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Abstract 

 

Nanoparticles have demonstrated success in overcoming many barriers of 

therapeutic delivery. The advantages of these systems include increased drug loading, an 

ability to package poorly soluble and/or highly toxic drugs, and enhanced biodistribution 

compared to free drug. However, current nanoparticle-based therapeutics are hampered by 

low circulation half-life, burst release of drug and/or leakage, and off-target toxicity. A 

new class of nanocarriers attempts to address these issues by combining the advantages of 

two traditional systems: inorganic nanoparticles and liposomes. Nanoparticles enveloped 

in a lipid bilayer combine the monodisperse, pH and thermally stable, and inherent tracking 

capabilities of inorganic nanoparticles with the biocompatibility, long circulating half-life, 

and ability to deliver hydrophilic and hydrophobic molecules associated with liposomes. 

Anchoring the lipid bilayer into the nanoparticle surface further enhances these carriers by 

increasing membrane compatibility, stability and provides a sub-membrane space for 

therapeutic loading.  

This dissertation involves a detailed discussion on the design and self-assembly of 

tethered membrane nanoparticles (TMN) and their application within the field of drug 

delivery. TMN were comprised of a silica nanoparticle core to which lipopolymers were 

functionalized. The lipopolymers were composed of a polyethylene glycol (PEG) polymer 

chain and phosphatidylethanolamine lipid. These exterior facing, anchored lipids directed 

the self-assembly of a lipid bilayer onto the nanoparticle surface with liposomes serving as 
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the extraneous lipid source. By comparing the lipid concentration, hydrodynamic diameter 

and zeta potential, the amount of lipid needed to produce a stable, tethered bilayer 

membrane on the surface of a silica nanoparticle was determined to be a factor of 5:1 with 

regard to surface area of lipid to surface area of nanoparticle. Use of zwitterionic lipids 

reduced dependence on electrostatic interactions and membrane assembly formed via 

hydrophobic interactions and van der Waals attraction forces. Transmission electron 

microscopy images confirmed the presence of a supported lipid bilayer composed of three 

separate lipid formulations and encapsulation of 5(6)-carboxyfluorescein indicated a 15-

20% release of dye over the course of 6 days depending on bilayer intactness.  

Where possible, TMN were compared with the two traditional nanocarriers they 

were comprised of: silica nanoparticles and liposomes. Stability of each particle type was 

assessed in serum with TMN exhibiting greater stability over PEGylated silica. 

Macrophage uptake was used to examine the effect of lipid bilayer composition on 

expected circulation half-life. A PEGylated exterior was found to reduce TMN uptake by 

a factor of 13 – indicating the significant role a PEGylated exterior membrane can impart. 

Finally, TMN and liposomes loaded with doxorubicin were incubated with PC-3 prostate 

cancer cells. TMN exhibited similar toxicity to liposomal doxorubicin, demonstrating 

capability of the model system as a drug delivery paradigm. 

Next generation delivery vehicles have already begun utilizing cell membrane coats 

as a way to evade host defense mechanisms, such as the mononuclear phagocyte system, 

and to increase circulation residence times. However, these systems are currently limited 

by their simplistic fusion of the membrane onto nanoparticle surfaces. This significantly 

reduces the array of membranes that can be properly incorporated due to surface 
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interactions of the interior leaflet. The tethering technique developed herein provides an 

opportunity to enhance membrane environment recapitulation towards production of 

biomimetic drug carriers. 

This work advances current capabilities of supported membranes on colloidal 

systems and paves the way for further investigation into the fundamentals controlling 

bilayer assembly upon tethered nanoparticle cores. The versatility of the developed system 

is the hallmark of this research, and provides a platform from which to tailor nanoparticle 

properties for specific disease states, drug loading or release profiles, and unique shapes or 

porosities. Application of the developed model system has shown efficacy in drug loading 

and the treatment of prostate cancer. The simplicity in modification of the current platform 

and the significant potential of tailorable attributes hold promise for the future generation 

of targeted, biomimetic nanoparticle-based therapies. 
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Chapter 1: Introduction 

 

1.1 Introduction to Nanotechnology 

Nanotechnology is the engineering of functional materials with at least one 

dimension in the range of 1 to 100 nm, with 1 nm equating to 10-9 m.1 This nanoscale 

encompasses items that range from elements to bulk materials. In addition, nanotechnology 

involves the study of the formation of two and three dimensional assemblies of molecular 

scale building blocks into well-defined nanostructures or nanomaterials.2 This control of 

the fundamental molecular structure of a material yields control of the macroscopic 

physical and chemical properties of the bulk material.3 Research and application of 

nanotechnology has gained significant popularity in recent years with the advent of new 

manufacturing technologies and characterization techniques. Nanotechnology as a science 

encompasses a variety of fields including applications in energy4, catalysis5 and 

medicine6,7.  

1.2 Nanoparticles in Drug Delivery 

Nanoparticles have been sought after for their unique physical properties that include 

high surface area-to-volume ratios, quantum properties and their ability to adsorb and carry 

other compounds. Within the medical field, these properties can be combined to produce 

drug delivery vehicles. Composition of these vehicles can be of biological origin (e.g., 

phospholipids, lipids, dextran, chitosan) or more chemical in nature such as polymers (e.g., 

poly(lactic-co-glycolic acid), polyethylene glycol), metals or silica.8  
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Drug delivery vehicles are comprised of at least two components where one is the 

active pharmaceutical ingredient and the other augments and facilitates transport/delivery. 

In general, the primary goals of nanotechnology within drug delivery include (1) increasing 

specificity of drug targeting, (2) reducing toxicity and improving solubility, (3) increasing 

safety and biocompatibility, and (4) constant rate therapeutic delivery.8,9 Although 

nanoparticles provide many advantageous properties within drug delivery systems, there 

are still primary design challenges associated with engineering these carriers. These 

challenges include (a) drug incorporation and release, (b) formulation stability and 

circulation half-life, (c) biocompatibility, (d) biodistribution and targeting, and (e) 

functionality.8  

The challenges of engineering these carriers are addressed via one of two methods: 

a “top down” approach where smaller scale details are incorporated within a macroscopic 

material or a “bottom up” approach where molecular structures are designed and 

synthesized to produce self-assembling macroscopic materials.3 The top down approach is 

commonly used within the semiconductor industry through photolithography. This leads 

to the production of a macroscale material that has had nanostructured functionality added. 

The bottom up approach utilizes nanostructure building blocks to assemble a final 

structure. Within the realm of nanoparticles designed for drug delivery, a bottom up 

approach is typically pursued. Here, nano-sized starting blocks such as phospholipids or 

molecular species are incorporated to produce a structure capable of delivering 

therapeutics. 

Self-assembly is a large component of the bottom up approach. Self-assembly is 

defined as “a process in which supramolecular hierarchical organization is established in a 
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complex system of interlocking components.”10 This process is composed of competing 

molecular interactions that include hydrophobic interactions, van der Waals forces, 

hydrogen bonding and electrostatic interactions. These interactions have been harnessed 

for the synthesis of solid nanoparticles, assembly of lipid bilayers and the synergism of 

these two systems towards the production of an enhanced drug delivery vehicle. 

1.3 Supported Membranes on Nanoparticles 

The application of nanomaterials in medicine first showed great success in the 

treatment of cancer. One of the reasons for this success was through the manipulation of 

multiple targeting strategies nanoparticles offer scientists. The first generation of targeting 

took advantage of the enhanced permeability and retention (EPR) effect to preferentially 

localize the nanoparticles (and thus the therapeutics) to tumor sites. This passive targeting 

strategy was later enhanced via the attachment of ligands to the surface of particles that 

specifically bind to target cells. This active targeting strategy opened the door for 

nanoparticle delivery to disease states where the EPR effect does not exist.11 

One of the challenges of nanoparticle drug delivery remains opsonization and 

clearance. Many strategies have been explored to overcome this barrier but none has been 

as successful as the attachment of polymeric materials to the exterior of nanomaterials. 

This attachment led to greater residence times and biodistribution in vivo. Originally, it was 

believed that this additional polymer layer prevented protein adsorption (a host response) 

but recently was found to only alter the makeup of the protein corona adsorbed. This 

understanding has led to attempts at predicting the kinds of protein coronas that form on 

nanoparticle surfaces upon injection and even utilizing this knowledge to direct delivery.12  
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These targeting strategies represent a broader trend in the field of drug delivery 

(and others, including tissue engineering, implantable devices, etc.) of attempting to mimic 

the in vivo environment. Supported membranes on nanoparticles represents the next step 

in this broader, growing trend of taking cues from nature to develop better delivery 

systems. Revisiting the attachment of polymers to nanomaterial surfaces, Schlenoff13 has 

described a similar (albeit shortsighted) trend as “zwitteration.” Zwitteration refers to the 

attachment of species that reduce or prevent nonspecific adsorption in vitro or in vivo. 

Often, zwitteration is carried out by the attachment of polysaccharides, polymers (PEG), 

acrylamides and lipid monolayers or bilayers.13 These materials all have similar properties 

in that they are usually neutral or weakly negative in charge and well hydrated. The general 

idea is to mimic the properties of cellular membranes. Cellular membranes were found to 

be rich in zwitterion head groups, such as phosphatidylcholine, with the balance made up 

of neutral and anionic phospholipids.14,15 Most of these zwitterionic phospholipids were 

found to reside on the external leaflet of the lipid bilayer. This unique observation is one 

that can have dramatic impact on drug delivery systems. For example, a wide variety of 

synthetic phospholipids are available today. This variety permits investigation of various 

formulations to produce the most desirable nanoparticle/liposomal delivery system. 

However, some phospholipids have been found to yield unique results in vivo, such as 

phosphatidylserine. Phosphatidylserine produces an apoptotic “eat me” signal when 

expressed from a cell.16 Thus, the inclusion of this lipid within a drug delivery system could 

lead to deleterious effects. This example highlights the importance in utilizing biological 

understanding in combination with materials and engineering to develop advanced drug 

delivery platforms. 
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Encapsulation of nanoparticles within a membrane bilayer is being investigated as 

a means to combine the advantages of traditional drug delivery systems as well as address 

their drawbacks. The solid nanoparticle core provides stability and morphology to the 

construct, while the membrane bilayer provides biomimetic properties. These biomimetic 

properties have been shown to enhance stability of the base colloidal particles, prevent 

nonspecific adsorption to cancer cells and enhance pharmacokinetics and targeting in 

vivo.17–19 These reports demonstrate the advantages of bilayer membranes on nanoparticles 

in their most simple configuration and sets the stage for the investigation of tethered bilayer 

membranes upon nanoparticles. 

