. 

Rev. Mol. Cell Biol. 10 (2009) 597–608. doi:10.1038/nrm2755. 

[63] O. Ullrich, S. Reinsch, S. Urbé, M. Zerial, R.G. Parton, Rab11 regulates recycling 

through the pericentriolar recycling endosome, J. Cell Biol. 135 (1996) 913–924. 

doi:10.1083/jcb.135.4.913. 

[64] J. Rink, E. Ghigo, Y. Kalaidzidis, M. Zerial, Rab conversion as a mechanism of 

progression from early to late endosomes., Cell. 122 (2005) 735–49. 

doi:10.1016/j.cell.2005.06.043. 

[65] R.C. Piper, D.J. Katzmann, Biogenesis and function of multivesicular bodies., Annu. 

Rev. Cell Dev. Biol. 23 (2007) 519–547. 

doi:10.1146/annurev.cellbio.23.090506.123319. 

[66] C. Bucci, P. Thomsen, P. Nicoziani, J. McCarthy, B. van Deurs, Rab7: a key to 

lysosome biogenesis., Mol. Biol. Cell. 11 (2000) 467–80. doi:10.1091/mbc.11.2.467. 

[67] J. Kowal, M. Tkach, C. Théry, Biogenesis and secretion of exosomes, Curr. Opin. 

Cell Biol. 29 (2014) 116–125. doi:10.1016/j.ceb.2014.05.004. 



 

 108 

[68] R.N. Majzoub, C.L. Chan, K.K. Ewert, B.F.B. Silva, K.S. Liang, C.R. Safinya, 

Fluorescence microscopy colocalization of lipid-nucleic acid nanoparticles with 

wildtype and mutant Rab5-GFP: A platform for investigating early endosomal events, 

Biochim. Biophys. Acta - Biomembr. 1848 (2015) 1308–1318. 

doi:10.1016/j.bbamem.2015.03.001. 

[69] J. Gilleron, W. Querbes, A. Zeigerer, A. Borodovsky, G. Marsico, U. Schubert, K. 

Manygoats, S. Seifert, C. Andree, M. Stöter, H. Epstein-Barash, L. Zhang, V. 

Koteliansky, K. Fitzgerald, E. Fava, M. Bickle, Y. Kalaidzidis, A. Akinc, M. Maier, 

M. Zerial, Image-based analysis of lipid nanoparticle-mediated siRNA delivery, 

intracellular trafficking and endosomal escape., Nat. Biotechnol. 31 (2013) 638–46. 

doi:10.1038/nbt.2612. 

[70] Z. Rehman, D. Hoekstra, I.S. Zuhorn, Protein kinase A inhibition modulates the 

intracellular routing of gene delivery vehicles in HeLa cells, leading to productive 

transfection., J. Control. Release. 156 (2011) 76–84. 

doi:10.1016/j.jconrel.2011.07.015. 

[71] J. V Georgieva, D. Kalicharan, P.-O. Couraud, I. a Romero, B. Weksler, D. Hoekstra, 

I.S. Zuhorn, Surface characteristics of nanoparticles determine their intracellular fate 

in and processing by human blood-brain barrier endothelial cells in vitro., Mol. Ther. 

19 (2011) 318–325. doi:10.1038/mt.2010.236. 

[72] H. Akita, R. Ito, I. a. Khalil, S. Futaki, H. Harashima, Quantitative three-dimensional 

analysis of the intracellular trafficking of plasmid DNA transfected by a nonviral gene 

delivery system using confocal laser scanning microscopy., Mol. Ther. 9 (2004) 443–

51. doi:10.1016/j.ymthe.2004.01.005. 



 

 109 

[73] S. Hama, H. Akita, R. Ito, H. Mizuguchi, T. Hayakawa, H. Harashima, Quantitative 

comparison of intracellular trafficking and nuclear transcription between adenoviral 

and lipoplex systems, Mol. Ther. 13 (2006) 786–794. 

doi:10.1016/j.ymthe.2005.10.007. 

[74] D. Missirlis, T. Teesalu, M. Black, M. Tirrell, The Non-Peptidic Part Determines the 

Internalization Mechanism and Intracellular Trafficking of Peptide Amphiphiles, 

PLoS One. 8 (2013) e54611. doi:10.1371/journal.pone.0054611. 

[75] G. Sahay, W. Querbes, C. Alabi, A. Eltoukhy, S. Sarkar, C. Zurenko, E. Karagiannis, 

K. Love, D. Chen, R. Zoncu, Y. Buganim, A. Schroeder, R. Langer, D.G. Anderson, 

Efficiency of siRNA delivery by lipid nanoparticles is limited by endocytic recycling., 

Nat. Biotechnol. 31 (2013) 653–8. doi:10.1038/nbt.2614. 

[76] K.K. Ewert, V.R. Kotamraju, R.N. Majzoub, V.M. Steffes, E.A. Wonder, T. Teesalu, 

E. Ruoslahti, C.R. Safinya, Synthesis of linear and cyclic peptide–PEG–lipids for 

stabilization and targeting of cationic liposome–DNA complexes, Bioorg. Med. 

Chem. Lett. 26 (2016) 1618–1623. doi:10.1016/j.bmcl.2016.01.079. 

[77] R.N. Majzoub, K.K. Ewert, E.L. Jacovetty, B. Carragher, C.S. Potter, Y. Li, C.R. 

Safinya, Patterned Threadlike Micelles and DNA-Tethered Nanoparticles: A 

Structural Study of PEGylated Cationic Liposome-DNA Assemblies, Langmuir. 31 

(2015) 7073–7083. doi:10.1021/acs.langmuir.5b00993. 

[78] T. Teesalu, K.N. Sugahara, V.R. Kotamraju, E. Ruoslahti, C-end rule peptides 

mediate neuropilin-1-dependent cell, vascular, and tissue penetration, Proc. Natl. 

Acad. Sci. U. S. A. 106 (2009) 16157–16162. doi:10.1073/pnas.0908201106. 

[79] H.-B. Pang, G.B. Braun, T. Friman, P. Aza-Blanc, M.E. Ruidiaz, K.N. Sugahara, T. 

Teesalu, E. Ruoslahti, An endocytosis pathway initiated through neuropilin-1 and 



 

 110 

regulated by nutrient availability, Nat. Commun. 5 (2014) 4904. 

doi:10.1038/ncomms5904. 

[80] L. Roth, L. Agemy, V.R. Kotamraju, G. Braun, T. Teesalu, K.N. Sugahara, J. 

Hamzah, E. Ruoslahti, Transtumoral targeting enabled by a novel neuropilin-binding 

peptide, Oncogene. 31 (2012) 3754–3763. doi:10.1038/onc.2011.537. 

[81] A. Saha, S. Mohapatra, P. Kurkute, B. Jana, J. Sarkar, P. Mondal, S. Ghosh, Targeted 

delivery of a novel peptide–docetaxel conjugate to MCF-7 cells through neuropilin-1 

receptor: reduced toxicity and enhanced efficacy of docetaxel, RSC Adv. 5 (2015) 

92596–92601. 

[82] K.N. Sugahara, T. Teesalu, P.P. Karmali, V.R. Kotamraju, L. Agemy, O.M. Girard, D. 

Hanahan, R.F. Mattrey, E. Ruoslahti, Tissue-Penetrating Delivery of Compounds and 

Nanoparticles into Tumors, Cancer Cell. 16 (2009) 510–520. 

doi:10.1016/j.ccr.2009.10.013. 

[83] S. Soker, S. Takashima, H.Q. Miao, G. Neufeld, M. Klagsbrun, Neuropilin-1 is 

expressed by endothelial and tumor cells as an isoform-specific receptor for vascular 

endothelial growth factor., Cell. 92 (1998) 735–745. doi:10.1016/S0092-

8674(00)81402-6. 

[84] J.A. Varner, D.A. Cheresh, Integrins and cancer, Curr. Opin. Cell Biol. 8 (1996) 724–

730. doi:10.1016/S0955-0674(96)80115-3. 

[85] Y.-C. Lee, J.-K. Jin, C.-J. Cheng, C.-F. Huang, J.H. Song, M. Huang, W.S. Brown, S. 

Zhang, L.-Y. Yu-Lee, E.T. Yeh, B.W. McIntyre, C.J. Logothetis, G.E. Gallick, S.-H. 

Lin, Targeting constitutively activated β1 integrins inhibits prostate cancer 

metastasis., Mol. Cancer Res. 11 (2013) 405–17. doi:10.1158/1541-7786.MCR-12-

0551. 



 

 111 

[86] N.F. Bouxsein, C.S. McAllister, K.K. Ewert, C.E. Samuel, C.R. Safinya, Structure 

and Gene Silencing Activities of Monovalent and Pentavalent Cationic Lipid Vectors 

Complexed with siRNA, Biochemistry. 46 (2007) 4785–4792. 

doi:10.1021/bi062138l. 

[87] C.-L. Chan, K.K. Ewert, R.N. Majzoub, Y.-K. Hwu, K.S. Liang, C. Leal, C.R. 

Safinya, Optimizing cationic and neutral lipids for efficient gene delivery at high 

serum content., J. Gene Med. 16 (2014) 84–96. doi:10.1002/jgm.2762. 

[88] K. Ewert, A. Ahmad, H.M. Evans, H.W. Schmidt, C.R. Safinya, Efficient synthesis 

and cell-transfection properties of a new multivalent cationic lipid for nonviral gene 

delivery, J. Med. Chem. 45 (2002) 5023–5029. doi:10.1021/jm020233w. 

[89] Q. Sun, W. Westphal, K.N. Wong, I. Tan, Q. Zhong, Rubicon controls endosome 

maturation as a Rab7 effector., Proc. Natl. Acad. Sci. U. S. A. 107 (2010) 19338–

19343. doi:10.1073/pnas.1010554107. 

[90] A. Choudhury, M. Dominguez, V. Puri, D.K. Sharma, K. Narita, C.L. Wheatley, D.L. 

Marks, R.E. Pagano, Rab proteins mediate Golgi transport of caveola-internalized 

glycosphingolipids and correct lipid trafficking in Niemann-Pick C cells, J. Clin. 

Invest. 109 (2002) 1541–1550. doi:10.1172/JCI200215420. 

[91] B.F.B. Silva, R.N. Majzoub, C.L. Chan, Y. Li, U. Olsson, C.R. Safinya, PEGylated 

cationic liposome-DNA complexation in brine is pathway-dependent, Biochim. 

Biophys. Acta - Biomembr. 1838 (2014) 398–412. 

doi:10.1016/j.bbamem.2013.09.008. 

[92] R.N. Majzoub, K.K. Ewert, C.R. Safinya, Quantitative intracellular localization of 

cationic lipid-nucleic acid nanoparticles with fluorescence microscopy, in: G. 



 

 112 

Candiani (Ed.), Non-Viral Gene Deliv. Vectors Methods Protoc., Springer/Humana 

Press, Totowa, NJ, NJ, 2016: pp. 77–108. 

[93] R.N. Majzoub, Investigating Intracellular Pathways of Surface-Functionalized 

Cationic Lipid-DNA Nanoparticles using Quantitative Fluorescence Microscopy, 

University of California, Santa Barbara, 2015. 

[94] J. Crocker, J. Crocker, D. Grier, Methods of Digital Video Microscopy for Colloidal 

Studies, J. Colloid Interface Sci. 179 (1996) 298–310. doi:10.1006/jcis.1996.0217. 

[95] H. Lodish, A. Berk, S.L. Zipursky, P. Matsudaira, D. Baltimore, J. Darnell, Section 

17.9, Receptor-Mediated Endocytosis and the Sorting of Internalized Proteins, in: 

Mol. Cell Biol., 4th editio, W. H. Freeman, New York, 2000. 

http://www.ncbi.nlm.nih.gov/books/NBK21639/. 



 

 113 

Chapter 4  

Hydrophobic-mediated assembly of lipid-based building blocks by 

double-end anchored polymers  

 

In this work, we explore the use of PEG (polyethylene glycol) molecules with double-

end hydrophobic anchors (DEAs) for hydrophobic-mediated assembly of liposome-based 

building blocks. By varying the PEG length, anchor hydrophobicity, and molar fraction of 

DEA-PEG molecules within a membrane, we can alter the assembly properties of lipid-

based systems. This is likely affected through a change in the equilibrium balance of looping 

(both anchors in one membrane) and bridging (anchors spanning two membranes) 

conformations. Using differential interference contrast microscopy, small angle x-ray 

scattering, and cryogenic electron microscopy, we have demonstrated an ability to achieve 

DEA-PEG-mediated hierarchical assembly in pure lipid and lipid–nucleic acid systems.  

This is important for drug delivery applications, as cationic liposomes (CLs) are a 

common synthetic carrier of hydrophobic small molecule drugs as well as nucleic acids 

(NA) for gene delivery and silencing. Optimization of NA delivery and expression requires 

understanding of the interactions between cellular membranes and CL–NA nanoparticles 

(NPs), affecting NP binding, uptake, endocytic trafficking, and endosomal escape. 