1.4 Summary of Chapters 

The following chapters focus on two primary areas related to tethered bilayer 

membranes on nanoparticles: a) process development and b) application. Chapter 2 

introduces the background knowledge of nanoparticle self-assembly, nanomaterial 

characteristics and supported lipid bilayers necessary to fully understand the TMN 

constructed. The development of an experimental method to produce tethered bilayer 

membranes on nanoparticles is described and characterized extensively within Chapter 3. 

To our knowledge, this represents the first experimental approach in producing TMN. 

Chapter 4 focuses on the application of the TMN as a drug delivery vehicle. This 

application includes characterization of these particles within an in vitro environment, the 

effect of varying surface characteristics on nanoparticle clearance and comparison to 

liposomal carriers in the delivery of a chemotherapeutic to PC-3 prostate cancer cells. The 

effect of nanoparticle toxicity is explored in Chapter 5 and future directions of the TMN 

are developed in Chapter 6. 
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Chapter 2: Background 

 

2.1 Production of Silica Nanoparticles 

Silica nanoparticles have been studied widely as therapeutic delivery vehicles 

because of their biocompatibility as well as their chemical and thermal stability. In 

addition, silica nanoparticles have excellent optical properties, very tight size distributions 

and controllable porosity. Silica nanoparticles can be classified as either porous or 

nonporous. There have been many studies on the use of both types of particles for drug 

delivery applications.20 Many of the silica nanoparticle properties can be tailored based off 

of selection and control of the synthesis technique utilized for manufacture. The diagram 

in Figure 1 shows the two types of silica nanoparticles used in drug delivery and some 

typical modifications. 
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Figure 1. Mesoporous (left) and solid (right) silica nanoparticles with common drug 

delivery modifications. 

Silica nanoparticles can be produced via flame synthesis, chemical vapor 

deposition, and sol-gel methods.21 The sol-gel method can be further subdivided into 

microemulsion and solution systems. Microemulsion methods utilize surfactant-mediated 

conditions to control the diffusion rate of reagents into the micron-sized micelle batch 

reactors. Microemulsion techniques add complexity to the reaction conditions and require 

further processing steps to remove the surfactants from the final products.22 Solution 

systems are single, simple mixtures of reagents without additional surfactants. They are a 

uniform phase of the four commonly used reagents for silica sol-gel production: 

alkoxysilanes such as tetraethyl orthosilicate (TEOS), a short chained alcohol (e.g., 

methanol or ethanol), water and an acid/base catalyst. Modulation of these reagents in 

solution have been found to influence size of the resulting particles.23 
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2.1.1 Sol-gel Synthesis of Silica Nanoparticles 

The sol-gel method is the most commonly used technique for making nanoparticles 

for drug delivery applications. Sol-gel processing is a chemical synthesis approach utilizing 

chemical precursors that form into nanoparticle sols and are arrested before going on to 

form monolithic gels. It was made famous when Stöber demonstrated production of silica 

nanoparticles with controlled size in 1968.24 This led to the term “Stöber method” being 

coined to describe sol-gel synthesis of silica particles. Since then, it has been studied 

widely, however, an exact understanding of the mechanisms at hand elude development of 

hard and fast rules of production.20 Nevertheless, general reaction mechanisms are well 

known and these include the hydrolysis of the alkoxysilanes (TEOS) and the 

polycondensation of silanol groups to form siloxane bonds (Si-O-Si) that make up the 

nanoparticles.  

Hydrolysis of TOES: 

𝑆𝑖(𝑂𝐶2𝐻5)4 + 4𝐻2𝑂 
𝑆𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛 𝑖𝑛 𝐸𝑡ℎ𝑎𝑛𝑜𝑙
→                  𝑆𝑖(𝑂𝐻)4 + 4 𝐶2𝐻5𝑂𝐻 

Polycondensation of Si(OH)4: 

𝑆𝑖(𝑂𝐻)4 + 4𝐻2𝑂 
𝑆𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛 𝑖𝑛 𝐸𝑡ℎ𝑎𝑛𝑜𝑙
→                  𝑛𝑎𝑛𝑜 − 𝑆𝑖𝑂2(𝑆𝑜𝑙) + 2𝐻2𝑂  

In general, the reactions can be acid or base catalyzed. Base catalyzed reactions 

produce nanoparticles that are considered “Stöber” particles and are stable against 

transitioning into the gel phase.25 At pH values below 2, condensation of polydisperse 

higher-order polymer/particles leads to gelation. Base catalysis promotes crosslinking and 

yields branched polymers which forms mesoporous particles. Whereas, acid catalysis 

promotes hydrolysis and end-chain condensation which produces microporous gels.26 



9 

 

Additionally, porous particles can be achieved via the introduction of an amphiphilic 

molecule during reaction such as cetyl trimethylammonium bromide (CTAB).27–29 

The sol-gel process can be simply described as a colloid with respect to nanoparticle 

production. A colloid is a suspension in which the suspended phase is dominated by short 

range forces such as van der Waals and electrostatic interactions and the forces of gravity 

are considered negligible. Upon mixing, the reagents in solution undergo nucleation 

following the LaMer theory.30 This leads to the production of very small silica 

nanoparticles dispersed throughout the solution. A sol is simply a colloidal suspension of 

nanometer sized particles in a solvent.25 The steps after nucleation are a little less clear 

with two models proposed: monomer addition and controlled aggregation. 

2.1.2 Theories of Silica Nanoparticle Formation 

Initially, it was believed that the sol-gel production of silica nanoparticles behaved 

more like a polymerization reaction after initial nucleation. Under this polymerization 

theory, silica precursor in the form of TEOS behaves like a monomer that becomes 

hydrolyzed and is then added to the growing chain via a condensation reaction.25 This 

monomer addition would continue until the sink of monomer was used up and the resulting 

solution would be a colloidal suspension of silica nanoparticles. In addition, Ostwald 

ripening was used to explain the consumption of smaller particles by larger particles, 

producing more uniform size distributions.31 

More recently, utilizing state of the art characterization techniques such as 

cryogenic electron microscopy, the controlled aggregation theory has been formed that 

perhaps better explains some of the morphological characteristics commonly associated 

with silica particles including their pores.31 This theory suggests that upon addition of silica 
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precursor to the solution, nucleation occurs as previously believed, producing 

approximately 2 nm sized “primary” particles. These primary particles go on to associate 

and aggregate, forming assemblies around the size of 5.1 nm. Upon association, the 

primary particles compress and are reduced in size to around 1.3 nm. The associated 

particles (5.1 nm in size) continue to grow with the addition of primary particles until the 

sink of primary particles is depleted. The sink of primary particles is depleted once the sink 

of TEOS has been exhausted. 

This more recent observation in combination with gas adsorption analysis is 

believed to have led to a more coherent understanding of where the pores within these 

particles are derived. As the primary particles continue to build onto the larger, growing 

particles, attachment of these two species prevents complete association. This incomplete 

attachment leaves void space between associated particles which produces pores. 

Processing after production can further enhance access to these pores. Washing steps that 

include water rather than alcohols can hydrolyze remaining alkoxy groups that would 

otherwise plug and clog surface access of the pores.31,32  

Produced silica nanoparticles are modified easily with more useful surface groups 

for drug delivery applications. This includes the attachment of surface amine groups via 

addition of alkoxysilane molecules that contain a primary amine such as (3-

aminopropyl)triethoxysilane (APTES).33 APTES takes advantage of the same base 

catalyzed hydrolysis and condensation reactions to form siloxane bonds on the surface of 

the particles. Amine surface coverage permits simple amide bond formation within neutral 

pH or organic conditions.34 Functionalization of other species such as drug or polyethylene 
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glycol can be carried out via simple N-hydroxysuccinimide (NHS)/1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) chemistry.35–37 

2.2 Liposomes 

Liposomes were first discovered by Alec Bangham in 1964 while examining 

phospholipids under an electron microscope.38 Since their discovery, liposomes have been 

highly studied as model biological membranes as well as drug delivery vehicles for both 

hydrophilic and lipophilic compounds. Liposomes are comprised of phospholipids that 

self-assemble into lipid bilayers. This self-assembly encapsulates an aqueous volume, 

providing a lipophilic region within the membrane bilayer and a hydrophilic region within 

the core of the vesicle. Figure 2 shows a two-dimensional graphical representation of a 

liposome in an aqueous environment. 

 

Figure 2. Diagram of a unilamellar liposome and common drug delivery modifications. 

  

Liposomes provide a biocompatible and biodegradable platform that has yielded 

clinically approved drug formulations in the US and aboard. Doxil (1995), liposomal 

doxorubicin, was the first clinically approved liposomal formulation for use in treating 
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Kaposi’s sarcoma.39 There have been several other liposome-based drugs approved since 

Doxil with more in various stages of clinical trials.40   

2.2.1 Phospholipids 

Phospholipids are the main components of cell membranes, allowing them to be 

found widely throughout animals and plants. Phospholipids are amphiphilic in nature, 

exhibiting both a hydrophilic head group and a hydrophobic or lipophilic tail. These 

distinct features are commonly linked via a glycerol backbone. Figure 3 shows a diagram 

of a typical phospholipid. Their polar head groups can be zwitterionic, charged (both 

cationic and anionic), and/or non-charged polyhydroxylated moieties. These 

polyhydroxylated lipids maintain a polar head group via hydroxyl groups that can form 

hydrogen bonds with water.41 

Phospholipids can have either one (lysophospholipid, monoglyceride) or two 

(diglyceride) fatty acid chains attached to the glycerol backbone. These fatty acid chains 

can range from eight to twenty-four carbons. In addition, they can be fully saturated or 

unsaturated with one to four double bonds. The most commonly found saturated fatty acids 

within natural membranes are myristic (C14), palmitic (C16) and stearic (C18), while the 

most prominent unsaturated fatty acid is oleic acid (often believed to provide health 

benefits).41,42 Unsaturated fatty acids can have either cis or trans double bonds. The cis 

double bond can produce a bend of up to 30° and the trans configuration has a similar 

structure to that of saturated fatty acids. 
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Figure 3. Phospholipid structure. 

Phospholipids can be obtained from natural or synthetic origins. Natural 

phospholipids for production are often obtained from soybean and egg yolk sources, with 

notable differences in individual phospholipid yield with each source.43 Typically, the cost 

of natural phospholipids increases with increased purity.44 Natural phospholipids have a 

low inherent toxicity, are biologically inert and weakly immunogenic; however, parenteral 

and enteral administration requires chemically defined phospholipids for federal regulation 

reasons.43,45 Thus, synthetic phospholipids are often chosen for biomedical applications. 

Phospholipids can be synthesized via semisynthetic and fully synthetic methods. 

Semisynthesis involves the changing of head and/or tail groups from a natural phospholipid 

precursor.46 Total synthesis involves a complete formation from precursor molecules that 

often produces racemic mixtures that are known to have different physical properties 

(thermotropic) but have not shown any significant behavioral differences within 

liposomes.41 Available methods are able to completely chemically synthesize any 
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phospholipid; however, the reaction sequences can be quite complex and produce an end 

result that is rather expensive.43 Table 1 includes some of the commonly used 

phospholipids in drug delivery and their abbreviations.46 

Chemical stability of phospholipids is predominately linked to the fatty acid chain 

structure. Hydrolysis and oxidation are the most common degradation pathways for 

phospholipids. Oxidation is typically associated with unsaturated fatty acids, whereas 

hydrolysis can affect all phospholipids. Hydrolysis results in the breakage of a fatty acid 

from the glycerol backbone, ultimately leading to two individual fatty acid chains, a polar 

head group and a free glycerol. The rate of hydrolysis is much slower than that of oxidation 

and particularly slow at low temperatures while exhibiting a strong pH dependence.  

Table 1. Abbreviations and phase transition temperatures (TC) of commonly used 

phospholipids.46 

Phospholipid Abbreviation TC (°C) 

Soybean phosphatidylcholine SPC -20 to -30 

Egg sphingomyelin HSPC 52 

Egg phosphatidylcholine ESM 37 

Dimyristoyl phosphatidylcholine EPC -5 to -15 

Dipalmitoyl phosphatidylcholine DMPC 23 

Dioleoyl phosphatidylcholine DPPC 41 

Distearoyl phosphatidylcholine DOPC -22 

Dimyristoyl phosphatidylglycerol DSPC 55 

Dipalmitoyl phosphatidylglycerol DMPG 23 

Dioleoyl phosphatidylglycerol DPPG 41 

Distearoyl phosphatidylglycerol DOPG -18 

Dimyristoyl phosphatidylethanolamine DSPG 55 

Dipalmitoyl phosphatidylethanolamine DMPE 50 

Dioleoyl phosphatidylethanolamine DPPE 60 

Distearoyl phosphoethanolamine DOPE -16 

Dimyristoyl phosphatidylserine DSPE 74 

Dipalmitoyl phosphatidylserine DMPS 38 

Dioleoyl phosphatidylserine DPPS 51 
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Oxidation is a radical reaction which results in the breakage of chains or peroxide 

formation in the presence of adjacent double bonds. Oxidation is often caused by oxidants, 

sonication and free radicals. Sonication at low temperatures and within an inert 

environment can often prevent oxidation. Oxidation can also be prevented by forgoing the 

use of unsaturated lipids, storage within oxygen-free environments, at low temperatures, 

and shielded from light (photoionization). A yellow color is often observed in formulations 

containing amine groups in which oxidation has occurred.41 

2.2.2 Liposome Classification 

Liposomes are classified based on the number of bilayer membranes they 

encompass as well as their general size. Liposomes can be classified as multilamellar 

vesicles (MLV) when they contain more than one bilayer membrane and unilamellar 

vesicles (ULV) when they are composed of a single membrane. ULVs can be further 

delineated into small unilamellar vesicles (SUV), large unilamellar vesicles (LUV), and 

giant unilamellar vesicles (GUV). SUV are typically less than 100 nm while LUV are 

between 100 and 1000 nm in size. GUV are considered anything greater than 1000 nm. 

Multivesicluar vesicles (MVV) are vesicles in which smaller vesicles are encapsulated.47 

Figure 4 shows the common size and lamellarity classification system. Bilayer membrane 

size is highly dependent upon the state of the lipids but in general can be approximated to 

around 5 nm in width.48 
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Figure 4. Liposome size and lamellarity classification. 

 

2.2.3 Polymorphic Structure of Liposomes 

Phospholipids are amphiphilic in nature, exhibiting both a hydrophilic head group 

and a hydrophobic or lipophilic tail. These structures self-assemble into lipid bilayers upon 

introduction to an aqueous environment. Properties of the formed lipid bilayers are 

functions of temperature, pressure, phospholipid structure, incorporated species (e.g., 

cholesterol) and buffer conditions.41 Membrane fluidity is a function of temperature, with 

the bilayer capable of maintaining three states: a gel phase (Lβ’), a ripple phase (Pβ’) and a 

liquid crystalline phase (Lα). The temperature at which this change occurs is termed the 

transition temperature which represents the median between a lipid bilayer gel phase and 

the fluid phase. In the liquid phase, the phospholipid tails are all disordered and in the gel 

phase they are all ordered and tilted. The ripple phase is characterized by a microphase 

separation of domains in which there exists portions of the bilayer that are thick (ordered 

lipids) and portions where the bilayer is think (lipids disordered).49 The ripple phase is 

typically associated with the pretransition of phospholipids.50 
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Bilayers within the gel phase are considered solid and less permeable as a result of 

closely ordered side-to-side packing. This leads to both short-range order and long-range 

order. Within the liquid crystalline state, there is both long-range order and short-range 

disorder. These features are associated with the overall bilayer structure being conserved 

but with movement of the acyl chains. Bilayer thickness in the gel phase is maximal around 

5-5.5 nm and phospholipid cross-sectional surface area is minimal around 4-4.5 nm2, 

whereas within the liquid crystalline state the bilayer thickness is minimal around 4-4.5 nm 

and cross-sectional surface area is maximal at 6-7 nm2. This is a result of maximal acyl 

chain interaction and extension within the gel phase and greater intra- and intermolecular 

motion in the liquid crystalline state.51 

These interactions can be enhanced or augmented via the inclusion of cholesterol 

within the liposomal formulation. Cholesterol affects the transition by altering the normal 

packing of the acyl chains and disrupting the ordered array of hydrocarbon chains in the 

gel state. The presence of cholesterol inhibits acyl chain motion above the transition 

temperature and reduces the area per lipid, affecting the liquid crystalline state.49 Increasing 

concentration of cholesterol effectively yields a broadening of the thermotropic 

transition.41,51 It is worth noting that incorporation of hydrophobic drugs within the 

formulation has a similar effect on the membrane stability and phase behavior.48 

2.2.4 Hydrophobic Assembly 

Phospholipids can exhibit polymorphism in an aqueous environment. The exact 

phase is dependent on the chemical makeup of the phospholipid (i.e., head group, 

hydrocarbon chain length and unsaturation) ionic strength of the buffer, pH, temperature, 

and the presence of divalent cations such as calcium.46 To describe the potential structures 
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that phospholipids can form, it is necessary to develop a thermodynamic background 

regarding the forces that drive these interactions. To better understand phospholipid 

interactions it is best to begin with simple lipid structures and move on to amphiphilic 

molecules. 

The major thermodynamic force that stabilizes lipid aggregates is the hydrophobic 

force.52 The hydrophobic force is a result of constraints placed on water molecules as they 

pack around a nonpolar hydrocarbon. The thermodynamic costs can be used to determine 

whether specific processes will occur, and can be quantified in terms of free energy, ∆𝐺. 

In the case of lipid solvation within an aqueous environment, ∆𝐺 represents the reversible 

work for the solvent to reorganize and solvate the solute.53 This reversible work is 

comprised of enthalpic and entropic components 

 ∆𝐺 = ∆𝐻 − 𝑇∆𝑆 (1) 

where ∆𝐻 represents the average potential energy of interaction between molecules and ∆𝑆 

is a measure of intermolecular correlations. A system is said to be enthalpically driven if 

the process involves significant changes in the number of molecular interactions – such as 

the breaking of hydrogen bonds when forming a liquid-vapor interface. Whereas the system 

is entropically driven if the process requires significant spatial organization (order) of 

hydrogen bonding patterns.53  

The hydrophobicity of a solute can be enumerated by measuring the equilibrium 

distribution of the solute within two solvents such as water and hexane. This measure can 

be expressed as 
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𝐾 = 

[𝑋]𝐻2𝑂
[𝑋]𝐻𝐶

 
(2) 

where [𝑋]𝐻2𝑂 is the mole fraction solute in the water and [𝑋]𝐻𝐶 is the mole fraction of 

solute in the hydrocarbon.52 In addition, the standard free energy of transfer of a lipid from 

a hydrocarbon into water is given by 

 ∆𝐺𝑡𝑟𝑎𝑛𝑠
° = −𝑅𝑇𝑙𝑛𝐾 = (𝜇𝐻2𝑂

° − 𝜇𝐻𝐶
° ) (3) 

where ∆𝐺𝑡𝑟𝑎𝑛𝑠
°  is the standard state free energy which can be equated as a measure of 

hydrophobicity.52 Hydrophobicity has been shown to be proportional to the surface area of 

contact between the nonpolar solute and water52, however, this has not always been shown 

to be experimentally accurate.53 For large molecules, such as long chain alkanes, this 

hydrophobic effect has been found to be greater. For every increase in chain length of 

straight chain alkanes with two methylenes, the equilibrium constant has been found to 

change by a factor of ten in favor of a hydrophobic solvent.52,54 Thus, a highly hydrophobic 

molecule (such as a lipid molecule) has a finite solubility within water, beyond which leads 

to the production of a second phase. 

When examining amphiphilic molecules such as sodium dodecyl sulfate (a 

common detergent), this secondary “phase” forms as aggregates termed micelles. These 

micelles are dispersed throughout the solution rather than separating into two distinct 

phases. The point at which these globular aggregates form is termed the critical micelle 

concentration (CMC).52 This CMC can be thought of as a solubility limit for the monomeric 

(one unit) form of the molecule. Increases in concentration of the monomer simply leads 

to an increase in the production of micelles throughout the suspension. Other amphiphilic 
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molecules such as phospholipids form similar globular structures, where phospholipids 

form into bilayers.54,55 The CMC for phospholipids is less than 10-10 M.56 This means, for 

practical purposes, that the concentration of single, monomeric phospholipids in solution 

is negligible.52 It is worth mentioning that the hydrophobic force is not the only force that 

stabilizes lipid aggregates, but also van der Waals forces (close proximity, weak attractive 

forces between adjacent carbon chains) and hydrogen bonding (between polar headgroups, 

such as phosphatidylethanolamine). 