PEGylation is necessary to sterically stabilize the NPs but also has the effect of inhibiting 

cell-nanoparticle interactions. Adding DEA-PEG molecules to our NPs allows for the 

formation of polymer bridges between the NP and endosomal membranes. This should 
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increase the rate of collisions between the cationic NPs and anionic cellular membranes, 

promoting membrane fusion and endosomal escape. In this study, we use confocal imaging 

to show that NPs modified with DEA-PEG molecules have altered interactions with plasma 

and endosomal membranes in a human prostate cancer cell line (PC3). Colocalization of 

NPs with recycling (Rab11-GFP) and late endosome/lysosomal (LysoTracker) pathways 

indicate a change in endosomal trafficking that mimics the effects of very high membrane 

charge density. This demonstrates the possibility of using DEA-PEG molecules to tune NP-

cell membrane interactions in order to promote endosomal escape and exogenous gene 

expression. 

4.1 Introduction 

In this work, we introduce a new method for the hierarchical assembly of lipid-based 

materials in the dilute regime, specifically for use in drug delivery applications. Liposomes 

and cationic liposome-nucleic acid complexes are already common synthetic drug 

carriers.[1–4] Here we seek to further functionalize the surface of these carriers with double-

end hydrophobic anchored poly(ethylene glycol)s (DEA-PEGs), i.e., hydrophilic PEG 

polymer modified with hydrophobic groups on both ends. These molecules can affect 

interactions between two membranes and even tether them together, acting as another tool 

with which to modify drug carrier nanostructures and interactions with cellular membranes. 

Cationic liposomes (CLs) are a common synthetic carrier of nucleic acids (NAs) for gene 

delivery and silencing.[1,5–11] Optimization of DNA delivery and expression requires 

understanding of the interactions between cellular membranes and CL–NA nanoparticles 

(NPs), affecting NP binding, uptake, endocytic trafficking, and endosomal escape. Further, 

the use of liposomes as drug or gene carriers in vivo requires the stabilization of liposomes 
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against aggregation or protein opsonization.[12–17] One traditional method of steric 

stabilization is the addition of single end-anchored (SEA) PEG-lipids to the lipid membrane. 

Adding PEG-lipids in the brush conformation creates a polymer corona on the exterior of the 

NP, which is designed to repel immune cell surfaces (creating so-called STEALTH 

liposomes).[18–22] The polymer corona around the lipid membrane increases circulation 

time in vivo by sterically repelling other molecules or membranes, inhibiting short-range 

attractive interactions (i.e., Van der Waals or electrostatic attraction or hydrophobic 

interactions).  

This PEGylation is necessary to sterically stabilize the NPs but also has the effect of 

inhibiting cell-nanoparticle interactions.[16,17,23] Several molecules have been developed 

by this group to try to address this problem, including hydrolysable PEG-lipids [24] and 

PEG-lipids distally modified with cell-targeting peptides, which bind to cell surface 

receptors.[25] Recently, double-end anchored PEGs with a distal hydrophobic group have 

been developed (see Fig 1A) as a potential tool to bind to other hydrophobic molecules (i.e. 

another lipid membranes) via the PEG linker crossbridge (see Fig 1B). While PEG-lipids 

with only one hydrophobic anchor (single-end anchored PEGs) are purely repulsive, the 

addition of an additional hydrophobic anchor at the distal end of the PEG chain (double-end 

anchored PEGs) allows for an attractive hydrophobic interactions between the anchor groups 

and nearby lipid membranes.[26,27] For the purposes of our application, DEA-PEG 

molecules will allow for the formation of polymer cross-bridges between lipid-coated drug 

carriers and endosomal membranes. This would hypothetically increase the rate of collisions 

between our cationic NPs and anionic cellular membranes and promote membrane fusion 

and endosomal escape.  
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By varying the PEG length, anchor hydrophobicity, and molar fraction of DEA-PEG 

molecules within a membrane, we can alter the rate of cross-bridge formation and the 

hierarchical assembly of lipid-based systems. This is affected through a change in the 

equilibrium balance of looping (both anchors in one membrane) and bridging (anchors 

spanning two membranes) conformations (see Fig 1B). In a liquid crystalline system with 

high lipid density, these variations in chemical structure and molar fraction within the 

membrane were found to have a significant effect on the kinetics and stability of a “locked” 

state in which membranes remained tethered together via DEA PEG-lipid cross-bridges 

despite the presence of excess water.[27] 

 

 

 

 

 

 

Figure 1. Design of single- and double-end anchored (SEA, DEA) PEG lipids 

and their interactions with membranes. (A) Schematic of single- and double-end 

anchored PEG lipids. (B) Illustration of different conformations of double-end 

anchored lipids within membranes, including the looping (left) conformation, in 

which both hydrophobic groups are in the same membrane, and the bridging 

(right) conformation, which tethers two membranes, holding them in close 

proximity in the presence of excess water. The intermediate conformation 

(center), between the looping and bridging conformations, is a state with one 

hydrophobic group in the aqueous layer. 
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In this study, we characterize the behavior of DEA PEG molecules in dilute systems (i.e., 

with excess water) in order to assess the possibility of using these molecules for liposomal 

drug delivery. Differential interference contrast microscopy (DIC), small angle x-ray 

scattering (SAXS), and cryogenic electron microscopy (cryoEM) are used to demonstrate our 

ability to tune DEA-PEG-mediated behavior in both pure lipid and lipid–nucleic acid 

systems. Trends seen in these measurements agree with results of our previous study of DEA 

PEG-lipids in liquid crystalline systems with high lipid concentration.[27] This includes 

evidence that specific DEA PEG variants (L-P200-L) have slower kinetics (i.e., reach the 

bridging state more slowly). These measurements also showed that interactions of 

membranes containing DEA PEGs sometime led to the formation of aggregates and 

unexpected, new nanostructures. This work demonstrates that DEA PEGs are a great tool for 

mediating interactions between lipid membranes, including for the creation of novel 

materials with hierarchical assembly. Our NPs, which were self-assembled in the dilute 

regime, showed interesting morphologies, regularly-spaced membranes, and highly tunable 

assembly properties.  

 Further, confocal imaging of a human prostate cancer cell line (PC3) shows evidence 

that NPs modified with DEA-PEG molecules have altered interactions with plasma and 

endosomal membranes. Colocalization of CL-DNA NPs with recycling (Rab11-GFP) and 

late endosome/lysosomal (LysoTracker) pathways has previously been used to demonstrate 

that surface properties, like membrane charge density, can affect both endosomal trafficking 

by and transfection of cancer cells.[28] We used the same imaging techniques in this study 

and showed that the addition of  DEA PEG-lipids also had a significant effect on endosomal 

trafficking. This demonstrates the possibility of using DEA-PEG molecules to tune NP-cell 
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membrane interactions in order to promote endosomal escape and exogenous gene 

expression. 

4.2 Materials and Methods 

4.2.1 Materials 

The lipids DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine, 786.15 g/mol) and 

DOTAP (N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl sulfate, 774.2 

g/mol) were purchased from Avanti Polar Lipids as a solution in chloroform. Pentavalent 

MVL5 [29] and PEG-lipids [27] were synthesized as previously described. High-resistivity 

(18 MΩ·cm) water was obtained from a Milli-Q Plus unit (Millipore). 

The pGFP plasmid used to form the CL-NA complexes (encoding the GFP gene) was 

purchased from Promega, and the Rab11–GFP plasmid [30] was purchased from 

addgene.org. All plasmids were propagated in Escherichia coli and purified using Qiagen 

Giga or Mega Prep kits. For microscopy studies, the pGFP plasmid was labeled using the 

Mirus Bio Label IT Nucleic Acid Labeling Kit with Cy5. LysoTracker Red was purchased 

from Life Technologies. Poly-l-lysine (Sigma-Aldrich) was used to coat glass slides prior to 

seeding cells for microscopy studies.  

4.2.2 Liposome and DNA Preparation 

Stock solutions of MVL5 and PEG2000-lipid were prepared by dissolving them in a 3:1 

chloroform:methanol mixture. Lipids were combined at the desired molar ratio, and the 

organic solvent was evaporated by a stream of nitrogen followed by overnight (12–16 h) 

incubation in a vacuum. The appropriate amount of high resistivity water (18.2 MΩcm) was 

added to the dried lipid film to achieve the desired lipid concentration (0.95-20 mM).  
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Hydrated films were incubated overnight at 37 °C to form liposomes. The liposome solution 

was then sonicated, either using a tip sonicator for 5-20 min or a bath sonicator for 30-60 

min, to promote the formation of small unilamellar vesicles. Sonication times varied and 

were determined by the length of sonication necessary for opaque solutions to become 

transparent (or translucent for highly concentrated solutions). Liposome solutions for 

incubation with cells were prepared at 0.95-1.0 mM, while solutions for nanostructure 

characterization (i.e., differential interference contrast microscopy, small angle x-ray 

scattering, cryogenic electron microscopy) were prepared at 19-20 mM. 

Following plasmid purification according the manufacturers protocol, pGFP was labeled 

using Cy5 according to the manufacturer’s protocol with one modification: the incubation 

time at 37 °C was increased from 1 to 2 h to improve labeling efficiency. When the 

unilamellar vesicles are mixed with Cy5-labeled DNA, they will self-assemble into 

fluorescent multilamellar nanoparticles [31], often in coexistence with excess liposomes or 

micelles (containing little or no fluorescently-labeled DNA). 

4.2.3 Differential Interference Contrast Microscopy 

A total of 400 μL of liposome solution was prepared at ~19 mM for both differential 

interference microscopy and small angle x-ray scattering. The solution was mixed with a 

pipette, and 3 μL was placed in between a glass coverslip and slide, which was sealed with 

vacuum grease. At the time of imaging, the solutions had been tip sonicated twice. The 

solution was imaged with a Nikon Diaphot 300 (Nikon, Tokyo, Japan) equipped with 10x 

DIC Objective and Sensicam QE CCD (PCO Kelheim, Germany). 
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4.2.4 Small Angle X-ray Scattering 

Liposomes were prepared at ~19 mM and tip sonicated once. Samples were mixed with a 

pipette, loaded into 1.5 mm quartz capillaries (Hilgenberg GmbH, Malsfeld, Germany), and 

centrifuged at 10,000 g for 30 min to obtain a higher liposome density. Capillaries were then 

sealed with epoxy and measured at several heights to capture the macroscopic separation and 

concentration of different phases as a result of centrifugation. 

SAXS measurements were carried out at the Stanford Synchrotron Radiation Laboratory 

(Palo Alto, CA) beamline 4–2 at 9 keV (λ=1.3776 Å) with a Si(111) monochromator. 

Scattering data are taken with a 2D area detector (Dectris USA, Philadelphia, Pennsylvania) 

with a sample to detector distance of ~3.5 m (calibrated with a silver behenate control). X-

ray beam size on the sample was 150 μm in the vertical and 200 μm in the horizontal 

directions. Data reduction and analysis were performed using the NIKA and IRENA 

software packages developed at Argonne National Laboratory.[32,33] 

4.2.5 Cryogenic Electron Microscopy 

Liposome solutions were prepared at 20 mM. The cationic liposome (CL) sample was 

bath sonicated. The CL-DNA sample was composed of tip sonicated liposomes mixed with 

DNA. Both samples were vitrified using a manual plunger on carbon lacey substrates (300 

mesh copper grids) prepared in house.[34] Grids were plasma cleaned using O2 and H2 for 

30 s using a Solarus plasma cleaner (Gatan) immediately prior to sample preparation. 3 μL 

of sample was applied to the grid and manually blotted from the back with filter paper for 5 s 

followed immediately by plunging into liquid ethane. Images were acquired using Leginon 

[35] on a Tecnai T12 equipped with 4K TVIPS CMOS camera, operated at 120 KeV. Images 
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were collected at nominal magnification of 68 kX, corresponding to a pixel size of 2.46 

Å/pixel, respectively.  

4.2.6 Cell culture and confocal imaging of fixed cells 

PC-3 cells (ATCC number: CRL-1435; human prostate cancer) were cultured in DMEM 

(Invitrogen) supplemented with 10% (v/v) fetal bovine serum (Gibco) and 1% (v/v) 

penicillin/streptomycin (Invitrogen). Cells were passaged every 72 h to maintain 

subconfluency and kept in an incubator at 37 °C in a humidified atmosphere containing 5% 

CO2.  

Preparation of cells for confocal imaging with labeled Rab11 and late 

endosome/lysosome pathways has previously been described.[36] Prior to seeding cells, 22 × 

22 mm2 No. 1.5 glass coverslips were coated with poly-l-lysine. PC-3 cells were seeded on 

the coated coverslips in 6-well plates (~140,000 cells/well) such that the confluency was 60–

80% 24 h after seeding. At 24 h after seeding, complexes were formed by mixing 10 μL of 

Lipofectamine 2000 (Life Technologies) with 4 μg Rab11–GFP plasmid. Lipofectamine 

2000/pRab11–GFP complexes were added to cells in serum-free medium and removed 6 h 

later, according to the manufacturer’s protocol. After removal of the Lipofectamine 

complexes, cells were washed with PBS and incubated in serum-containing medium 

overnight. The next day, cells were washed, and serum-containing medium was added again. 