At equilibrium, a solution of amphiphilic species may contain a distribution of 

monomer species and aggregates. This allows the chemical potential for either form to be 

written as  

 
𝜇𝑁 = 𝜇𝑁

° +
𝑘𝑇

𝑁
ln (
𝑋𝑁
𝑁
) 

(4) 

 

where 𝑋𝑁 is the mole fraction of amphiphile in the aggregated species with N molecules,  

𝜇𝑁
°  is the standard state chemical potential of species, k is the Boltzmann’s constant and T 

is temperature.52,55 This system can be simplified by assuming that there is only one form 

of aggregated species that can form (N = M) in equilibrium with the monomeric species. 

At equilibrium, the CMC can be equated to XCMC = X1 = XM
52,57

 

 𝜇1 = 𝜇𝑀 (5) 

thus 

 
𝜇1
° + 𝑘𝑇𝑙𝑛(𝑋𝐶𝑀𝐶) = 𝜇𝑀

°
𝑘𝑇

𝑀
ln (
𝑋𝐶𝑀𝐶
𝑀
) 

(6) 
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simplifying to 

 ∆𝐺𝑚𝑖𝑐
° = (𝜇𝑚𝑖𝑐

° − 𝜇1
°) = 𝑘𝑇𝑙𝑛𝑋𝐶𝑀𝐶 (7) 

This relationship shows that with a more negative ∆𝐺𝑚𝑖𝑐
° , the 𝑋𝐶𝑀𝐶 decreases. This 

correlates physically with more hydrophobic molecules aggregating at a lower CMC.44,52 

Using geometry, it is possible to develop a correlation that relates preferred 

molecular packing with possible aggregate structure formation. The terms of consideration 

are the optimal surface area occupied by the polar head group, S0; the maximum length of 

the acyl chains of the amphiphile, l; and the molecular volume of the hydrocarbon region 

of the amphiphile, v. The parameter (𝑣/𝑙𝑆0) can be used to estimate which micelle 

formation will be dominate for a particular amphiphile.52 The three most common micellar 

forms are spherical, rods and cylinders, and bilayers. Spherical micelles are predicted when 

the parameter is less than 1/3, cylinders between 1/3 and ½, and bilayers around 1.57 Above 

1, the polar head groups are small and form what is known as an inverted hexagonal phase, 

HII. Table 2 correlates this critical packing parameter with the expected phase behavior of 

a membrane lipid.46,52 
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Table 2. Polymorphic phases, molecular shapes, and molecular packing parameter of 

phospholipids. Adapted from ref 46 and 52. 

 

 

2.3 Supported Lipid Bilayers 

Scientists have always been intrigued by biological systems given their complexity 

and efficiency with handling intricate tasks. This fascination has extended to cell 

membranes. Cell membranes have been recognized for their significant restriction of 

specific compounds and efficient separations.58 Supported phospholipid bilayers have been 

used as model cell membranes since their discovery in 1965.59 These supported membranes 

have gained significant interest since their inception for their ability to immobilize proteins 

under nondenaturing conditions, the potential to produce ultrathin high-electric-resistance 

layers on conductive surfaces and the incorporation of receptors into the insulating layers 

for the production of biosensors.60 In addition, phospholipid bilayer membranes have been 

the most commonly used cell-surface model and have provided insight into immune 
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reactions and cell adhesion.61 The foundation of knowledge and characterization 

techniques developed for supported lipid bilayers stems from the early work attempting to 

recapitulate the cellular membrane environment. Scientists today are exploiting the 

methods and fundamentals from these studies to further understanding of cellular 

membrane interactions and applying membranes for the production of sensors and drug 

delivery systems. 

2.3.1 Types of Supported Lipid Bilayers 

Since their introduction more than 30 years ago,59 supported lipid bilayers (SLB) 

have been of great interest in studying membrane dynamics,62 for use as biosensors,63 and 

more recently as drug delivery vehicles.64 Much of the work associated with SLB has been 

conducted on two-dimensional planar surfaces. Initial focus was on recapitulating the 

cellular membrane environment to study membrane structure,65 membrane dynamics66 and 

lipid-protein interactions.67 This initially led to the development of three distinct types of 

SLB as envisioned by Sackmann60 and depicted in Figure 5: (i) bilayers where the inner 

monolayer is covalently or ionically fixed to the substrate, (ii) SLB separated from the 

substrate by an ultrathin water film or a (iii) polymer cushion. These three categories were 

later expanded to include a fourth type of SLB where the membrane is separated from the 

substrate via a tethered polymer-support.68 

 

Figure 5. The three most commonly studied types of supported bilayers (left) water, 

(middle) polymer, and (right) polymer tethered. 
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Each category of SLB consists of advantages and disadvantages that have been 

explored. Categories (i) and (ii) provide the simplest mechanism for production, which are 

often driven by charge-charge interactions between the phospholipid head groups and the 

substrate. This interaction leads to a water layer separating the bilayer from the solid 

substrate that is near 30 angstroms in width.69 This limited separation between the SLB and 

the solid substrate is sufficient for mobility of the lipids in both leaflets of the bilayer but 

the exposed substrate has been found to interact with integral membrane proteins, 

inhibiting their lateral movement and providing a source for denaturation.70,71 Addition of 

a polymer cushion, category (iii), has been shown to decrease frictional drag between the 

bilayer and solid substrate72,73 and led to a molecular ordering of the lipids identical to 

multilamellar bilayer vesicles.74 

Goennenwein et al.75 found significant differences between human platelet integrin 

receptors incorporated within supported membranes separated from the solid substrate with 

water and those on a cellulose film. The study found a 3-10 fold higher adhesion free 

energy when using the cellulose supported bilayers over the bare substrates.75 However, 

bilayers formed on polymers are often patchy and exhibit numerous defects. To address 

these defects, an additional category of SLB was formed: (iv) tethered supported lipid 

bilayers (tSLB), also known as tethered bilayer membranes (tBLM). tSLB utilize an anchor 

molecule that extends between the substrate and the lipid bilayer. This anchor molecule is 

often a polymer and is chemically grafted on one end to a phospholipid on the inner leaflet 

of the bilayer and to the solid substrate on the other. tSLB were found to maintain their 

fluidity and showed improved homogeneity.76 Additionally, tSLB demonstrated an ability 
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to “heal” small defects more readily than SLB on glass77 but were found to exhibit 

restricted protein diffusion coefficients.76,77 

Categories (iii) and (iv), polymer cushions and tethers, are believed to mimic 

features of the extracellular matrix. This matrix provides support and helps to maintain 

distance between cells in vivo (10-100 nm).78 A few properties of polymer cushions have 

been deemed important in successfully producing polymer supported bilayers and it is 

believed that similar principles should be extended to tethered systems. First, the polymer 

chosen should maintain compete wetting between the membrane-polymer interface and the 

polymer-substrate interface.79 This prevents the process of dewetting, where the formation 

of droplets can lead to destabilization and degradation of the membrane. Dewetting 

between the polymer and substrate surface can be avoided by grafting the polymer to the 

solid substrate – an advantage of tethered systems. In addition, the membrane-polymer 

interaction should be repulsive to prevent any dewetting.78,80 This kind of dewetting can 

lead to areas where the membrane has adhered to the polymer cushion. Areas of adherence 

cause a decrease in lateral diffusion of lipids and proteins in the membrane as well as 

decreased overall stability.81 

Tethered systems provide unique control over the substrate-membrane distance and 

lateral density of functionalized tethers can be used to control viscosity of the polymer 

cushion. These factors can have a direct impact on the interaction with proteins in the 

bilayer.78 This is unique compared to polymer cushions where the density is simply a 

function of the polymer support. tBLM can be supported by a variety of polymers that 

include poly(ethyleneoxide), oligo(ethyleneoxide), or poly(ethylene glycol).82 Some 

studies have utilized block copolymers rather than lipopolymers in order to reduce the 
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complexity of the system.83 This granular manipulation of the amphiphilic molecule and 

the macromolecular spacer permits greater control over the system than supported bilayers 

in categories (i), (ii) or (iii).   

2.3.2 Techniques for Supported Bilayer Membrane Formation 

The vast amount of knowledge associated with lipid bilayer formation extends from 

studies conducted in two dimensional planar systems. Their formation has been explored 

with many different kinds of solid substrates. These surfaces have been characterized as 

smooth, clean and hydrophilic and include silica, mica, titanium dioxide, gold, silver and 

platinum.84,85 Three traditional methods of formation have seen widespread adoption, while 

newer techniques remain to be validated. These newer methods include freeze-thawing,86 

solvent-assisted formation,87 peptide-induced vesicle rupture88 and detergents.89 

The first traditional method utilizes the Langmuir-Blodgett technique to deposit a 

lipid monolayer on the substrate followed by the use of the Langmuir-Schaefer method to 

add the additional leaflet. The Langmuir-Blodgett technique transfers the initial leaflet 

from a monolayer formed at the air-water interface in a Langmuir trough. By pulling a 

substrate vertically through the monolayer, it is deposited onto the surface. The substrate 

can then be horizontally pushed into the same monolayer (Langmuir-Schaefer) to add the 

additional leaflet.59 The second method is through the adsorption and fusion of vesicles in 

suspension,90 and the third method is a combination of the first two. In the third method, 

an initial lipid monolayer is developed using the Langmuir-Blodgett technique followed 

by vesicle fusion to form the exterior leaflet.91 The Langmuir-Blodgett and Langmuir-

Schaefer techniques provide the advantage of being able to form asymmetrical bilayers 

while vesicle fusion is the easiest and most versatile.84  
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The most recent descriptions of the vesicle fusion method92–94 suggests that 

liposomes adsorb to the surface and reach a critical vesicular coverage. This critical 

coverage induces stress on neighboring vesicles which, in combination with the stress 

induced from vesicle deformation upon adsorption, initiates rupture. This rupture then 

leads to the formation of bilayer patches or discs.95 These discs contain edges with high 

surface energy due to the highly curved nature of the lipids. These edges promote 

interaction with adjacent lipid material, whether its vesicles in suspension or adsorbed, 

causing further rupture and spreading of the lipid membrane. This propagation has been 

found to be a function of temperature, where temperatures above the transition state 

increase the rate of spreading.96 In general, SLB are energetically favorable compared to 

vesicles due to the minimization of the bending energy. This has led to the process being 

characterized as spontaneous under the right conditions.84,95 

2.3.3 Factors Affecting Supported Bilayer Membrane Formation on Colloidal Particles 

The vesicle fusion method is the most commonly used procedure in preparation of 

supported lipid bilayers on colloidal particles.97  The factors that impact the rate of bilayer 

formation on colloidal particles include temperature, pH, ionic strength, ratio of lipid to 

solid substrate, charge of lipids and substrate surface, as well as the differences in size of 

the liposomes and solid substrate.98–100 DSPC vesicles were found to promote the greatest 

adsorption when diameters were less than 90 nm. Temperatures above the transition state 

of DMPC lipid was found to increase the rate of adsorption in comparison to temperatures 

below, which is likely due to the increased fluidity of the membrane at higher 

temperatures.98 Similar results were obtained for DPPC and DODAB bilayers on silica 

particles.101,102 



28 

 

The ratio of lipid to solid substrate was one of the first factors recognized as 

instrumental in the formation of SLB on colloidal particles.103 Carmona-Ribeiro et al.103 

utilized adsorption isotherms to discover the deposition of multiple bilayers. This 

terminology was later refined by Troutier et al.99 to refer to the ratio between the total 

surface area provided by the vesicles in suspension (AV) and the total surface area provided 

by the particles (AP). An inflection point is held at an AV/AP ratio of 1, where the surface 

area of lipid vesicles is equal to the surface area of nanoparticles in suspension. At this 

point, there is theoretically enough lipid in solution to form complete bilayers on the 

surface of the particles. Below this threshold, there is not enough lipid in solution to form 

complete bilayers on all of the nanoparticles and a phenomenon known as lipid bridging 

can occur as demonstrated in Figure 6. 

 

Figure 6. Ratio of vesicle surface area (AV) to particle surface area (AP) dictates stability 

of colloidal systems. Adapted from Troutier et al.99 

pH has been found to influence adsorption to the greatest degree through its impact 

on surface charge of the lipids and/or nanoparticles. At a pH of 7, the influence of buffer 

salts (phosphate, boric acid, hepes and tris examined) did not yield dramatic differences 

from nonbuffered solutions.99 Similar results were obtained by Rapuano et al.,101,102 but 
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found that tris was the preferred buffer over hepes or water at a pH of 7.4. Tris is believed 

to adsorb (positively charged amine groups) to the surface of the silica particles whereas 

hepes does not (negatively charged sulfonic group). This adsorption of tris promotes 

hydrogen bridges between the phosphate groups on the lipids and the hydroxyl groups from 

the adsorbed tris molecules. Molecular dynamics simulations of palmitoyl-

oleoylphosphatidylcholine (POPC) with silica-type substrates have found a similar effect, 

where charge densities on the surface (as dictated by solution pH) directly determine the 

degree of POPC interaction.104 This interaction is between the phosphate groups on the 

lipid and the hydroxyl groups on the surface. The degree of interaction correlated with 

distance between the bilayer and substrate surface, where an increase in hydroxylation 

yielded reduced distances between the two surfaces (increased interaction/hydrogen 

bridging). This conclusion is in agreement with the explanation proposed by Rapuano et 

al. for the adsorption of tris molecules to the surface, where 3 hydroxyl moieties would be 

expressed when the charged amine adsorbs to the silica surface – leading to an increase in 

hydroxylation. 

Nanoparticles and lipids with pH dependence often showed greater association 

when electrostatic interactions were promoted.99,100 The impact of pH on zwitterionic lipids 

is generally less. However, the degree of ionization of the particle surface can effect these 

lipids. Thevenot et al.100 found that adsorption of zwitterionic lipids was a function of 

hydrophobic effects, hydrogen bonding, dipole-dipole interactions and the nature of the 

spherical solid support. These effects were controlled by changing the pH of the medium. 

For zwitterionic lipids (DPPC) on poly(lactic acid) (PLA) particles, pH values below 3.5 

were found to have a dramatic effect on size, size distribution and number of lipid bilayers 
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formed.100 This effect was attributed to an increased ionization of the surface carboxyl 

groups on the PLA particles. This increased ionization led to the formation of hydrogen 

bonds between the phosphate groups on DPPC and the particle, as well as increased dipole-

dipole interactions – similar to the molecular dynamics simulations previously discussed. 

Ionic strength was found to effect bilayer adsorption during formation of the SLB 

but yielded less of an effect after SLB formation (i.e., increasing ionic strength after 

formation at lower ionic strength).99 Moura et al.105 found that an ionic strength of 10 mM 

NaCl yielded increased association of phosphatidylcholine lipid with 50 nm silica particles. 

This greater association was due to increased van der Waals attraction between the lipid 

and silica particles. Concentrations below this 10 mM required more lipid to garner the 

same adsorption (did not reach limiting adsorption value) and concentrations above 10 mM 

yielded high affinity similar to 10 mM but with greater variation in the amounts of lipid 

adsorbed. A similar trend was observed with DODAB/DPPC vesicle adsorption on 

silica.106 Troutier et al.99 found that ionic strengths greater than 100 mM led to particle 

agglomeration (DLVO primary minimum) due to significant reductions in charge shielding 

and also postulated that polyvalent buffers can lead to greater charge shielding compared 

to monovalent buffers – perhaps compounding effects from ionic strength. This observed 

effect may help explain the variation in lipid adsorbed at higher ionic strengths observed 

by Moura et al.105 Calcium has also been implicated to promote SLB formation. This 

promotion can be observed in two main forms. First, calcium can promote the formation 

of SLB within systems that otherwise would not readily form (e.g., highly liked-charge 

vesicles and supports) and, secondly, calcium can reduce the amount of lipid to produce a 

SLB in similar conditions. This effect is attributed to calcium’s bivalent nature, allowing 
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it to bridge negatively charged entities – such as the phosphate head groups of lipids or 

negatively charged hydroxyl groups on silica.107 In the case of zwitterionic lipids, the 

calcium can convert the headgroup from dipole into a positive monopole, strengthening the 

interaction with negatively charged substrates.108 Calcium has also been suggested to 

initiate flip-flop of phospholipids in the bilayer which leads to greater interaction with solid 

supports and promotion of rupture.109 In general, these trends can be summarized by 

examining thermodynamics of colloidal systems. Conditions where electrostatic 

interactions, hydrogen bonding, dipole-dipole interactions or hydrophobic effects are 

promoted lead to increased lipid adsorption. Manipulation of pH and ionic concentrations 

have been shown to promote or severely limit these effects.   

One of the main drawbacks in using vesicle fusion for SLB formation on 

nanoparticles is the lack of control in phospholipid distribution between the two layers. 

One study found that electrostatic interactions between the nanoparticle surface and the 

proximal monolayer (inner leaflet) can direct flip-flop of oppositely charged phospholipids 

from the distal monolayer (exterior leaflet).110 The resulting inner monolayer consisted of 

200% greater cationic lipids in comparison to the exterior monolayer. These results further 

indicate an important interplay between electrostatic interactions between these surfaces. 

Typically, minimal focus has been put on the development of nanoparticle SLB in 

studies where the particles are ultimately used as a drug delivery vehicle. Often, the 

development and optimization steps of these particles is obscure or trivialized – perhaps 

indicating a lack of understanding of the fundamental forces at play. In order to form the 

SLB, variations of the vesicle fusion method are employed12,19,97,111,112 and often sonication 

is used to increase the rate of vesicle adsorption.64,113 It is also common to use the colloidal 
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particle suspension to hydrate a lipid film, removing the steps necessary for preformed 

vesicles.64,85,114 

2.3.3.1 Thermodynamics of Colloidal Suspensions 

The interaction of liposomes and nanoparticles in suspension are regulated by the 

interdependence of short-range and long-range forces. These same forces govern the 

formation of liposomes, as previously discussed. The assembly of phospholipids into lipid 

bilayers is dictated by the intraparticle interactions which are functions of ionic strength, 

pH, temperature, etc. Interparticle interactions are dictated by the same parameters and 

determine aggregation states and bilayer formation. 

The total interaction energy (Wtotal) between a SLB and nanoparticle surface can be 

expressed as the summation of the van der Waals interaction (WvdW), double-layer 

electrostatic interaction (WEDL) and repulsive entropic forces (Whyd):
57,115 

 𝑊𝑡𝑜𝑡𝑎𝑙 = 𝑊𝑣𝑑𝑊 +𝑊𝐸𝐷𝐿 +𝑊ℎ𝑦𝑑 (8) 

van der Waals forces (dispersion forces) are long-range forces between molecules and are 

caused by fluctuating polarizations of nearby particles with effective distances ranging 

between 0.2-10 nm. These forces can be attractive or repulsive and tend to align and/or 

orient molecules in the bilayer. van der Waals forces are always present and influence 

phenomena such as adsorption, surface tension, wetting and the flocculation of particles in 

liquids, among others.57,116 

If the radius of the nanoparticle is much greater than the thickness of the lipid 

bilayer and the distance between the nanoparticle and the liposome, the WvdW can be 

approximated as 
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where R1 is the radius of the nanoparticle, R2 the outer radius of the liposome with thickness 

h, at a distance d apart from each other and A123 is the Hamaker constant.117 The Hamaker 

constant can be approximated as a function of the Hamaker constants for the individual 

species 

 𝐴123 ≈ (√𝐴11 −√𝐴22)(√𝐴33 −√𝐴22) (10) 

where Axx is the Hamaker constant between semi-infinite planes of species x in a 

vacuum.108,118 

Electrostatic interactions, or Coulombic interactions, are driven by the 

accumulation of oppositely charged mobile ions around the nanoparticle surface. This 

forms the diffusive electric double layer and favors local electroneutrality over the increase 

in entropy.57 Lipid bilayer charge can exist as a result of charged groups located within the 

membrane (i.e., on the phospholipid or species incorporated within the membrane) or ions 

from solution can bind to the membrane and impose a charge – making this process highly 

pH and ionic strength dependent.119 The WEDL of two different nanoparticles with radii R1 

and R2 can be estimated using Derjaguin’s approximation 

𝑊𝐸𝐷𝐿 =
𝜀𝑅1𝑅2(𝜓1

2 + 𝜓2
2)
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(𝜓1

2 + 𝜓2
2)
𝑙𝑛 (

1 + 𝑒−𝜅𝐷

1 − 𝑒−𝜅𝐷
) + ln (1 − 𝑒−2𝜅𝐷)] 

(11) 

where D is the distance between surfaces and κ is the Debye length.108,120 This relationship 

holds when the double layer thickness is much less than the particle size and the potentials 

are less than 25 mV. 
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The first two terms in equation 8 together make up what is commonly referred to 

as Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, which assumes uniformly 

distributed surface charges and that the solvent has no structure. These assumptions break 

down at distances below 1-2 nm and the interactions of separations are further complicated 

below 3 nm due to the appearance of additional forces.57,121 These additional forces include 

thermal fluctuation and protrusion forces, and steric-hydration forces that have been 

lumped into the final term, Whyd. Compared with the two DLVO energies, the origin of 

Whyd is still debated.122  

Thermal undulation and protrusion forces contribute to short-range repulsion at 

distances closer than 1-2 nm for free bilayers, around 1 nm for supported bilayers and ~0.5 

nm for gel-state bilayers.57,123 In the case of supported bilayers, undulation forces are 

suppressed by the solid substrate; however, the effect of polymer-coated supports and 

tethered membranes that maintain the fluidity of the membrane remain to be determined. 