At 48 h after transfection, fluorescently labeled NPs were prepared by mixing 2.4 μg of 

unlabeled pGFP with 0.6 μg of Cy5-labeled pGFP to produce a solution of 3 μg DNA in 250 

μL of serum-free medium. The appropriate amount of liposome solution (0.95-1 mM; 

volume based on charge ratio and stock lipid concentration) was diluted to 250 μL in serum-

free DMEM. Liposome and DNA solutions were mixed together and incubated at room 
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temperature for 20-30 min. The six-well plates containing seeded coverslips were removed 

from the incubator and washed once with PBS. Then 2 mL of serum-free medium and 500 

μL of NP suspension was added to each well, and cells were placed in the incubator for 4.5 

h. After 4.5 h, cells were removed and rinsed once with PBS. Following PBS washing, 2 mL 

of serum-free medium containing 50 ng/mL of LysoTracker Red (Life Technologies) was 

added to each well. Cells were incubated at 37 °C for 30 min in the presence of Lysotracker 

Red to allow for labeling of acidic organelles. After acidic organelle labeling, cells were 

washed two times with PBS and fixed using a PBS solution containing 3.7% (v/v) 

formaldehyde. Cells were incubated in the presence of formaldehyde for 10 min at room 

temperature with occasional agitation. After fixation, cells were washed with PBS three 

times and mounted onto slides using Antifade mounting medium (Life Technologies). The 

antifade medium was cured overnight and coverslips were sealed to the glass slides using a 

fast-curing epoxy resin. 

Cells were imaged within 5 days of fixation using an Olympus DSU microscope 

equipped with a 100× UPlanSApo objective, a Hamamatsu ImagEM CCD camera, and 

Metamorph software. Representative cells were chosen and imaged at z-steps of 1 μm. Prior 

to colocalization analysis, images were processed as follows. First, the z-stacks were 

deconvolved using the ImageJ plug-in Iterative Deconvolve 3D. Processing after 

deconvolution consisted of a background subtraction with a 10-pixel rolling ball radius as 

well as a smooth filter for improved image clarity. Colocalization analysis was performed 

using custom-written Matlab routines and is described below. 
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4.2.7 Colocalization  

Colocalization analysis [17,24,36–38] was performed on approximately 20–30 cells per 

NP composition. A rough outline of each cell was generated from an image produced by 

subtracting the NP channel from a saturated image of the Rab channel. This subtraction step 

allows automatic location of the cell boundary while excluding extracellular NPs, which 

form a thick fluorescent coat on the outside of the plasma membrane.[39] The Matlab 

routine prompts the user to mask neighboring cells in close proximity to the cell of interest 

and to set the bottom and top slice of each cell. For our analysis, we selected z-stack regions 

that were 2–3 μm thick. For each slice, NPs were located using a Matlab version of the 

algorithm first reported by Crocker and Grier.[40] Next, particles were given z-coordinates 

based on their brightness in each stack (some NPs are visible at more than one height). 

Following the generation of a list of acidic organelle, recycling endosome, and NP 

coordinates, NPs were counted as colocalized with a marker (e.g., Lysotracker) if they were 

within three pixels of that marker and at least five pixels away from the other marker (e.g., 

Rab11–GFP). We refer to this method of colocalization as “object-based”.[38] In all samples 

measured, a small fraction of NPs (<12%) were found to colocalize with both markers (data 

not shown). NPs were not designated any colocalization (“Neither”) if they were at least five 

pixels away from both markers. The colocalization statistics were calculated by dividing the 

total number of colocalized NPs by the total number of intracellular NPs. This method for 

averaging, as opposed to single-cell statistical averaging, is analogous to how transfection 

efficiency is measured with luciferase. (Luciferase expression measurements lack single-cell 

statistic due to cell lysis during harvesting.) Error for colocalization fractions is estimated at 

±2%, as found for one sample that was imaged and analyzed twice.  
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4.3 Results and Discussion 

4.3.1 Differential interference contrast microscopy of neutral liposomes 

In this study, we compared liposomes prepared with no PEG-lipid as well as single- and 

double-end-anchored (SEA, DEA) PEG molecules.  Differential interference contrast (DIC) 

microscopy allows us to visualize liposomal objects with sizes larger than the wavelength of 

light used (~500 nm). For neutral liposomes with no PEG-lipid, attractive Van der Waals 

forces result in the aggregation of small liposomes into objects up to hundreds of microns in 

size (Fig 2A). The addition of 2 mol% of SEA P5000-L to liposomes results in a PEG 

corona in the polymer brush state, effectively sterically stabilizing most liposomes. DIC 

microscopy shows a field that appears empty except for a few large aggregates (Fig 2B, top), 

indicating that most liposomes are stabilized at sizes below 500nm. As more SEA PEG-lipid 

is added (Fig 2B, bottom), excess PEG-lipid phase separates into micelles, crowding the 

remaining liposomes and resulting in liposome aggregates somewhat smaller than those seen 

for non-PEGylated liposomes (Fig 2A).  

The results for membranes containing DEA PEGs are varied, indicating the importance 

of both the membrane composition and the chemical structure (i.e., the hydrophobicity of the 

second anchor). At low concentrations, the more hydrophobic DEA variant, L-P4600-L, 

resulted in aggregation or fusion of liposomes into larger, visible objects (>500 nm in 

diameter; Fig 2C, top). Additionally, there was a significantly higher quantity of large 

spherical objects (10-40 m diameter; marked with black arrows) for the 2 mol% L-P4600-L 

sample than for any of the other PEG-lipid samples, potentially indicating a new 

nanostructure resulting from liposome tethering or fusion. At high concentration, L-P4600-L 

results in a slightly larger aggregates than seen with the other PEG-lipids (Fig 2C, bottom). 
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The less hydrophobic L’-P4600-L molecule has much different behavior than L-P4600-L 

and, in fact, behaves more similarly to the SEA P5000-L. At lower concentrations (2 mol%), 

we see partial steric stabilization, with fewer visible liposomes in the field (Fig 2D, top; 

large object in frame appears to be dust with liposomes adhered to surface). At higher 

concentrations (Fig 2D, bottom), L’-P4600-L also forms aggregates of similar or slightly 

larger size than the SEA P5000-L, either as a result of micelle crowding, tethering by the 

DEA PEGs, or both.  

 

 

 

 

 

 

 

4.3.2 Effect of liposome tethering and aggregation on solution opacity 

The aggregation of liposomal particles can also be seen macroscopically. Photographs of 

different solutions of neutral liposomes in quartz capillaries (also typically used for small 

Figure 2. Differential interference contrast (DIC) microscopy of neutral 

liposomes with varying amounts of single- and double-end-anchored PEG lipids. 

Liposomes with no PEG-lipid (A) are compared to liposomes containing PEG5000-L, 

L-PEG4600-L, or L’-P4600-L (B,C,D) at 2 or 10 mol% (top and bottom, 

respectively). Small, sterically stabilized liposomes are not visible with this imaging 

technique (leaving a flat, gray background). Larger liposomal objects are visible as 

dark points and aggregates of liposomes are visible as clusters of dark points. Larger 

objects or aggregates form as a result of attractive interactions between membranes 

(e.g. Van der Waals forces or tethering by DEA PEG-lipids). An abundance of large 

spherical objects are seen in the sample with 2 mol% L-P4600-L (black arrows). 

Scalebars are 200 μm. 
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angle x-ray scattering) are shown in Figure 3. Mie scattering by objects with sizes around or 

larger than the wavelength of visible light (>380nm) gives the solution a gray or white 

(opaque) appearance. Sonicated liposomes are typically <300 nm in diameter, resulting in 

transparent solutions. This allows us to track liposome aggregation after sonication using 

solution opacity (as an indication of membrane fusion or tethering due to attractive 

interactions).  

Liposomes with no PEG-lipid are not sterically stabilized and form large aggregates 

which sink to the bottom of the capillary over time, resulting in an optical gradient. 

Aggregates near the bottom of the capillary create a highly opaque solution and opacity 

decreases nearer to the top of the capillary (Fig 3, left). Overall, the opacity of the non-

PEGylated liposome solution is much higher than for liposome solutions containing long or 

short PEG-lipids (Figure 3 center and right, respectively).  

For long PEG-lipids (4600-5000 Da; Fig 3, center), the control SEA PEGs show little 

aggregation (low opacity) at all concentrations due to the steric repulsion of the PEG corona. 

A slight increase in opacity at 10 mol% SEA PEG likely represents aggregation due to 

crowding by phase-separated PEG-lipid micelles. Conversely, both DEA PEG variants, L-

P4600-L and L’-P4600-L, show evidence of aggregation (increased opacity). The opacity of 

solutions containing the less hydrophobic L’-P4600-L increases with concentration of DEA 

PEG, up to 10 mol%. Solutions with L-P4600-L have higher opacity in comparison to L’-

P4600-L, in apparent agreement with the DIC results (Fig 2), which show increased 

aggregation for L-P4600-L liposomes. The highest level of opacity is seen with 5 mol% L-

P4600-L, indicating a high concentration of objects >380nm in diameter. The non-

monotonic behavior is likely explained by the tradeoff between the repulsive and attractive 
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interactions of the DEA-PEGs, which the steric repulsion of the PEG corona increasing with 

increased PEG-lipid concentration. 

For shorter PEG-lipids (Fig 3, right), both SEA P2000-L and the more hydrophobic DEA 

L-P2000-L show low opacity, suggesting that the symmetric DEA PEG-lipid does not 

promote membrane tethering and fusion at this time scale. At high concentrations (5, 10 

mol%), the less hydrophobic L’-P2000-L show high opacity. The solution is the most 

opaque at 5 mol% L’-P2000-L, indicating a higher concentration of aggregated objects.  The 

10 mol% L’-P2000-L solution, however, shows an opacity gradient, indicating settling of 

aggregates lower in the capillary (similar to the non-PEGylated liposomes). This decrease in 

opacity between 5 and 10 mol% for L’-P2000-L (similar to L-P4600-L) is likely due to 

increased membrane repulsion as higher PEG surface density results in a transition of the 

PEG from the mushroom to the brush state. 

 

 

 

 

 

Figure 3. Photographs of quartz capillaries containing solutions of neutral 

liposomes with varying PEG-lipid compositions. Liposomes were formulated at 

100-x/x DOPC/PEG-lipid, for x = 0, 2, 5, 10. (Left) A capillary containing pure 

DOPC liposomes with no PEG-lipid. (Center) Capillaries containing 2, 5, or 

10mol% long PEG-lipids (5000 or 4600 Da). (Right) Capillaries containing 2, 5, or 

10mol% short PEG-lipids (2000 Da). The opacity of the solution is related to the 

size of the liposome aggregates, with aggregates >380 nm in diameter resulting in 

a cloudier solution due to Mie scattering. Image brightness was adjusted to 

achieve uniform lighting across all samples. 
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4.3.4 Small Angle X-ray Scattering of Neutral Liposomes 

These same capillaries containing neutral liposomes with varying PEG-lipid composition 

were measured using small angle x-ray scattering (SAXS) to obtain the ensemble-averaged 

structure of the liposomes in solution. Figure 4 shows SAXS profiles for both the control 

non-PEGylated liposomes (black line) and liposomes with 10 mol% of PEG-lipid. 

Capillaries underwent light centrifugation directly prior to measurement in order to 

concentrate the liposomes and aggregates at the bottom of the capillary. All profiles show a 

form factor associated with lipid membranes, with minima around q = 0.03 - 0.04Å-1 and q ~ 

0.2 Å-1. Broad peaks are seen in most profiles, indicating ordering of the lipid membranes 

(structure factor). The exception is the sample containing L-P2000-L, which appears to only 

show only the form factor at the length scale investigated (2/q ~ 30 to 2100 Å). The two 

plots in Figure 4 represent scattering near the bottom and top of the capillary (left and right, 

respectively), with stronger structure peaks often being seen near the bottom of the capillary 

where there is a higher density of liposome aggregates due to centrifugation. For the sample 

containing L’-P2000-L, the structure factor peaks were indexed to a lamellar phase (i.e. q00i 

= i  q001) of stacked lipid membranes. For all other samples, the correlation peak locations 

didn’t clearly index to ratios associated with common nanostructures. We suspect that this is 

either because the samples contain coexisting phases of similar spacings or because the 

broad peaks have been shifted by nearby form factor minima. Previous studies with DEA 

PEG-lipids showed coexistence of two lamellar phases at some compositions, one rich in 

PEG-lipid and the other depleted in PEG-lipid (with a narrower spacing).[27] Given this 

ambiguity in the phase, we are only reporting the nanostructure spacing as indicated by the 
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first correlation peak (right of the plot; d = 2/q1, with q1 indicating the position of the first 

correlation peak) and not making a broader argument about the symmetry of the system. 

 

 

 

 

 

 

 

 

 

SEA PEG-lipids (gray, dashed) both show very weak, broad correlation peaks, indicating 

weakly correlated membranes with small coherent domain sizes. This is not unexpected, 

despite the steric repulsion of the SEA PEGs, because of the centrifugation and high lipid 

Figure 4. Small Angle X-ray Scattering profiles of liposome solutions containing 

pure DOPC or 90/10 DOPC/PEG-lipid. Measurements taken at the bottom and top 

of the capillary (left and right, respectively) are slightly different as a result of 

centrifugation. Scattering from non-PEGylated liposomes are shown in black, while 

control liposomes containing SEA PEG-lipid are shown in dashed gray lines. 

Scattering from liposomes containing DEA PEG-lipid are shown in solid, colored 

lines. Ordering of membranes (i.e. as a result of attractive interactions between 

membranes) results in the appearance of broad peaks in the scattering profile for all 

samples except the solution containing L-P2000-L. Notably, the liposomes containing 

L’-P2000-L showed evidence of two or three highly-ordered lamellar phases (first 

two Bragg peaks indicated with black arrows). To the right of the plots is a list of 

average spacing of the lipid membranes, as indicated by d=2/q
1
, where q

1 
is the 

position of the first peak (the two spacings are for bottom and top of capillary, 

respectively).   
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concentration in the solution. Further, as seen in DIC, high molar concentrations of SEA 

PEGs in the membranes can lead to aggregation of liposomal particles, likely as a result of 

phase separation of PEG-lipids into micelles and subsequent crowding. 

For the long PEG-lipids, we see that both the SEA P5000-L (light gray, dashed) and the 

less hydrophobic DEA, L’-P4600-L (yellow) shows weak correlation peaks. The L’-P4600-L 

profile appears to show n=3 correlation peaks as opposed to n=2 peaks for the SEA profile, 

likely indicating increased ordering of the membranes containing DEA PEGs. This 

assessment agrees with the increase in opacity seen from L’-P4600-L relative to SEA P5000-

L (Fig 3), indicating increased aggregation and attractive membrane interactions. We also 

see that the correlation peaks for the L’-P4600-L sample are slightly stronger at the bottom 

of the capillary, where we saw increased opacity macroscopically (Fig 3). For the more 

hydrophobic L-P4600-L (red), SAXS showed significantly stronger correlation peaks, 

especially at the bottom of the capillary, as well as an increased number of peaks (n=4-5). 

Fitting this peak to a gaussian function gives a coherent domain size of 135 Å, which 

corresponds to just two membrane layers (given the spacing of ~130 Å). The increased 

ordering of the DEA samples (as indicated by increased number of peaks or increased peak 

amplitude) is likely due to tethering of the membranes via DEA PEG-lipid bridging. This 

agrees with results from a previous study, which showed that both L-P4600-L and L’-P4600-

L formed cross-bridges that successfully locked charged membranes in a tethered state in the 

presence of excess water.[27] The characteristic spacing for that system was between 130 

and 150 Å, slightly larger than the spacing we see in this study, likely because the 

membranes were charged, adding an additional repulsive force between membranes. 

As seen previously, the results for the short PEG-lipids differed significantly from the 

longer variants. The short SEA, P2000-L, showed weak correlation peaks (dark gray, 
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dashed; n=2 peaks), similar to the longer P4600-L. However, the more hydrophobic L-

P2000-L showed little or no evidence of any correlation peaks (green; faint peaks can only 

be seen for the measurement at the top of the capillary). The lack of obvious membrane 

ordering for the sample containing L-P2000-L is not entirely unexpected, as our previous 

study found that this molecule had slower kinetics and required more time to enter the 

equilibrium “locked” (bridged or tethered) state.[27] That sample, composed of charged 

membranes with 5 mol% L’-P2000-L, took between one and two months to reach an 

equilibrium tethered state, while the samples used in this study, neutral liposomes suspended 

in excess water, were measured within a week of lipid hydration and sonication. It is 

possible that measurements at a later time point would show ordered membranes, which is 

something we plan to explore in a future study. 

The most ordered sample was that containing L’-P2000-L, the short PEG molecule with 

a less hydrophobic distal anchor, which we might expect to have faster kinetics than its more 

hydrophobic counterpart due to the lower energetic barrier to entering the intermediate state. 

The SAXS profile (blue) at the bottom of the capillary shows three peaks at spacings 

characteristic of lamellar structure (i.e. q002=2*q001, q003=3*q001). The “triangular” shape of 

the peaks indicate that they may actually be two or more closely-spaced peaks, indicating the 

presence of multiple lamellar phases with similar spacings. The SAXS profile taken nearer 

to the top of the capillary also showed evidence of two lamellar phases, this time with the 

two distinguishable peaks (black arrows), denoting characteristic lamellar membrane 

spacings of 98 and 88 Å. In fitting these peaks, we found that there may also be a third 

phase, albeit significantly less ordered) with a characteristic spacing of 80 Å. The peak 

fitting indicated that the two primary lamellar phases are very highly ordered, with coherent 

domain sizes equivalent to 4-5 membrane layers. 
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The formation of these highly ordered membrane structures is probably a result of DEA 

tethers forming physical cross-bridges between membranes, unlike the weak ordering seen 

for the two SEA PEG-lipids, which are more likely due to high concentration and micellar 

crowding. The ability of different DEA PEG-lipids to form these ordered membrane 

structures is likely dependent on the energetics and kinetics of the looping, bridging, and 

intermediate (one hydrophobic anchor in the aqueous phase) conformations (see Fig 1B). 

This tethering interaction requires an energetically favorable bridging conformation, where 

enough of the DEA PEG-lipids are in the bridging conformation at any given time to 

counteract the entropic cost of fixing lipid membranes in space. Energetic considerations 

include the hydrophobicity of the lipid anchors (which directly affects the binding energy of 

the anchor within the membrane), the hydrophobicity of the PEG-lipid molecule as a whole 

(and thus the energetic cost of entering the intermediate conformation), the entropic cost of 

“stretching” the polymer chain in the bridging conformation (relative to the more relaxed 

intermediate and looping conformations), and, potentially, the energetic cost of bending the 

PEG chain into the different geometrical conformations. 

Considering these factors, we can hypothesize some explanations for the results seen 

here. One clear example is the increased ordering of liposomes containing L-P4600-L 

relative to those containing L’-P4600-L. A likely explanation for this difference is the 

increase in binding energy for the more hydrophobic anchor. This would likely lead to 

“stronger” and more long-lived physical cross-bridges between membranes and, 

subsequently, more highly-ordered nanostructures. Consider also liposomes containing L’-

P2000-L, which form nanostructures that are much more highly ordered than corresponding 

systems with either L-P2000-L or L’-P4600-L. The former could be explained by the less 

hydrophobic L’ anchor, meaning that L’-P2000-L has a relatively lower energetic cost to 
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entering the intermediate conformation compared to L-P2000-L, subsequently increasing the 

rate of cross-bridge formation. The comparison to the longer L’-P4600-L molecule is more 

complicated. One simple explanation for the decreased bridging of the longer PEG molecule 

could be increased steric repulsion from the long PEG (which would transition into the brush 

state at a lower concentration than the short PEG due to larger its Rg). Another explanation 

could be the increased hydrophilicity of L’-P4600-L relative to L’-P2000-L (due to the 

longer hydrophilic polymer), which could make the intermediate state more favorable 

relative to the bridging state, potentially resulting in a loss of cross-bridges due to increased 

rates of “unlocking” events. The difference could also potentially be related to differences in 

the geometric constraints of the looping vs. bridging polymer conformations for shorter and 

longer PEG. Finding the exact cause of these differences will require further study, either 

through theory or experiments to determine the effects of kinetics or steric repulsion in this 

system. 

Another interesting feature of this system is the lack of membrane ordering for liposomes 

containing L-P2000-L, potentially a result of slow kinetics. This may be occurring due to a 

combination of the energetically disfavored intermediate state (due to the higher 

hydrophobicity of the lipid anchor) and shorter polymer length and reach, resulting in lower 

rates of contact with adjacent membranes. The longer L-P4600-L is less hydrophobic 

(because of the longer hydrophilic polymer chain) and, thus, the intermediate state has a 

lower energy barrier. Also, because the polymer chain is longer, the hydrophobic anchor can 

explore more space, increasing the likelihood of interacting with another membrane. Some 

combination of these effects likely leads to the evidently slower kinetics for liposomes 

containing L-P2000-L relative to the other DEA PEG-lipids. 
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4.3.5 Cryogenic electron microscopy of neutral liposomes and cationic liposome-DNA 

complexes 

 

 

 

 

 

 

 

 

 

 

Figure 5. Cryogenic Electron Microscopy of solutions containing either neutral 

liposomes (with and without DEA PEG-lipid) or cationic liposomes with DNA (with 

DEA PEG-lipid). (A) Neutral liposomes without PEG-lipid (97/3 DOPC/PTXL) form 

small, well-defined single-layer liposomes after sonication. Rarely, small multilayer 

vesicles appear (red arrow). (B) Neutral liposomes containing a DEA PEG (90/10 

DOPC/L’-P2000-L) form large, two-layer liposomal shells of varying sizes. The 

space between the two closely-spaced membranes is darker than the background, 

potentially indicating a higher concentration of the DEA PEG-lipid. Several of these 

shells also have small objects attached to their outer surface (green arrows), 

potentially due to DEA tethering. (C) Cationic liposomes (30/65/5 TAP/PC/L-P4600-

L) mixed with anionic DNA form CL-NA NPs, seen in these images as dark, striated 

objects (blue arrows), in equilibrium with excess liposomes. Excess lipid membranes 

containing DEA PEG-lipids form flat rod or disk-like structures with a well-defined 

internal spacing (dashed arrows), multi-layer vesicles with even, wide spacing (black 

box), and long wormlike vesicles with a narrow, defined inner diameter (black 

circle). Scalebars are 200 nm. 
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While SAXS can give us information about the ensemble-averaged nanostructure of the 

sample, imaging is necessary to see representative real-space structures. To this end, we 

obtained cryogenic electron microscopy (cryoEM) images of several lipid-based systems 

with and without DEA PEGs. Here, we show representative micrographs of neutral 

liposomes containing no PEG-lipid (Fig 5A), neutral liposomes containing 10 mol% L’-

P2000-L (Fig 5B), and solution containing CL-DNA NPs prepared with excess lipid and 5 

mol% L-P4600-L in the lipid membrane (Fig 5C).  

The sample containing only neutral lipid membranes (Fig 5A; composed of 97/3 

DOPC/PTXL), shows primarily small, unilamellar liposomes with diameters between 10 and 

100 nm. The liposomes were homogenized via sonication and frozen within two days, 

preventing significant aggregation of the liposomes through Van der Waals forces. In the top 

image, one small multilamellar vesicle is visible (red arrow; diameter ~60nm). CryoEM 

images of neutral liposomes containing 10 mol% L’-P2000-L show significantly fewer small 

liposomes. Instead, there is a significant population of large multilamellar objects with 

diameters ranging from 30 nm to nearly 400 nm. The distinct feature of this multilamellar 

vesicles is a shell-like structure, with two clear, roughly concentric lipid membranes 

separated by a darker contrast region and with a large inner diameter. The morphology and 

image contrast (which reflects electron density) of these objects mark them as distinct from 

the multilamellar objects that were seen in the non-PEGylated liposome sample (Fig 5A, red 

arrow). Hydrocarbon chains (with lower electron density) appear darker in these EM images, 

suggesting that the dark area between the two membranes may have a higher concentration 

of lipid tails, potentially in micellar structures. In addition to this distinctive spherical shell 

shape, several of the larger objects have small spherical objects (diameter <10 nm) tethered 

to their outer surface (green arrows). In the top image, the spherical objects near the outer 
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surface of the vesicle are also darker in color, suggesting that these may be micelles that are 

tethered to the outer vesicular membrane via DEA PEG cross-bridges.  

Regardless of the exact structure, it is clear that, despite undergoing very similar 

preparation methods and timescales, the neutral liposomes containing DEA PEG-lipid 

formed vastly different structures compared to the non-PEGylated liposomes. In fact, these 

structures formed in less than three days, between sonication and freezing. The 

rearrangement of liposomes into these large vesicular objects suggests that the presence of 

DEA PEGs contributed to membrane fusion and tethering over this short timescale.  

We are also interested in using DEA PEG-lipids for lipid-based drug and gene delivery 

carriers, due to their potential ability to tether the carriers to cellular membranes and aid in 

cargo delivery. In Figure 5C, we see micrographs of cationic liposome-DNA nanoparticles 

(CL-DNA NPs) prepared with liposomes containing L-P4600-L. CL-DNA NPs are formed 

by mixing sonicated, cationic liposomes with a solution of (anionic) DNA. The two 

components self-assemble via counterion release and form NPs with distinct nanostructures, 

often alternating layers of cationic lipid membranes and DNA strands. The structure of CL-

DNA NPs after the addition of SEA PEG-lipid has already been studied by our group.[12] In 

preparations with excess cationic lipid (like in this study), CL-DNA NPs coexist with excess 

spherical cationic liposomes and threadlike PEG-lipid micelles. The typical CL-DNA NPs 

are seen as larger, dark, striated objects (blue arrows; diameter ~ 100-150 nm), with 

alternating dark and light layers composed of lipid and DNA, respectively. In this study, 

where the lipid membranes contained DEA PEG-lipids capable of tethering two lipid 

membrane surfaces (as opposed to the purely repulsive SEA PEG-lipids used in previous 

studies), we also see several new structures which all share the characteristic of parallel lipid 

membranes at a constant spacing. One of these structures appears to be a single-layer 
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vesicular structure that has flattened into an enclosed tube or disc (dashed black arrows), 

again with a nearly constant internal spacing (~13nm). Another recurring structure is a multi-

layer vesicle (black square), roughly 50nm in diameter, with two concentric lipid membranes 

at a nearly constant spacing (~10-13nm). Finally, we see what appear to be long wormlike 

vesicles (black circle) with uniform, narrow inner diameters of ~8nm. Interestingly, the 

characteristic spacing associated with the wormlike vesicles closely matches the second 

correlation peak (q2) in the SAXS profile of neutral liposomes containing L-P4600-L. 