The undulation force is entropic in nature and emerges when thermally excited waves are 

confined to a small region of space. This force has been suggested as the mechanism 

stabilizing zwitterionic bilayers in suspension.124 Steric protrusion forces are more 

localized in comparison to undulation forces and are considered molecular-sized surface 

fluctuations (e.g., headgroup of phospholipid). In general, the undulation forces are 

characterized as having larger amplitudes over protrusion forces, while protrusion forces 

are more numerous.57,124 

Tero et al.122 proposed that the hydration energy, Whyd, between a lipid bilayer and 

a solid substrate was the average of the hydration energy between a hydrophilic solid and 

an aqueous solution, Wsolid, coupled with the hydration repulsion energy between two lipid 
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bilayer membranes, Wlipid. Assuming that Wsolid and Wlipid are independent of each other, 

Tero et al.122 suggested that the hydration energy between a lipid bilayer and a solid 

substrate was the average of each hydration energy at the homogeneous interfaces, such 

that 

 
𝑊ℎ𝑦𝑑 =

𝑊𝑠𝑜𝑙𝑖𝑑 + 𝑊𝑙𝑖𝑝𝑖𝑑

2
 

(12) 

Wsolid is a result of tightly bound water molecules at the solid-liquid interface and is 

represented empirically as an exponential decay116,122 

 𝑊𝑠𝑜𝑙𝑖𝑑 = 𝑊0𝑒
(−𝐷 𝜆0)⁄  (13) 

where W0 (mJ m-2) and λ0 (nm) are fitting parameters determined experimentally and D is 

the distance between surfaces. SLB formation on silica nanoparticles was found to be 

slower on surfaces with greater hydration (increased presence of hydroxyl groups) and a 

function of solvent conditions with zwitterionic lipids.125 Wlipid estimation was based on 

the types of thermal motion a membrane can experience: protrusion, peristalsis and 

undulation. Tero et al.122 has expressed these different motions as  

 𝑊𝑝𝑟𝑜𝑡𝑟𝑢𝑠𝑖𝑜𝑛 = 2.7𝛤𝑘𝑇𝑒
(−𝛼𝑝𝐷 𝑘𝑡)⁄  (14) 

 
𝑊𝑝𝑒𝑟𝑖𝑠𝑡𝑎𝑙𝑠𝑖𝑠 =

(𝑘𝑇)2

20𝑘𝑎𝐷4
 

(15) 

 
𝑊𝑢𝑛𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =

3𝜋2(𝑘𝑇)2

128𝑘𝐵𝐷3
 

(16) 



36 

 

where Γ, αp, ka and kb are the surface density of protruding head groups, protruding energy, 

area expansion modulus and bending modulus, respectively. The undulation force can be 

neglected when the membrane exhibits a surface charge, allowing a simplification to122 

 𝑊𝑙𝑖𝑝𝑖𝑑 = 𝑊𝑝𝑟𝑜𝑡𝑟𝑢𝑠𝑖𝑜𝑛 +𝑊𝑝𝑒𝑟𝑖𝑠𝑡𝑎𝑡𝑠𝑖𝑠 (17) 

For a curved surface, short range interaction (attraction) is typically reduced and long-range 

van der Waals and electrostatic forces dominate.108 

In general, there are two cases for which SLB can be formed on nanoparticle 

surfaces. In the first case, adsorption of a liposome onto the nanoparticle surface leads to 

SLB formation. This occurs when the radius of the nanoparticle is greater than the radius 

of the vesicle or the surface area of the liposomes is equal to or greater than the surface 

area of the particles. In the second case, the formation of a SLB on the nanoparticle surface 

is an intermediate step towards the internalization of the particles. This occurs when the 

radius of the nanoparticle is much smaller than the radius of the liposome. 

Under the vesicle fusion approach, the process of SLB formation is dependent on 

the ability of a lipid bilayer to curve around the particle and assume the substrate’s shape 

– the adhesion transition. This process has been described as a competition between the 

adhesion energy between the membrane and substrate and the bending energy (curvature 

of the membrane) necessary for the bilayer to bend around the particle.108,126 This produces 

a three-state system in which particles are fully enveloped, partially wrapped or freely 

dispersed.108 Seifert and Lipowsky126 developed a theory to evaluate the binding and 

stability of surface-bound vesicles, characterizing the transition between the wrapped and 
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free states with a critical length RC. RC is a function of the bilayer bending modulus κ and 

the adhesion energy per unit area W: 

 

𝑅𝐶 = √
2𝜅

𝑊
 

(18) 

This relationship suggests that the critical length is dependent on the liposome-

nanoparticle interactions and the bilayer properties. When liposome size is less than the 

critical length (R < RC), the binding and formation of a SLB is energetically favorable. 

When liposome size is greater than the critical length (R > RC), the vesicle will unbind as 

a result of shape fluctuations in the membrane (entropy driven).126 It is worth noting that 

experimental data suggest that this theory alone does not convey the whole answer to 

vesicle stability and that dynamic distribution of different lipid species and cooperative 

effects of nearby vesicles need to be taken into account – as previously discussed.127 

2.3.4 Nanoparticle-Supported Bilayer Membranes for Drug Delivery 

There are many benefits associated with applying a lipid layer to a surface, 

including stabilization, increased solubility and circulation residence times, biodistribution 

control, protein immobilization, among others. However, the application of a lipid layer is 

not always best served in the form of a bilayer, which has sparked investigation into the 

use of lipidic bilayer fragments and/or disks. Additionally, there are many different types 

of ‘particles’ that have been investigated within the field of drug delivery, such as those 

constructed from lipid (solid lipid nanoparticles),128 viruses or even hydrophobic drug.129 

These types of associations have been covered by Carmona-Ribeiro97 and won’t be 
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discussed here. This work focused on the use of an inorganic particle core to which a lipid 

bilayer has been applied, and similar systems will be highlighted. 

2.3.4.1 Methods Currently Employed 

Despite the utility of silica in biomedical applications, one problem persists – the 

biocompatibility in comparison to particles composed of naturally occurring materials. A 

previous report by van Schooneveld et al.18 demonstrated the use of 34 nm silica 

nanoparticles with a PEGylated/Gd-DTPA lipid monolayer covering. In comparison to the 

bare silica nanoparticles, the lipid coated particles exhibited a circulation half-life that was 

10 times greater. Additionally, it was found that the lipid on the particles did not dissociate 

from the particles upon administration in vivo. This same group later found that the 

application of a PEGylated/paramagnetic lipid monolayer onto a quantum dot/silica 

nanoparticle of 31 nm yielded a dual modality imaging agent for MRI and fluorescence 

imaging.130 These particles were targeted to human umbilical vein endothelial cells 

(HUVEC) with an RGD peptide which produced a ~25-50 fold difference in photon count 

between targeted and untargeted cell pellets. Wang et al.17 also found that by preparing a 

hydrophobic surface on silica particles, a PEGylated lipid monolayer was able to improve 

water suspensibility and greatly reduced nonspecific binding to cancer cells (Hela).   

One of the first reports of the use of a lipid bilayer coating to enhance nanoparticle 

behavior in a biomedical application was a study looking at the transport of polysaccharide 

nanoparticles through an in vitro blood brain barrier model in 1999. Fenart et al.113 found 

that the application of a 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 

cholesterol layer to the outside of the anionic and cationic polysaccharide particles would 

enhance transport (3-4 fold) through the membrane (transcytosis). It is believed that the 
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lipid layer provided a shielding effect of the originally highly charged particles since the 

lipid layer did not enhance transport of the neutrally charged polysaccharide particles. 

Finally, Fenart et al.113 found that particles were able to increase albumin transport across 

the barrier 27 fold with the lipid-coated particles. 

The initial use of SLB on nanoparticles within the field of delivery were looking 

for a way to retain drug within pores of mesoporous silica, reduce aggregation under 

physiological conditions and prevent nonspecific binding in serum.17,111,131 The use of 

mesoporous silica was a likely transition of the technology and provided an easy extension 

of the methods developed from previous amorphous particle research lead by Carmona-

Ribeiro et al. and Troutier et al. Liu et al.111 used DOPC liposomes mixed with varying 

concentrations of anionic (DOPS) and cationic (DOTAP) lipids and found a similar 

electrostatic driving force for vesicle fusion. It was found that the incorporated bilayer 

could retain calcein and that release was practically instantaneous if the bilayer was 

compromised. This work would initiate the focused use of “protocells” by Jeffrey Brinker’s 

group, leading to several other publications where lipid coated mesoporous particles were 

used in drug delivery. In a follow up publication, Brinker et al.131 demonstrated an ability 

to tailor the surface charge of the resulting protocell particle simply by incubating the 

particles with liposomes of varying electrostatic potential in suspension. This lipid 

exchange between the suspended protocells and liposomes is believed to have led to a 

reduction in the defects of the protocell bilayer – a factor important for the containment of 

drug loaded in mesoporous particles. 

Mesoporous silica nanoparticles (MSN) capped with a DMPA/DMPC (10:90, w/w) 

lipid mixture were explored to deliver hypocrellin B (HB), a photosensitizer, in the 
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treatment of breast cancer (MCF-7). Yang et al.132 found that the addition of the lipid 

bilayer increased the stability of the HB loaded particles and improved cell compatibility. 

The delivery of HB was successful in reducing the viability of MCF-7 cells with a decrease 

in viability from 89.6% to 44.6%. Cauda et al.133 confirmed a similar stability of MSN after 

addition of a DOPC/DOTAP coat. Calcein release from the MSN/DOPC/DOTAP particles 

was found to be 10-fold lower (fluorescence values) than MSN without a lipid coat. 

Delivery of colchicine to HuH-7 (liver tumor) cells resulted in an enhanced effect over free 

drug, which was attributed to slow permeation of free colchicine through cell membranes 

versus the concentrated delivery via the particles. 