However, we cannot confirm that these actually reflect the same structure without further 

study. We hypothesize that these three types of uniformly-spaced structures are stabilized via 

membrane tethering by the DEA PEG-lipid. The tethering hypothesis easily explains the 

flattening of excess liposomes (which are spherical for mixtures containing SEA PEG-lipids) 

into tube- or disc-like vesicles.  The different characteristic spacings for these structures may 

reflect variations of the concentration of PEG-lipid on the membrane surface.  

4.3.6 Confocal microscopy of CL-DNA NPs with cancer cells 

Finally, we conducted a confocal microscopy study with PC3 cancer cells in order to 

assess some of the in vitro properties of CL-DNA gene carriers containing DEA PEGs. In 

this study, we looked at PEGylated CL-DNA NPs with either 10 mol% SEA P2000-L, 5 

mol% DEA PEG, or a combination of 5 mol% SEA P2000-L and 3 mol% DEA PEG. Our 

SEA control has been characterized in many previous studies and has generally been found 

to have weaker attractive interactions with cellular membranes compared to non-PEGylated 

CL-DNA NPs due to the steric repulsion of the PEG-lipid corona.[17,24] It has already been 

shown that we can overcome this repulsion either by triggering the release of the PEG 

headgroup, allowing for endosomal escape, or by adding a binding moiety on the distal end 
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of the PEG in order to promote attachment of the CL-DNA to surface of a cell, triggering 

endocytosis and promoting membrane fusion. In this study, we hope to determine whether 

the addition of the hydrophobic moiety (“anchor”) in the DEA PEG-lipids does indeed 

promote binding to, endocytosis by, or membrane fusion within PC3 cancer cells. To 

evaluate this, we use confocal microscopy to track CL-DNA NPs within two labeled 

endosomal pathways. 

In this study, attached PC3 cancer cells were transfected to express a GFP-conjugated 

mutant of Rab11, a membrane protein associated with the recycling endosomal pathway, and 

treated with LysoTracker, a commercial dye that labels acidic organelles (i.e. late endosome 

and lysosomes). These cells were incubated with CL-DNA NPs containing covalently-dyed 

Cy5-DNA. Because only the DNA of these NPs is labeled, these images do not depict the 

location of lipid-only structures associated with our CL-DNA preparation method (seen in 

Figure 5C), meaning that we are not fluorescently tracking all of the DEA PEG molecules. 

In this case, we are specifically tracking the cargo of the gene carrier and, thus, only the 

DEA PEG associated with that cargo.  
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Three-channel, fluorescent confocal images of fixed, labeled cells incubated with labeled 

CL-DNA NPs show endosomal pathways in green and red, indicating the interior of the cells 

(and labeling the Rab11 recycling pathway and the late endosome/lysosome pathway, 

respectively). Often, CL-DNA NPs (blue) are seen both within the cell and outlining the 

Figure 6. Confocal images of cationic liposome-nucleic acid NPs (containing 

SEA or DEA PEG-lipids) on fixed PC3 cancer cells. (A, top) Color images showing 

labeled DNA from CL-DNA NPs (blue) and labeled endosomal pathways: Rab11-

GFP-labeled recycling endosomes (green) and Lysotracker-labeled late endosomes 

and lysosomes (red). NPs contain cationic liposomes of composition 10/80/10 

MVL5/DOPC/P2000-L or 11/84/5 MVL5/DOPC/DEA PEG, mixed with DNA at a 

charge ratio of =5. (A, bottom) Isolated Cy5-DNA channel from the same images, 

showing only the labeled CL-DNA NPs. (B) Isolated Cy5-DNA channel of PC3 cells 

treated with sterically-stabilized CL-DNA NPs containing both SEA and DEA PEG-

lipid (at 5 and 3 mol%, respectively). NPs contain cationic liposomes of composition 

10/82/5/3 MVL5/DOPC/P2000-L/DEA PEG, mixed with DNA at a charge ratio of 

=5. NP aggregation and internalization varies widely with SEA and DEA content. 

Samples with 5mol% DEA-PEG-lipids (A) show aggregated CL-DNA NPs, with the 

larger particles remaining attached to the cell surface and little internalization of 

the CL-DNA particles by the PC3 cells. CL-DNA NPs containing 5mol% P2000-L in 

addition to 3 mol% DEA PEG-lipids (B) show significantly less aggregation and 

increased internalization by PC3 cells. Scalebars are all 10 m. 
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cellular plasma membrane. The top images in Figure 6A are representative color images of 

cells incubated with either the SEA control (10 mol% P2000-L) or the DEA PEG-only CL-

DNA NPs (5 mol% DEA PEG). Below the color images are the isolated Cy5-DNA channel, 

showing the location of CL-DNA NPs within the cell. For the SEA control, the point-like 

particles outline most of the cell and also infiltrate most of the interior of the cell (excluding 

the nucleus, which can be distinguished in the color images by the absence of red or green 

endosomal labels). For all samples containing 5 mol% DEA PEG-lipid, the particles appear 

to be forming large aggregates; only the sample containing L-P4600-L retained some small, 

point-like particles. Further, all of these samples show a decreased number of CL-DNA 

particles within the cell boundary, with most particle aggregates stuck to the surface of the 

cell. The few particles that are internalized by the cells are smaller than the typical aggregate. 

In order to sterically stabilize the DEA PEG-containing CL-DNA NPs and promote 

internalization by the PC3 cells, we added SEA PEG-lipid, increasing the net repulsion of 

the NPs. In Figure 6B, there are representative images of the Cy5-DNA channel of CL-DNA 

NPs containing both 5 mol% SEA P2000-L and 3 mol% DEA PEG-lipid, which shows a 

smaller average size for the CL-DNA NPs and a reduction in the formation of large 

aggregates, as predicted. In all images, we see that NPs containing both SEA and DEA PEGs 

appear to be internalized by the cells at an increased rate. Further, the left two images show 

that NPs formed with both SEA and long DEA PEG-lipids (L-P4600-L and L’-P4600-L) no 

longer appear to be outlining the exterior surface of the cells and instead are being 

internalized by the cells (albeit at a lower rate than the control SEA NPs).  
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4.3.6 Particle tracking and colocalization of CL-DNA NPs with endosomal pathways 

From these confocal images, we can also infer information about the location of CL-

DNA NPs within the cell interior and the association of NPs with specific endosomal 

pathways. We use particle localization software to identify the positions of both CL-DNA 

particles and labeled endosomal pathways within the image. We then identify whether 

particles are associated with the labeled endosomal pathways using a software package, with 

specific criteria for colocalization described in a previous study.[36]  

This process is illustrated in Figure 7A. A magnified micrograph shows labeled late 

endosome/lysosome (Lysotracker, red) and Rab11 recycling endosome (green) pathways and 

labeled CL-DNA NPs (blue). As an example, a profile of the different channel intensities is 

taken along the dotted white line and plotted beneath. There are three distinct peaks in the 

Cy5-DNA channel (blue line), indicating the location of three distinct NPs. The first peak (i) 

is coincident with a peak in the Lysotracker channel (red line), and the third peak (iii) closely 

overlaps with a peak in the Rab 11 channel (green line). These two CL-DNA NPs would be 

categorized by the analysis software as being colocalized with the late endosome/lysosome 

pathway (i) and the Rab11 recycling pathway (iii), respectively. The second peak (ii) does 

not significantly overlap with peaks in either the red or green channel and would be 

categorized as colocalized with “neither” pathway. CL-DNA particles associated with 

neither pathway could either be in the cytoplasm of the cell (having either escaped an 

endosome via membrane fusion or fused directly with the plasma membrane) or could be 

associated with another endosomal pathway or organelle that has not been fluorescently 

labeled. In a previous study, we found a correlation between trafficking within these two 

pathways and delivery and expression of the DNA cargo (transfection efficiency).[36] 

Higher colocalization with the late endosome/lysosome pathway was correlated with higher 
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transfection, while colocalization with the Rab11 recycling pathway was negatively 

correlated with transfection. The association of gene delivery and transfection with the late 

endosome/lysosome pathway (typically marked with the Rab7 membrane protein) has also 

been shown in other studies using orthogonal measurements and experimental 

designs.[41,42]  

The results of the colocalization analysis are summarized in Figure 7B-E. Control CL-

DNA NPs containing only SEA P2000-L are shown in gray. Results for CL-DNA NPs 

containing only 5 mol% DEA PEG-lipids are shown in Figures 7B and 7C. Notably, because 

of the aggregation and low internalization of NPs containing short PEG-lipids (L/L’-P2000-

L), there were too few CL-DNA NPs within the cells to obtain statistically significant data, 

so those results are not shown. The particle aggregation and low internalization is also 

evidenced in the low number of particles counted per cell (Fig 5C) for DEA PEG-containing 

NPs relative to the SEA control (at ~20-40% of the counts for control NPs). For both 

samples containing 5 mol% DEA PEG-lipid, the colocalization of particles (Fig 5B) with the 

Lysotracker pathway dropped relative to the SEA control by 7-9% (~50% the level of the 

control), while colocalization with the Rab11 recycling pathway remained constant within 

error. Meanwhile, the percentage of particles that were not colocalized with either pathway 

(“Neither”) was 13-16% higher than the SEA control (to a level ~130% of the control).  

The same measurements were repeated with NPs that were partially stabilized by 5 

mol% SEA P2000-L in addition to the 3 mol% DEA PEGs. All of these variants of CL-DNA 

NPs were internalized by the cell at high enough levels to get adequate colocalization data, 

though the number of CL-DNA objects counted within the cell boundary (Fig 5E) was still 

significantly lower than the SEA control NPs (at roughly 30-60% of the counts for control 

NPs). Unlike with the pure DEA NPs, only the less hydrophobic, asymmetric DEA PEG-
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lipids (L’-P4600-L and L’-P2000L) significantly changed NP colocalization in this 

formulation. CL-DNA NPs containing L’-P4600-L showed the most dramatic shift, with 

Lysotracker colocalization dropping by 12% (to 33% of SEA control) and colocalization 

with neither pathway increasing by 19% (to 140% of control) relative to the SEA control. 

Similarly, NPs containing L’-P2000-L dropped in Lysotracker colocalization by 7% (to 

~60% of control) and increased in colocalization with neither pathway by 10% (to 120% of 

control). There was no significant change in Rab11 colocalization for any of the DEA PEG-

containing NPs.  

These results show us that the addition of DEA PEG molecules to CL-DNA NP 

formulations do have a significant effect on the interactions of CL-DNA NPs with cells. 

While the cryoEM imaging of a CL-DNA NP solution showed DEA PEG-lipids associated 

with the excess, lipid-only structures (see discussion of Figure 5), this experiment confirms 

that there is also DEA PEG-lipid associated with the lipid-DNA NPs, impacting their 

interactions with cellular membranes. Further, these results show that the ability of these 

PEG-lipids to alter interactions is sensitive to both the composition of the particle’s PEG-

lipid corona (i.e. concentration of DEA PEGs on the surface and presence of repulsive SEA 

PEGs) and the chemical structure of DEA PEG. We see that for NPs containing only DEA 

PEG (at 5 mol%), CL-DNA NPs have drastically altered interactions with the plasma and 

endosomal (for L/L’-P4600-L) membranes. However, when there is a mixture of repulsive 

SEA PEG and tethering DEA PEGs, only the less hydrophobic (L’-PEG-L) DEA PEGs 

result in significantly different interactions with endosomal membranes, presumably due to a 

lower energetic barrier associated with the intermediate phase and increased rates of cross-

bridge formation.  
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Figure 7. Colocalization of CL-DNA NPs with late endosome/lysosome 

(LysoTracker) and recycling (Rab11) endosomal pathways in PC3 cells. (A) Example 

confocal image of PC3 with fluorescently-labeled Rab11 recycling pathway (green) 

and late endosome/lysosome pathway (red) after treatment with CL-DNA NPs 

containing Cy5-labeled DNA (blue). Profiles of the three channels along the dotted 

line are shown in the plot (below). Three objects (i, ii, iii) show CL-NA NPs 

colocalized with the Lysotracker pathway, neither pathway, or the Rab11 pathway, 

respectively. (B,D) Plots of percentage of CL-DNA NPs colocalized with either 

pathway (LysoTracker or Rab11) or neither pathway. (C,E) Plots of total number of  

Cy5-labeled objects detected within the cell boundary by the automated particle-

tracking program. The control sample (gray) for all plots was made with 10mol% 

(SEA) P2000-lipid. The first set of colocalization data (B,C) describes the behavior of 

CL-DNA NPs containing cationic liposomes of composition 10/80/10 

MVL5/DOPC/P2000-L (control) or 11/84/5 MVL5/DOPC/DEA PEG, mixed with 

DNA at a charge ratio of =5. At this DEA PEG concentration, only L-P4600-L and 

L’-P4600-L had enough internalized particles to get statistically significant 

colocalization data. The second set of colocalization data (D,E) describes the 

behavior of CL-DNA NPs containing cationic liposomes of composition 10/80/10 

MVL5/DOPC/P2000-L (control) or 10/82/5/3 MVL5/DOPC/P2000-L/DEA PEG, 

mixed with DNA at a charge ratio of =5. CL-NA NPs containing 5 mol% DEA PEG-

lipid showed decreased Lysotracker colocalization and increased percentage of 

particles colocalized with neither pathway for both DEA molecules tested (black 

arrows). CL-NA NPs containing both SEA and DEA PEGs (at 5 and 3 mol%, 

respectively) were sterically stabilized and internalized at a high enough rate to 

obtain colocalization data for all four DEA PEG molecules. At this composition, only 

CL-DNA NPs containing L’-P4600-L and L’-P2000-L showed a similar decrease in 

Lysotracker colocalization and increase in colocalization with neither pathway 

(black arrows).  
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In previous studies, we have found that increasing membrane charge density resulted in 

increased colocalization with the late endosome/lysosome pathway and, subsequently, 

increased transfection efficiency.[36] We believed the mechanism of this trend was an 

increase in attractive interactions between the CL-DNA NP and the anionic endosomal 

membranes, ultimately resulting in membrane fusion and endosomal escape. The goal of this 

study was to determine whether a similar effect could be achieved with DEA PEG-lipids 

which, while not directly increasing attractive interactions, do have the ability to tether two 

membranes in close proximity and potentially increase rates of membrane fusion. 

Unexpectedly, with these NPs containing DEA PEG-lipids, we instead see a decrease in 

colocalization with the late endosome/lysosome (Lysotracker) pathway and a corresponding 

increase in colocalization with neither labeled pathway. One interpretation of this result 

would be that CL-DNA NPs containing DEA PEG-lipids may have indeed formed physical 

cross-bridges with the endosomal membranes, tethering the two membranes in close 

proximity and promoting membrane fusion and endosomal escape. If this happened at short 

enough time points, that might give the results seen here of decreased Lysotracker 

colocalization and an increased number of NPs in the cytoplasm, not colocalized with either 

endosomal pathway. Similarly, NPs could theoretically fuse with the plasma membrane, 

directly entering the cytoplasm. However, without further study, we cannot confirm whether 

the “Neither” CL-DNA NPs are in the cytoplasm or not, so this interpretation is purely 

speculation. 

While these results did confirm that DEA PEGs can significantly impact the endosomal 

trafficking of CL-DNA NPs, they also hint that we have not yet found DEA PEG-lipid 

formulations suitable to DNA transfection. Because of the aggregation of CL-DNA NPs by 

the DEA PEGs, we see lower internalization of NPs by cells. Further, without a more 
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complete understanding of what is happening to the CL-DNA particles once inside the cell, 

we cannot determine whether the changes in endosomal trafficking are evidence of a positive 

change (i.e. release of more DNA cargo into the cytoplasm). Despite these caveats, this study 

represents necessary first steps in understanding the possibilities for use of DEA PEG-lipids 

in drug and gene delivery carriers. 

4.4 Conclusions 

In this work, we built on previous studies with DEA PEG molecules in liquid crystalline 

systems and demonstrated that these DEA PEG-lipids create tethered equilibrium structures 

even in dilute systems (with excess water). By adding these four DEA PEG-lipid variants to 

neutral liposomes, we’ve been able to gain insights into the equilibrium conformations of 

these molecules and their modulation of attractive (bridging) and repulsive (steric) 

interactions between membranes.  

These findings demonstrate the possibility of using DEA PEG-lipids in liposomal drug 

delivery applications to modulate inter-membrane interactions. In this study, we saw that the 

addition of these molecules both affected the interactions of drug carriers with cellular 

membranes and the equilibrium structures of neutral liposomes and CL-DNA NPs. We saw 

several new nanostructures, which are interesting both on a fundamental level and as 

potential self-assembling, drug carriers with unique nanostructures.  

While these studies have been very informative on the behavior of DEA PEG-lipids in a 

few systems (i.e. lipid-rich liquid crystalline gels, neutral liposomes, cationic liposome-

nucleic acid NPs), the different trends seen in some of these examples show that prediction 

of the effects of DEA PEG-lipids is difficult. While insights into polymer and membrane 

physics may help inform the results we see, empirical testing of new systems will likely still 
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be necessary. Similarly, work with model systems (i.e., giant unilamellar vesicles) would be 

helpful in evaluating the interactions between our liposomal drug carriers and heterogeneous 

model membranes. 

Finally, this study included preliminary experiments on the inclusion of DEA PEG-lipids 

for optimization of a liposomal gene delivery carrier (CL-NA NPs). DEA PEG-lipids 

modulated both equilibrium carrier size and interactions with cellular membranes. However, 

this initial study was very limited, and none of the tested formulations appear to be optimal 

for intracellular DNA delivery. Despite this, several clear conclusions were identified, 

including the apparent necessity of including both SEA and (asymmetric) DEA PEG-lipids 

in optimized formulations in order to balance repulsive and attractive forces and prevent 

excessive nanoparticle aggregation (while still altering cellular interactions). Future studies 

will hopefully include DEA PEGs in liposomal carriers for other cargo (e.g., small molecule 

drugs) and clarify the location of NP carriers that colocalized with neither labeled pathway. 

Overall, DEA PEG-lipids are a fascinating molecule for study. Their interactions with 

and between membranes are rich and complex, including both repulsive and attractive forces 

stemming from hydrophobic, entropic, and other interactions. These complex interactions 

result in new and unexpected nanostructures for liposome-based systems, begging the 

question of whether these new nanostructures could be utilized for practical applications like 

drug delivery. Finally, when used in a lipid-based drug delivery system, these molecules had 

a significant impact on carrier interaction with cellular membranes, opening the possibility 

for modification of and potential improvement on the standard platform of SEA PEGylated 

lipid-based carriers. 
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Chapter 5 

Nanoscale structures and morphological phase transitions in a 

quaternary system of fatty alcohol and cationic surfactant  

 

 

Surfactants and lipids are used in a broad range of applications from basic science to 

industrial cosmetics, hygiene, and food products. Here, we report on the structure and phase 

behavior of a system of two fatty alcohols (FA) and a monovalent cationic surfactant (CS) 

mixed with water. In this study, we use synchrotron x-ray scattering and polarized optical 

microscopy to characterize the phase behavior of this quaternary system, with special focus 

on the effects of water content and the CS:FA ratio. Remarkably, as a function of increasing 

membrane charge density (σ), we observe that high water-content mixtures (d=interlayer 

spacing >> δ=bilayer thickness) undergo an abrupt transition from a chain-ordered lamellar 

phase (Lβ*) to a lamellar phase with extended short-range positional order (Lx) in coexistence 

with a fiber-like phase of tubular morphology (LFiber), which grows stronger with increasing 

σ. Unexpectedly, the Lx phase, which shows short-range positional order intermediate 

between the chain-ordered Lβ* phase and a fluid Lα phase, exhibits a new length scale 

(2π/q*≈160Å) associated with the bilayer structure that is not seen in conventional lamellar 

Lα phases of fluid biological membranes. Further, the interlayer spacing in this phase is 

constant at more than 10nm smaller than in the Lβ* phase, even though the two-phase system 

occurs at a higher CS:FA ratio in the phase diagram.  These findings are particularly 
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important because the microstructure of these materials underlies the viscoelastic properties 

of interest in application (hair conditioner). 

5.1 Introduction 

In this work, we characterize a quaternary surfactant-water system related to consumer 

hygiene and beauty products, specifically hair conditioner. Hair conditioner is composed 

primarily of cationic surfactant membranes and water, forming a viscous, gel-like substance. 

The surfactant membranes are typically composed of single-chain neutral fatty alcohols (FA) 

and cationic surfactants (CS), with the positive charge providing an attractive interaction 

between the membrane and (anionic) hair, helping the conditioner to “stick” to the hair. 

Conversely, shampoo is composed of anionic surfactant membranes, which remove the 

cationic substances stuck to hair. Two of the most important considerations in designing a 

material for this application are the rheological properties of the material and the cost (with 

the cationic surfactant being the most expensive component). 

For this work, we sought to gain a better understanding of how material formulation 

affected nanostructure, which then directly impacts rheological properties. Specifically, we 

systematically varied composition variables and evaluated the phase behavior of the system. 

With these membrane components, we expected to see lamellar ordering, with stacked, two-

dimensional (2D) bilayer membranes separated by water (see Figure 1A).[1,2] Because of 

the repulsive interactions between like-charged membranes in this system, the spacing (“d”) 

of the layers is expected to increase with increasing water content. (With neutral membranes, 

Van der Waals interactions would be more likely to hold the bilayers together at short 

distances.) At high water content, the system may eventually phase separate into a lamellar 

phase in coexistence with excess water. Rheological properties vary widely with water 
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content, from a solid, waxy substance at low water content to a soft, viscoelastic gel or 

milky, liquid-like substance at high water content. As the aqueous buffer between bilayers 

increases in volume, it becomes easier for membranes to slide past each other. 

Another important factor in the rheological properties of these materials is internal 

structure of the surfactant bilayers. Depending on membrane composition (and potentially 

other factors, as we will explore in this work), the membrane can be either chain-ordered or 

chain-melted (see Figure 1B). The chain-ordered membranes are thicker and more rigid, 

while the chain-melted has a lower bending modulus and is more likely to form curved 

nanostructures. In this example, the system may transform from chain ordered to chain 

melted (or somewhere in between) through the addition of cationic surfactant (CS). Since 

CS has a larger headgroup, this results in either the creation of membrane defects with 

nonzero curvature [3] or the adoption of more (chain-melted) gauche conformations in the 

lipid tail.  

In this work, we chose to probe nanostructure as a function of water content and the 

CS:FA ratio using synchrotron x-ray scattering and polarized optical microscopy. We found 

that low surface charge density (σ) membranes showed chain ordering, as expected due to 

the saturated chains of the components and the low cationic surfactant content. We also 

found that this phase persisted through increasing cationic surfactant content, up to 70-90 

mol% CS, depending on water content and preparation. At this high σ, we observed an 

abrupt transition from a chain-ordered lamellar phase (Lβ*) to a less-ordered lamellar phase 

(Lx) in coexistence with a fiber-like phase of tubular morphology (for high water-content 

mixtures, with d=interlayer spacing >> δ=bilayer thickness). This fiber-like phase grew 

stronger with increasing σ and was composed of microscopic crystalline fibers that gave the 

sample an iridescent sheen. Another unexpected finding was a new length scale 
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(2π/q*≈160Å) associated with the chain-melted lamellar phase, indicating the presence of a 

unique membrane structure that is not seen in conventional lamellar Lx phases of fluid 

biological membranes. Finally, we observed that the interlayer spacing in the Lβ* and Lx 

phases decrease with increasing membrane charge density, opposite of the expectation for 

increased repulsive electrostatic interactions. This, again, indicates nanostructure more 

complex than simple, flat, 2D membranes 

 

 

 

 

 

5.2 Materials and Methods 

5.2.1 Sample preparation 

Surfactant-water mixtures were formed using a modified version of a previously-

published method.[4] Behentrimonium Methosulafate (BTMS), stearyl alcohol, and cetyl 

alcohol were obtained in solid pellet form from Procter and Gamble (see Figure 2 for 

chemical structures). Pellets were weighed to achieve the appropriate molar ratios of the 

three surfactants. Pellets were then heated at 80-90˚C in a 20mL glass vial on a hot plate for 

Figure 1. Schematic representation of surfactant-water structures. (A) 

Stacked surfactant membranes with lamellar ordering. Spacing (“d”) between 

membranes increases as water content increases. (B) Ordering of lipid tails 

within the surfactant membranes can be chain-ordered (top) or chain-

melted(bottom), with chain-melted membranes having a smaller thickness. (C) 

Photograph of an example surfactant-water sample in a 20 mL vial. 



 

 159 

40-60 minutes to obtain fully melted and homogeneous mixtures of the three surfactants. 

(Manual mixing with a metal spatula was required for mixtures with high CS:FA ratios.) 

Surfactants were briefly hand-mixed with a metal spatula before adding high-resistivity (18 

MΩ·cm) water, pre-heated to 60˚C, at the appropriate weight ratio. Components were 

thoroughly mixed with a metal spatula until roughly homogeneous (typically 1-3 min). 

Surfactant-water mixtures were covered to prevent water loss and incubated on a hot plate at 

60˚C. Every 30 minutes, samples were briefly removed from the hot plate and mixed with a 

metal spatula. This cycle of annealing and mixing was repeated for at least 2 hours or until 

visible homogeneity was achieved. Samples containing pure fatty alcohol membranes (no 

cationic surfactant) never reached homogeneity due to phase separation of the fatty alcohol 

into a solid precipitate. After annealing at 60˚C, samples were incubated at room 

temperature for at least one day before further manipulation or measurement. 

Samples along water dilution lines were created by diluting an annealed 40 wt% water 

sample with additional water. Both the concentrated sample and the water were heated to 

60˚C, combined at the appropriate weight ratio, mixed with a metal spatula, and annealed at 

60˚C using the procedure described in the previous paragraph. 