Brinker’s group112 also found that DOPC protocells with SP94 peptides had high 

specific affinity for Hep3B (live cancer) cells over hepatocytes, which was over 10 times 

greater than similar DOPC liposomes. Additionally, DOPC (Tm = -17°C) protocells were 

found to have a 100-fold greater affinity for Heb3B in comparison to DPPC (Tm = 41°C) 

protocells with SP94. This effect was a result of the recruitment of SP94 peptides to the 

cancer cell surface when using the DOPC protocells, indicating the importance of 

membrane fluidity. Overall, Ashley et al.112 found that dox loaded DOPC protocells 

significantly outperformed DSPC liposomes, DOPC liposomes and free dox. The 

protocells exhibited greater affinity for Hep3B cells with an induced MDR1+ phenotype, 

less affinity for hepatocytes and greater efficacy in killing Hep3B cells while also 

maintaining hepatocyte viability. This enhanced efficacy over traditional liposomes was 

attributed to the 1,000 times higher capacity for drug, enhanced binding affinity and greater 

long-term stability of the protocells. 
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Protocells have also been used in the delivery of small interfering RNA (siRNA).134 

Loading of siRNA into the protocell was facilitated by charge-charge interaction. The 

negatively charged siRNA associated with the positively charged surface of the primary 

amine modified MSN. This resulted in a 50- and 10-fold higher loading than DOPC and 

DOTAP lipid nanoparticles, respectively. The use of a cationic silica particle permits a 

high loading efficiency of the protocells while also allow the use of zwitterionic lipids in 

the SLB which helped eliminate cytotoxicity. Overall, the targeted protocells showed 

greater growth arrest and apoptosis of hepatocellular carcinomas but not control 

hepatocytes in comparison to similarly loaded lipid nanoparticles. Protocells have also 

been investigated in the delivery of therapeutics to the spinal cord,135 in their uptake 

mechanism within motoneurons,136 proven effective at targeting leukemia cells,19 and been 

demonstrated as effective vehicles in a 3D culture model.137 

Meng et al.64 demonstrated co-delivery of gemcitabine and, the hydrophobic drug, 

paclitaxel to human pancreatic cancer in a mouse model, increasing efficacy and had no 

signs of systemic toxicity. It was also found that the traditional vesicle fusion method was 

of preparation was inefficient for the entrapment of gemcitabine and simultaneous loading 

of paclitaxel within the membrane. This necessitated the development of modified 

technique, where paclitaxel was included within the chloroform/lipid film. Following 

hydration with the gemcitabine loaded MSN, solvent evaporation used to remove the 

remaining organic solvent. 

Several other bilayer-coated, MSN based studies have been conducted.138 Zhang et 

al.139 found success in applying lipid coated MSN in the treatment of multidrug resistant 

breast cancer, with increased uptake in cancer cells and enhanced release of irinotecan in 
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tumor acidity. Han et al.140 found that a soybean lecithin/PEG coating on MSN increased 

stability, prevented release of loaded dox, and enhanced cell kill of MCF-7 cells when 

treated with dox loaded particles. A similar report by Mattingly et al.85 found high toxicity 

to MCF-7 cells when SLB core-shell silica-iron oxide particles were loaded with 

doxorubicin. A more recently study by Tu et al.141 explored the use of mesoporous silica 

particles loaded with hemoglobin as an erythrocyte-mimic. Tu and coworkers noted an 

increased stability of the hemoglobin-loaded particles upon adsorption of the lipid bilayer. 

Unique lipid coatings have also begun to gain attention. Application of red blood 

cell membranes to PLGA nanoparticles has been investigated as a means to increase 

circulation half-life, finding longer residence times in vivo in comparison to PEGylated 

PLGA nanoparticles and similarly formed RBC-derived liposomes.142 Platelet coated 

PLGA nanoparticles have been shown to increase stability, retention of membrane protein 

content and right-side-out membrane orientation in translocated membranes.143 And the 

formation of a protein corona has been found to be a function of nanoparticle size and 

surface characteristics (PEGylated versus membrane enveloped), where larger sizes and 

DPPC/DOPS membrane incorporation resulted in reduced protein adsorption.12  

2.3.4.2 Developing a Nanoparticle-Tethered Membrane  

To date, most of the work with these membrane enveloped nanoparticle systems 

could be compared to the simplest of planar supported membranes. These include the water 

and polymer supported systems.144 The reason for this could be linked to the simplicity of 

previous attempts to drive bilayer assembly/association onto the nanoparticle surface. 

Often, electrostatic interactions were employed. In this case, the nanoparticle surface 

maintained an opposite charge (negative) to that of the associating bilayer (positive).131 
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Others have chemically rendered the surface of the nanoparticles hydrophobic in order to 

form a monolayer upon phospholipid addition.145 Only very recently has a focus developed 

on the final category of supported lipid bilayers with regard to colloidal systems - tethered 

lipid bilayers. Figure 7 provides a schematic outlining the basic makeup of a tethered 

membrane nanoparticle. Locations for potential drug loadings, fluorescent molecule 

incorporation and targeting moieties have been indicated – some of which were used in 

this work. 

 

Figure 7. Schematic outlining the basic makeup of tethered membrane nanoparticle with 

locations of potential drug loadings, fluorescent molecule incorporation and targeting 

moieties. 

Mathematical simulations regarding formation of a tethered lipid bilayer on the 

surface of a particle found that the production of such a system is theoretically possible and 

has provided the ground work for further investigation in this area.146 Fried, et al.147 have 

successfully produced a tethered lipid bilayer on the surface of a PLGA particle utilizing a 

peptide as the membrane anchor, however, their particles were on the order of 5 microns 

or larger with high polydispersity. A similar method was outlined in a recent patent where 

a nanoparticle is enveloped by a lipid bilayer via tethered proteins.148 Experimental 
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investigations into the use of tethered phospholipids (lipopolymers) on nanoparticle 

surfaces as a means to produce a supported lipid bilayer have not been published. 

Tethering provides the advantage of abstracting the supported lipid bilayer away 

from the surface of the solid nanoparticle. This effect is three-fold, in that provides a 

submembrane space for drug loading, removes concern for surface porosity or roughness 

that can impede bilayer spreading and reduces the dependence of bilayer formation on 

electrostatic interactions. The removal of dependence on electrostatic interactions also 

reduces the effect of pH and ionic strength on bilayer formation. Tethering also promises 

increased stability of the lipid bilayer over polymer supported systems where detachment 

of lipids results in overall lipid loss and can lead to destabilization of the colloid.114 A 

tethered membrane composite maintains the advantages previously developed for 

membrane enveloped nanoparticles, including low inherent toxicity and immunogenicity, 

long circulation half-lives, size and morphology control and increased stabilization.112 pH 

dependent release strategies have also been explored where the drug cargo is stable at pH 

7.4 but releases under endosomal conditions.19 

A great deal of focus within the field of SLB has been on the recapitulation of the 

cellular membrane environment. Although this work has been instrumental in the 

development of methodologies for formation and characterization of these types of 

constructs, this does not necessarily indicate a direct application of similar systems for use 

as drug delivery vehicles. Where SLB research has particularly focused on the 

improvement of lateral and rotational diffusion of lipids and proteins within the 

membrane,77 the use of solid-phase lipids such as distearoyl phosphatidylcholine in 

combination with cholesterol have demonstrated increased blood residence time and 
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reduced uptake by the reticuloendothelial system (RES) in vivo. This enhanced effect was 

contributed to the rigid bilayer, negative surface charge and the use of carbohydrate-

containing lipids.149 Cholesterol is often included to increase the stability of the liposomes, 

preventing lipoprotein-induced destabilization.150 Increasing saturation and length of acyl 

chains can also yield greater retention of encapsulated drugs.151 There are a variety of 

methods used to tailor the lipid bilayer towards specific disease states such as the use of 

synthetic lipids for precise transition states, charge, targeting or release characteristics.152  

For this work, solid-phase lipids were chosen for their ability to gel and retain drug 

molecules as well as for direct comparison to clinically approved liposomal formulations. 

Although the use of solid-phase lipids may be most ideal for the production of a drug 

delivery system that can withhold its drug payload from systemic circulation, Moura et 

al.106 found that an increasing structural stability of the liposomes will retard their 

willingness to disrupt and form SLB on the nanoparticles in suspension. This may be 

overcome via sonication. Additionally, Ashley and coworkers112 found that a fluid 

membrane, constructed of low transition temperature lipids, on MSN promoted an avidity 

effect of incorporated targeting ligands. In this work, a fluid membrane led to recruitment 

of ligands and greater affinity for cancer cells over the same ligands incorporated within a 

gelled membrane. Although higher transition temp lipids were utilized in this work, 

incorporation of lower transition temp lipids provides an easy, informative future study.  

Silica nanoparticles were chosen as the ideal core material over traditional solid, 

spherical nanoparticle systems such as gold or iron oxide given its breadth of study in 

literature with similar supported lipid bilayer systems and changes in surface characteristics 

would be easily monitorable, including size and morphology. In addition, silica exhibits 
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high clarity, showing minor light absorbance over a wide range of wavelengths, chemical 

stability over a broad range of pH conditions and there are many established bioconjugation 

strategies. Silica nanoparticles have been used for a variety of biomedical applications 

including drug delivery,26,153,154 controlled release,155–157 gene delivery,158 and even 

fluorescence imaging159 and magnetic resonance imaging.160,161 The drawbacks of silica 

particles are that they suffer from limited stability in vivo and dose-dependent toxicity. 

Silica particles often require coatings to shield surface silanol groups that are highly 

lipophilic and known to promote non-specific binding and uptake by the mononuclear 

phagocyte system162 – limitations addressed in this work.  

The 100 nanometer size range was chosen to exploid the EPR effect and liposomes 

of 100 nm have been found to yield greater antitumor activity.163 A solid nanoparticle was 

chosen to provide increased stability to the lipid bilayer, although, porous particle systems 

have shown success. The understanding gained from using silica will allow easy transition 

to other nanomaterials that may have inherent advantages such as MRI tracking associated 

with iron oxide. All of the materials chosen are currently in FDA approved formulations 

or are generally recognized as safe (GRAS). Silica nanoparticles are also currently being 

evaluated in a clinical trial164 and have been found to be biodegradable.165 Additionally, all 

of the major component materials used in the synthesis of the TMN are commercially 

available, addressing issues of rigor and reproducibility found in unique formulations used 

in the literature. 