Samples along the CS:FA line were created by mixing samples prepared at 10, 90, and 

100 mol% CS (with the exception of 0 mol% CS, which phase separated and was prepared 

separately). Samples of intermediate CS content were prepared by weighing out annealed 

materials (at 10, 90, or 100 mol% CS) at room temperature to obtain the appropriate final 

molar fraction of BTMS in the membrane. The two samples were mixed with a metal 

spatula, heated to 60˚C, mixed again, and annealed as described earlier. 
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5.2.2 Small-Angle X-ray Scattering (SAXS) 

After incubation at room temperature for 3-7 days, surfactant-water samples were mixed 

with a metal spatula and loaded into syringes. Samples were sheared through a 28-gauge 

needle into 1.5 mm quartz capillaries (Hilgenberg GmbH, Malsfeld, Germany) to promote 

mixing and roughly imitate commercial production practices. Capillaries were centrifuged at 

1600 g for 5 min to collect the sample at the bottom of the capillary. Capillaries were then 

sealed with epoxy and measured at several heights to capture any macroscopic phase 

separation as a result of centrifugation. 

Small angle x-ray scattering (SAXS) measurements are carried out at the Stanford 

Synchrotron Radiation Laboratory (SLAC National Laboratory, Palo Alto, CA) beamline 4–

2 at 9 KeV (λ=1.3776 Å) with a Si(111) monochromator. Scattering data are taken with a 2D 

area detector (Dectris USA, Philadelphia, Pennsylvania) with a sample to detector distance 

of approximately 1.1 m and 3.5 m for SAXS and High Resolution SAXS, respectively 

(calibrated with a silver behenate control). X-ray beam size on the sample was 150 μm in the 

vertical and 200 μm in the horizontal directions. Data reduction and analysis were performed 

Figure 2. The membrane components of this system include three single-

chain surfactants. Bethentrimonium Methosulfate is a monovalent cationic 

surfactant with a saturated C22 tail. Stearyl and cetyl alcohol are two neutral 

fatty alcohols with saturated C18 and C16 tails, respectively. For this study, the 

molar ratio of stearyl to cetyl alcohol is held constant at ~2.4:1, while the molar 

ratio of cationic surfactant (CS = BTMS) to fatty alcohols (FA) is varied. 
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using the NIKA and IRENA software packages developed at Argonne National 

Laboratory.[5,6] 

5.2.3 Wide-Angle X-ray Scattering (WAXS) 

Wide-angle X-ray scattering (WAXS) measurements were conducted on the same 

samples using a custom-constructed instrument in the X-ray Diffraction Facility of the 

Materials Research Laboratory at the University of California at Santa Barbara. The 

instrument utilizes a 50 μm microfocus Cu-target X-ray source with a Genix parallel beam 

multilayer optics and monochromator system (XENOCS), a high efficiency collimator with 

scatterless hybrid slits developed in-house,[7] and an EigerR 1M solid state detector 

(Dectris). Data reduction and analysis were performed using the NIKA and IRENA software 

packages developed at Argonne National Laboratory.[5,6] 

 

5.2.4 Polarized Optical Microscopy (POM) 

Surfactant-water samples were prepared for Polarized Optical Microscopy at the same 

time as for SAXS measurements. After incubation at room temperature for 3-7 days, 

surfactant-water samples were mixed with a metal spatula and loaded into syringes. Samples 

were sheared through a 28-gauge needle into rectangular capillaries with inner dimensions of 

0.3x3 mm2. Capillaries were sealed with epoxy at both ends and imaged over the course of 

several weeks. We used a Nikon Optiphot microscope equipped with crossed polarizers at 

90˚. Images were taken at 20x with a Sony a5100c camera. 
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5.3 Results and Discussion 

 

 

 

 

 

 

 

 

In this study, we explored the phase behavior of this quaternary surfactant-water system 

along two axes: water content and CS:FA ratio. Data will be shown along three lines, as 

indicated in Figure 3. First, at a fixed water content of 93.3 wt% (a typical water content for 

consumer products), we varied CS molar fraction within the surfactant membrane from 0 to 

100 mol% CS. Then for two fixed CS molar fractions, 23 and 70 mol% CS, we increased 

Figure 3. Diagram of different compositions measured within the quaternary 

surfactant-water system. For this study, the molar ratio of stearyl to cetyl alcohol 

is held constant at ~2.4:1, with the combination of the two alcohols represented as 

“FA”. The bottom axis ranged from 0 to 1 mole fraction cationic surfactant 

(“CS”, left to right). At fixed water content (93.3wt%), a line was created with 

varying membrane composition (horizontal line), from low to high membrane 

charge density (0 to 1 mole fraction CS). At two fixed membrane compositions, 

where the molar fraction of CS is 0.23 and 0.7, water dilution lines (vertical lines) 

were made with increasing water content. Each point along the lines represents a 

sample composition made and measured in this study (orange circles represent 

points along the CS:FA line, blue squares represent points along water dilution 

lines). 
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water content of the system from 40 to 98 wt% water.  All samples were subsequently 

characterized using small angle x-ray scattering (SAXS) and, in some instances, wide angle 

x-ray scattering (WAXS) and polarized optical microscopy. 

First, along the CS: FA line, we saw evidence of four distinct liquid-crystalline phases 

(see Figure 3). All four phase show lamellar ordering, characterized by multiple, evenly-

spaced peaks (q001, q002, q003, etc.), where q00i = i*q001. Indexing of peaks is shown in Figure 

4 for each phase. Lamellar ordering is indicative of stacked, two-dimensional (2D) 

membranes with a characteristic spacing. This spacing between membranes (d) is inversely 

related to the q-position of the first peak (q001) and given by the equation d = 2/q001. 

For samples with no or low CS content (0 and 23 mol% CS; red and yellow lines), a 

purely FA phase (labeled LFA) is seen, characterized by a highly-ordered lamellar phase with 

at relatively close spacing. Closer inspection of higher-order lamellar peaks (Fig 4 inset) 

show a doublet, indicating that these samples actually contain two lamellar phases with very 

close spacing. We hypothesize that these two spacings exist as a result of phase separation of 

two phases rich in either C16 or C18 FA, each with a slightly different membrane thickness 

and, thus, lamellar spacing. 

The sample with low to intermediate CS content (23 mol% CS shown here; yellow line), 

closest to that found in consumer products, shows both a weak LFA signal as well as another 

strong lamellar phase with a much wider spacing (correlation peaks at lower q), which we 

label here Lβ*. (Later WAXS measurements shown in Figure 5 confirm that this is a chain-

ordered phase, justifying the Lβ* label). These peaks are broader than those of the LFA, 

indicating a smaller coherent domain size for the Lβ* phase.   
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Samples with high CS content (90 mol% shown here; green line) gives rise to a third 

lamellar phase, labeled Lx, similar to the Lβ* but with slightly smaller spacings (higher q001). 

The primary difference between Lx and Lβ* is the presence of a minimum around q~0.05 

(green arrow). This minimum, likely from the form factor, tells us about the geometry of the 

Figure 4. Small angle x-ray scattering (SAXS) profiles for four different 

samples in the surfactant-water system at 93.3wt% water and varying 

membrane compositions. The two plots represent scattering profiles of the same 

samples in two different SAXS setups with overlapping q-ranges. For pure fatty 

alcohol samples (red; 0mol% CS), the SAXS profile shows very sharp peaks at 

high q, with lamellar spacings (phase labeled as LFA). A closer look at higher 

order peaks (inset) shows that this profile actually contains two sets of closely-

spaced peaks. This LFA phase persists in the low membrane charge density 

sample (yellow; 23mol% CS) in coexistence with a lamellar phase at low q 

(labeled Lβ*). At high membrane charge density (green; 90mol% CS), another 

lamellar phase exists at low q (labeled Lx). The Lx phase shows a new minimum 

around q~0.05 Å-1 (green arrow). The Lx phase coexists with sharp lamellar 

peaks at high q (001F), indicating a new lamellar phase (LFiber). LFiber is also 

found in the pure CS system (blue; 100mol% CS). For the samples containing 

Lβ* and Lx, form factor minima are visible at high q (black arrows), indicating 

membrane thickness. Background scattering (i.e., from quartz capillary, water, 

air) is shown at the bottom (dashed, black).  
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scattering object. Both Lx and Lβ* have form factor minima at high q (q ~ 0.25, 0.5; marked 

with black arrows) correlated to the thickness of the surfactant membranes ( = 2/q ~ 25-30 

Å). However, this new minimum, seen only in the Lx phase, corresponds to a length scale of 

2/q ~ 130Å, much too large to be associated with membrane thickness. Possible 

explanations for this minimum include: regularly-spaced pore-like structures within or 

between membranes, membranes formed of a sheet of discs with diameters of ~ 130Å, or 

onion-like domains (of thickness ~ 130Å) interspersed with excess water. Further analysis is 

already in progress to determine which model best fits the scattering profile of the Lx phase. 

Finally, for membranes with high CS content (shown here are 90 and 100 mol% CS; 

green and blue lines), we see sharp peaks at high q, indicating another highly-ordered 

lamellar phase with very close spacing. This phase, labeled LFiber, appears to be phase 

separated cationic surfactant in a highly-ordered, closely-spaced lamellar phase. 

WAXS measurements were also necessary to determine whether the four phases were 

chain ordered or chain melted. WAXS profiles for each of the four phases are shown in 

Figure 5. Both the LFA and LFiber phases (red and blue; composed of 0 or 100 mol% CS and 

93.3 wt% water, respectively) showed 4-5 sharp peaks in the q-range associated with the 

ordering of surfactant tails in membranes. This indicates crystalline ordering of the 

surfactant tails within the membrane. This is not unexpected given that we believe these 

phases are relatively pure FA or BTMS composition, either as a result of initial membrane 

composition or phase separation of these components into these crystalline phases. 
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The two intermediate CS:FA phases, Lx and Lβ* (yellow and green; composed of 23 or 

70 mol% CS and 90 wt% water, respectively), have fewer and much broader correlation 

peaks for the surfactant tails. This indicates that the membranes in these two phases do not 

have crystalline order. The two peaks for the Lβ* phase represent two length scales 

Figure 5. Wide angle x-ray scattering (WAXS) profiles of four lamellar 

phases. Samples were previously identified as being in the LFA, Lβ*, Lx, or Lfiber 

phases (red, yellow, green, or blue, respectively) and measured here. Lamellar 

peaks associated with inter-membrane ordering are seen at low q. At high q, 

between 1.2 and 1.9 Å-1, we see peaks corresponding to intra-membrane 

ordering, specifically the spacing between surfactant tails within the 

membrane. Magnifying this region of the graph (inset), 4-5 sharp peaks each 

are seen for the LFA and Lfiber  phases (red and blue), indicating crystalline 

arrangements of lipid tails. For the Lβ* phase (yellow), two closely-spaced peaks 

indicate a chain-ordered phase in either a tilted hexagonal, centered 

rectangular, or oblique phase (*, see diagrams below). The Lx phase (green) has 

only one relatively broad peak in this region, indicating a phase intermediate 

between chain-ordered and chain-melted ordering order. 
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associated with the surfactant ordering, indicating either a tilted hexagonal lattice or an 

oblique or centered rectangular lattice. This is in agreement with previous estimations of 

membrane thickness from SAXS profile minima:  ~ 25-30 Å. This is smaller than the 

thickness of two FA chains, meaning that the membrane must either be tilted or 

interdigitated (resulting in a lattice with centered rectangular or oblique order). The HWHM 

of the first Lβ* peak suggests a coherent domain size (L~1/HWHM) within the membrane of 

~56Å, or about ten neighboring surfactant molecules. 

The Lx phase has only one correlation peak in this region, suggesting a hexagonal or 

random close packed lattice. The Lx correlation peak is broader than that of the Lβ* phase, 

with a coherent domain size closer to ~20Å, or about five neighboring surfactant molecules. 

This suggests that while the surfactant tails are less ordered than in any of the other three 

phases, this is not a chain-melted membrane (which would have a coherent domain size of 4-

5Å, or one neighbor). 

Looking at the full range of samples along the CS:FA composition axis, we see that most 

samples have two coexisting phases (typically either Lx and LFiber or Lβ* and LFA; see Figure 

6A). In Figure 6A, we also see that the Lβ* phase persists from 10 to 80 mol% CS at 93.3 

wt% water, though the amplitude of the correlation peaks decreases for samples between 70 

and 80 mol% CS, indicated decreased ordering and coherent domain size. The LFA phase is 

very strong at 0 mol% CS, and weakly present from 10 to 60 mol% CS. This phase appears 

visibly as solid, white granules inside the translucent, viscous sample (for example, see Fig 

1C). All samples from 90 to 98 mol% CS show a coexistence of Lx and LFiber phases, with 

the LFiber signal highly variable in intensity (depending on CS content and the height within 

the sample, data not shown).  
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For samples above 90 mol% CS, the LFiber can be detected visually as an iridescent sheen. 

Under polarized optical microscopy (Figure 6B), we can see many birefringent, microscopic 

fibers in a dark, disordered background (likely excess water). Some longer fibers appear to 

be twisted, suggesting a cochleate-like morphology of flat membranes rolled and twisted into 

Figure 6. Characterization of nanostructure as a function of cationic 

surfactant content at 93.3 wt% water. (A) SAXS profiles for samples ranging 

from 0 to 100mol% CS (red to pink). The 002 peak is indicated with a dashed 

gray line. The green arrow indicates the minimum associated with the Lx 

phase. Arrows to the right of the plot indicate which phases are seen in the 

profiles, with most profiles showing evidence of more than one phase. (B) 

Polarized optical microscopy image of the LFiber phase (in the 100 mol% CS 

sample) showing birefringent microscopic fibers, indicating a high degree of 

lipid ordering. (C) Plot of lamellar spacing (“d”) versus mol% CS for each 

phase, with typical values shown on the right. Lamellar spacing is calculated 

using the position of the first lamellar peak, given by d=2/q001. LFA and LFiber 

spacings are shown in gray and green, respectively, while the transition from 

Lβ* to Lx (orange) is marked by a gray background. The LFA, LFiber, and Lx 

phases have nearly constant spacings, while the Lβ* phase shows a large range 

of spacing depending on CS content within the membrane. 
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a hollow tube.[8] Further studies into the structure of these fibers is forthcoming, potentially 

including freeze-fracture electron microscopy. 

Finally, the spacing of all of these phases, as indicated by d = 2/q001, is calculated for all 

membrane compositions at fixed water content (93.3 wt% water) in Figure 6C. The LFiber and 

LFA phases (green and gray lines) show constant spacing regardless of total sample 

composition. This agrees with the hypothesis that these phases occur as a result of phase 

separation of pure BTMS and FA, respectively, and have relatively constant membrane 

compositions (and, thus, constant lamellar spacing). This is also true of the Lx phase, which 

has a spacing that remains constant despite increasing CS:FA ratios likely because of phase 

separation of excess BTMS into the LFiber phase. For the Lβ* phase (orange line), we see a 

constant decrease in lamellar spacing with increasing mol% CS (and, presumably, membrane 

charge density). This continues into the Lx phase (orange line with gray background), which 

has a smaller spacing than any of the Lβ* samples measured. This is surprising, as we would 

expect that an increase in CS content would increase repulsion between the membranes, 

increasing lamellar spacing. While this effect could be partially explained by counterion 

condensation (as a result of higher membrane charge density), decreasing the effective 

surface charge of the membranes, or phase separation into the pure FA and BTMS phases, 

these effects are unlikely to fully explain this large decrease in spacing (by 190Å) over the 

CS range measured. Other possible explanations include the gradual formation of disc or 

pore-like defects with increasing CS, which could effectively decrease lamellar spacing by 

“storing” water in other volumes besides the space between lamellae. Further study of these 

nanostructures found here will be required to determine the cause(s) of this decrease in 

lamellar spacing.  
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In addition to varying the CS:FA ratio within the surfactant membrane, we also diluted 

samples with fixed CS:FA ratio in excess water. The SAXS profiles of the water dilution 

lines for fixed 23 and 70 mol% CS membranes are shown in Figures 7 and 8, respectively. 

 

 

 

 

 

 

 

 

Figure 7 shows the water dilution of surfactant membranes of intermediate charge 

density (23 mol% CS). The Lβ* phase is seen in Figure 7A for all water contents, from 40 to 

98 wt% water. The position of the first lamellar peak is marked with black diamonds, 

showing the monotonic decrease in q001-position (and corresponding increase in lamellar 

spacing) as water content increases. This increase is plotted in Figure 7B, again with the 

Figure 7. Characterization of nanostructure as a function of water content 

at fixed membrane composed of 23 mol% CS. (A) SAXS profiles for samples 

ranging from 40 to 98 wt% water (purple to red, top to bottom). First order 

peaks are indicated for each profile (black diamonds). As an example, peaks of 

80wt% water sample (green) are indexed to indicate higher order peaks. 

Lamellar spacing, as indicated by d=2/q001, are shown to the right of the plot. 

(B) Lamellar spacings (d) for this Lβ* phase are plotted versus wt% water. (C) 

Lamellar spacings (d) are plotted versus 1/ΦM, where ΦM is the volume 

fraction of membrane in the sample. A linear fit for low-water samples 

indicates pure one-dimensional (1D) expansion of a single lamellar phase, with 

fit values shown below. For moderate- and high-water samples, spacings fall 

below this line, indicating phase separation of excess water in a multi-phase 

system.  
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spacing indicated by d = 2/q001. For simple one-dimensional (1D) expansion of the lamellar 

phase, as one would expect for a single lamellar phase with increasing water content (as 

pictured in Figure 1A), we should see an inverse, linear relationship between lamellar 

spacing and the membrane volume fraction (d ~ 1/ΦM, for ΦM = membrane volume fraction). 

To visualize this, we plotted lamellar spacing against 1/ΦM for this water dilution line, as 

shown in Figure 7C. For the three samples with the lowest water content, we see a linear fit, 

as expected for pure 1D expansion of a single-phase system of 2D membranes. Above 80 

wt% water, the spacing falls short of the linear fit, indicating that excess water is phase 

separating into larger water pockets rather than continuing to fill the space between lamellae, 

making this a multi-phase system. These single- and multi-phase regions are indicated on the 

plot. Further, we fit the linear region of the plot to get further insight into the nanostructure 

of this lamellar phase. For simple, flat, 2D membranes in a lamellar structure, the 1D 

expansion would follow the equation: d = /ΦM, where  is the membrane thickness. 

However, this does not agree with the fit and our estimated values for membrane thickness 

( ~ 25-30 Å, based on minima in the SAXS profile and the length of the surfactant chains). 

Instead, this data appears to better fit the equation for more complex, modified lamellar 

structures, where d = /(ΦM/) and >1. This is another indication that our system contains 

more complex structures than flat, 2D membranes, potentially including pore- or disc-like 

defects. 



 

 172 

 

 

 

 

 

Finally, a water dilution line at high membrane charge density (70 mol% CS) is shown in 

Figure 8. We see that for low water content (<80 wt% water), the sample appears to be in the 

Lβ* phase. However, as water content is increased, the phase changes to Lx, as indicated by 

the appearance of the form factor minimum at q~0.05 (green arrow), which appears to 

persist through the highest water content measured (98 wt% water). This suggests that an 

increase in water content is resulting in a transition to a chain-melted phase. This is 

unexpected, as melting of surfactant chains within the membrane is something that we 

would generally see with a change in surfactant content or temperature, not water content. 

This could imply that intra-membrane ordering in this system is sensitive to a decrease in 

Figure 8. Small angle x-ray scattering profiles of samples as a function 

of water content at fixed membrane composition of 23mol% CS. SAXS 

profiles for samples ranging from 60 to 98wt% water (purple to red, top to 

bottom). A green arrow indicates the minima associated with the Lx phase. 

For samples below 80wt% water, the SAXS profile shows the Lβ* phase, 

while samples at 90wt% water and above show the Lx phase. 
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membrane interactions as water content and lamellar spacing increases, but the exact 

mechanism for the chain melting is not clear.  

Also of note is the disparity between the apparent phase for 70 mol% CS, 93.3 wt% 

water samples in the CS:FA line and the water dilution line, which were prepared separately. 

The water dilution line showed the Lβ* phase while the CS:FA line showed the Lx phase at 

this composition. The sensitivity of the phase to sample preparation has been noted and 

amended sample preparation methods have been implemented for all future studies. This 

phenomenon is still being studied, and we are not yet sure of the reason for this discrepancy. 

5.4 Conclusion 

In this work, we probed the nanostructure of this quaternary surfactant-water system as a 

function of the CS:FA ratio and water content, primarily using synchrotron x-ray scattering. 

We identified four different phases of varying micro- and nano-structures, often in 

coexistence with each other. In addition to showing different characteristic inter-membrane 

interactions and spacings, they also showed unique surfactant chain ordering within the 

membrane. Most interestingly, the Lx profile had a form factor minimum that suggested the 

presence of a new characteristic length scale associated with of the surfactant membrane. 

This, along with modified 1D expansion of the 23 mol% CS system at low water content, 

gives us reason to believe that this system does not always form simple, flat, 2D membranes. 

This will be a topic of future study, hopefully including additional nanostructure 

characterization using cryogenic or freeze-fracture electron microscopy. 

Another open question prompted by this study is the unexpected trend in lamellar 

spacing. The decrease in lamellar spacing with increased cationic surfactant content defies 

our expectations of increased repulsion, again implying the presence of a more complex 
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nanostructure and, likely, interesting effects due to salt and phase separation. Further 

examination of this phenomenon with microscopy and under various conditions (i.e., salt or 

osmotic pressure) is forthcoming.  

Overall, this study gave a lot of insight into the wide variety of nanostructures found in 

this quaternary surfactant-water system, even without exploring the third axis of FA 

composition (stearyl vs cetyl alcohol). This is a rich system with unique nanostructures that 

offers many options for further study. The use of these systems for application (i.e., hair 

conditioner) requires that future studies also consider the additional components added prior 

to consumer use, including preservatives, perfumes, and salt, with some of these studies 

currently ongoing.  
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Chapter 6 

Conclusions and future directions 

 

 

In this doctoral work, I sought to better understand the relationship between membrane 

composition, nanostructure, and interactions in two different systems. First, I focused on the 

optimization of CL-NA NPs for in vivo gene delivery by fine-tuning of the surface properties 

of NPs using specialty PEG-lipids.[1–3] The goal of my second project was to elucidate the 

effects of different compositional parameters on the nanostructure of surfactant-water 

systems for hair conditioner. Both projects have yielded a mine of information, 

demonstrating the complexity of membrane interactions in both systems. Both projects 

remain unfinished with future work ongoing or planned.  

6.1 Surface-Functionalization of Liposomal Gene and Drug Carriers 

We successfully used in vitro screening techniques (i.e., flow cytometry) to identify 

optimized CL-DNA formulations for in vivo tumor targeting.[2] Results of the 

biodistribution study were very promising but limited in scope due to the choice of cancer 

model (human gastric cancer with intraperitoneal delivery). Testing must continue in order 

to determine whether our formulation is suitable to systemic delivery with other cancer 

models (e.g., breast cancer). Testing is also ongoing to determine whether these methods and 

compositional trends translate to other related drug delivery systems, including cationic 

liposomes carriers for small-molecule hydrophobic drugs. The most important takeaways 
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from this study were the benefit of cyclic peptide ligands for increased binding and the 

importance NP surface charge in minimizing non-specific binding to biological molecules.  

In the following study, we looked at the relationship between endosomal trafficking and 

composition of NPs using confocal microscopy, endosomal labeling, and particle 

tracking.[1] We found that colocalization with the late endosome/lysosome pathway was 

positively correlated with transfection (successful delivery and expression of DNA cargo). 

We also saw that preferential trafficking down that pathway was correlated with higher 

membrane charge density. This implies that high NP surface charge is important for 

favorable interactions with endosomal membranes, the opposite of what made the best NPs 

for in vivo delivery (low surface charge).[2] Because of this disagreement, future work will 

need to reconcile those two requirements, likely through the use of ionizable lipids, which 

can change NP surface charge dependent on environment, or other non-electrostatic methods 

of inducing attractive interactions between NPs and endosomal membranes. 

In our third drug delivery study, we investigated the possibility of using non-electrostatic 

interactions to achieve favorable interactions with cellular membranes. To this end, our 

group developed several variations of a PEG-lipid with a distal hydrophobic moiety, 

allowing for membrane tethering (creating a polymer cross-bridge between membranes) 

based on hydrophobic interactions rather than protein-ligand binding. The study showed that 

these DEA PEG molecules could successfully tether membranes together, even in the dilute 

regime, and that by varying chemical structure and membrane composition, we could tune 

the strength and kinetics of membrane tethering. We saw that the addition of these DEA 

PEG-lipids to CL-NA NPs did influence binding and endosomal trafficking, but no 

conclusions were reached about whether these altered interactions would improve NA 
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delivery. Future studies will be needed to optimize the formulation of CL-NA NPs 

containing DEA PEG-lipids for NA delivery and expression. 

These three studies on characterization and surface functionalization of cationic 

liposomes for gene delivery applications demonstrate the incredible versatility and tunability 

of this drug carrier system. Novel PEG-lipids from the Safinya group allow us to both target 

specific tissues and exert some control over the strength and polarity of membrane 

interactions. Future work will continue on expanding the use of these molecules for small-

molecule drug delivery and in vivo gene delivery. 

6.2 Nanostructure Characterization of Surfactant-Water System for Consumer Beauty 

Products 

The final study included in this dissertation concerns a surfactant-water system relevant 

for consumer products, specifically hair conditioner. A simplified version of this system 

(without the preservative, perfumes, etc. included in the final consumer product) already 

shows a wide range of phase behavior. Interactions between membranes and between 

surfactant molecules within membranes resulted in unexpected phenomena, like a decrease 

in membrane spacing despite increased electrostatic repulsion and a new morphology 

associated with high charge-density membranes (as evidenced by the appearance of a new 

length scale). Future studies will hopefully identify this new morphology and explain the 

decrease in lamellar spacing. Studies are already in progress to look at the role of common 

small-molecule preservatives and model perfumes, with publication forthcoming. Overall, 

this system presents a unique opportunity to study phase behavior and unique nanoscale 

morphologies in a model surfactant-water system. 
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Overall, the two projects in this dissertation have proven the versatility and tunability 

of lipid- and surfactant-based systems. The easy compositional tunability and 

functionalization of lipid and surfactant membranes gives us sensitive control of inter-

membrane interactions and makes them an excellent candidate for many applications. 

Further, their ability to self-assemble into complex and hierarchical assemblies makes them 

a fascinating and convenient platform for both basic science and applied research.  
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