2.3.5 Commonly Employed Characterization Methods 

Transitioning from planar surfaces to colloidal suspensions creates a difficulty in 

characterization of supported bilayer systems. Where quartz crystal microbalances with 
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dissipation (QCM-D) and atomic force microscopy (AFM) have become hallmark 

characterization techniques for planar bilayers,166 these methods do not readily transition 

to colloidal systems. New methods of assessment have been explored including adsorption 

isotherms, dynamic light scattering and laser Doppler electrophoresis. These current 

methods have been able to provide unique assessments of vesicle fusion in elucidating the 

mechanism of bilayer formation on colloidal systems. However, there remains potential 

for additional techniques to answer the fundamental questions regarding thermodynamics 

of the suspensions including vesicle fusion, bilayer propagation and bilayer stability. Two 

possible methods of interest are differential scanning calorimetry (DSC) and isothermal 

titration calorimetry (ITC). DSC provides an opportunity to learn more about bilayer phase 

transitions and behavior on a nanoparticle surface,167–169 while ITC could elucidate 

biomolecule interaction with nanoparticle-supported lipid bilayers as well as provide a 

better understanding of the role bilayers play in preventing or initiating agglomeration.170–

174 Initial studies with DSC have been successful. The phase transition temperature of a 

DPPC bilayer was found to decrease by 2°C on a silica bead in comparison to 

corresponding MLVs, believed to be a result of increased lateral stress.169 Additionally, 

two unique observations were found. The first was that the particles did not observe the 

“rippled phase” typically associated with the pretransition of phospholipids.50 The second 

was that both monolayers of the membrane underwent phase transition at the same time, 

behaving similarly to a liposome suspension. There was no decoupling of the monolayer 

leaflets as has been observed in planar systems.175 Similar trends were observed in an 

investigation of DMPC bilayers on silica nanoparticles with nano-DSC, where the shift in 

transition temperature was found to be a function of nanoparticle size.176 Effects of a varied 
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lipid composition (i.e., cationic and/or anionic lipids and sterols), presence of a polymer 

support and/or a tethered membrane remain to be explored.  
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Chapter 3: Formation and Characterization of Tethered Membrane Nanoparticles  

 

3.1 Introduction 

Nanotechnology has seen significant adaptation and application within the medical 

field for use in transporting therapeutics.177,178 The field of nanomedicine is focused on 

developing strategies for targeted drug delivery, increasing potential for previously non-

ideal drug candidates (poorly water-soluble drugs, active transport, etc.) and personalized 

health care. This heightened focus is a result of advantages nanomaterials provide over free 

drug, including: protection from degradation, control over pharmacokinetics and tissue 

distribution, and improved intracellular uptake, among others.178 Several lipid 

nanoparticle-based drug delivery products have made it to market or are in late-stage 

clinical trials.6 

Inorganic nanoparticles have been lauded for their ease of synthesis, monodisperse 

size ranges, tunable surface properties, and large surface area to volume ratios. 

Additionally, inorganic nanoparticles often exhibit unique optical or magnetic properties 

that permit tracking them upon administration in vivo.179 However, upon administration in 

vivo, inorganic nanoparticles are characterized by rapid clearance by the reticuloendothelial 

system (RES), reducing their overall efficacy. This clearance mechanism has been linked 

to surface properties of the nanocarriers, and represents one area of intense focus.179 

Provided the success of lipid-based drug delivery systems and the promise of 

inorganic nanoparticles, recent studies have attempted to combine these traditional 
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nanoparticle carriers. Nanoparticle supported lipid bilayers (SLB) combine the advantages 

of lipid bilayers with colloidal cores, providing membrane-like environments for 

incorporation of targeting strategies while also providing stabilization and morphology 

control in comparison to traditional liposomes. Much of the work associated with SLB has 

been conducted on two-dimensional planar surfaces with initial focus on recapitulating the 

cellular membrane environment to study membrane structure,65 membrane dynamics66 and 

lipid-protein interactions.67 To date, there are three major categories of SLB as originally 

envisioned by Sackmann60 and later expanded by Wagner et al.77: (i) bilayers where the 

inner monolayer is separated from the solid substrate by an ultrathin water film or a (ii) 

polymer cushion and (iii) SLB separated from the substrate via a tethering anchor.  

The first category has seen the most investigation in colloidal systems, where often 

electrostatic interactions provide the simplest method of forming supported lipid bilayers 

on colloidal particles. Relatively few studies have examined their use as drug delivery 

vehicles. Initial reports of phospholipid adsorption onto colloidal particles began in the late 

1980’s and early 1990’s with Cuyper et al.180 forming dimyristoylphosphatidylglycerol-

based mangetoliposomes, Carmona-Ribeiro et al.103,181 exploring polystyrene 

microspheres and Gilbert et al.182 exploring glass microbeads. Expansion of the field led 

to investigation of several solid nanoparticle types and lipid combinations as reviewed by 

Troutier et al.183 

Silica-based mesoporous particles have shown promise in delivering therapeutics184 

and more recent investigations of colloidal SLB have focused on combining these two 

types of systems. For example, Meng et al.64 utilized dipalmitoylphosphatidylcholine, 

cholesterol and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
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[methoxy(polyethylene glycol)-2000] (DSPE-PEG) to produce a SLB on a mesoporous 

particle for concomitant delivery of gemcitabine and hydrophobic paclitaxel for the 

treatment of pancreatic cancer. SLB on mesoporous nanoparticles have also been 

investigated in concept,17,185 for the delivery of colchicine,133 as photo-sensitive drug 

carriers,132,186  and for delivery of small interfering RNA.134 The amount and success of 

these studies indicates the value in silica as a nanomaterial core. The second category has 

gained less traction which is likely due to issues carried over from planar systems in which 

bilayers formed on polymers are often patchy and exhibit numerous defects – something 

this manuscript explores. The third category, to our knowledge, has yet to be explored 

experimentally but has been evaluated computationally by Hu et al.146 with a DOPC 

membrane tethered with polyethylene glycol (PEG) to a 9 nm solid nanoparticle core.  

In the present study, tethered membrane nanoparticles (TMN) comprised of silica 

nanoparticle tethered bilayer membranes were formed via the directed reassembly of 

liposomes onto the surface of monodisperse, silica particle scaffolds. Scaffold particles 

were composed of a silica nanoparticle core to which a DSPE monolayer was anchored 

into the surface via a PEG brush border. This DSPE monolayer was used to direct the 

assembly of a lipid bilayer onto the surface of the TMN with zwitterionic DSPC liposomes 

as the source of additional phospholipid. Figure 8 provides a graphical outline of the steps 

taken to produce TMN. The factors affecting bilayer formation on the particles were 

characterized with adsorption isotherms, FTIR, TEM, dynamic light scattering, laser 

Doppler electrophoresis and carboxyfluorescein release. We believe this represents the first 

experimentally produced polymer-tethered bilayer membrane on a nanoparticle surface 

utilizing commercially available materials. Formation of TMN was found to be a function 
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of sonication time, bilayer composition, solvent conditions (salt concentration, pH, etc.) 

and lipid concentration. 

 

Figure 8. Graphical outline of tethered membrane nanoparticle (TMN) formation process. 

  

3.2 Materials and methods 

3.2.1 Materials 

All materials were purchased from commercial suppliers and used without further 

modification, unless noted otherwise. Amine modified (Lot: JEA0116) silica nanoparticles 

were purchased from nanoComposix (San Diego, CA). N-Hydroxylsuccinimide (NHS) 

functionalized methoxy polyethylene glycol (m-PEG-NHS) polymer and DSPE-PEG-NHS 

lipid polymer in 2k Da molecular weight were purchased from Nanocs, Inc. (New York, 

NY). Fluorescamine, p-methylaminophenol sulfate (99%), ethanolamine (98%), sodium 

hydroxide (NaOH), oxalic acid anhydrate (98%), ammonium molybdate tetrahydrate 
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(99%) and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, 99%) were 

purchased from Alfa Aesar (Ward Hill, MA). Silica standard was purchased from Ricca 

Chemical (Arlington, TX). Dimethyl sulfoxide (DMSO), sulfuric acid, and 37% 

hydrochloric acid (HCl) were purchased from BDH (VWR, Randor PA). Anhydrous 

sodium sulfite and tris(hydroxymethyl)aminomethane were purchased from Amresco 

(Solon, OH). Deionized water used throughout the study was obtained from a Milli-Q 

Purelab Flex 2 water purification system (ELGA, LLC, Woodridge, Illinois, IL). 

3.2.2 Surface Modification of Silica Nanoparticles 

PEG molecules were attached to the surface of silica nanoparticles following a 

modified method of Cole et al.187 Silica nanoparticles were washed two times with 100 

mM sodium acetate buffer at pH 4 to remove any ethanol-silanol surface association and 

one time with 100 mM HEPES buffer at pH 7.5 to deprotonate surface amines prior to 

reaction. PEGylated silica nanoparticles were prepared by reacting m-PEG2000-NHS at a 

2:1 molar excess ratio to reactive amines on the particles. PEG was dissolved in DMSO 

and then added to silica nanoparticles suspended in HEPES buffer. The reaction mixture 

was incubated overnight on a RotoFlex tube mixer. Following functionalization, 

PEGylated particles were washed three times with water to remove unreacted PEG from 

suspension by centrifuging at 16,000g for 10 minutes and resuspending with a probe tip 

sonicator (14 W) for 3-5 seconds. 

DSPE-PEG2000 functionalized silica nanoparticle scaffolds were prepared similarly 

but after washing the aminated particles they were resuspended in ethanol. DSPE-PEG2000-

NHS was reacted at a 2:1 molar excess ratio to reactive surface amines on the silica 

particles. DSPE-PEG2000-NHS was dissolved in DMSO prior to mixing with silica 
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particles. The reaction mixture was incubated overnight (at least 12 hours) with mixing. 

Following functionalization, the scaffold particles were washed twice with chloroform and 

once with ethanol before being resuspended in ethanol.  

3.2.3 Liposome Preparation 

Liposomal formulations were prepared by mixing 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DSPC) with cholesterol at a 10:5 molar ratio, respectively, in chloroform. 

Dry lipid films were prepared via evaporation of the chloroform in a Rotavapor R-210/R-

215 (Buchi, New Castle, DE, USA) under a constant stream of nitrogen. The thin lipid film 

was dispersed in 10 mM tris buffer at pH 7.5 and subjected to 7 freeze-thaw cycles before 

being extruded 7 times through a 0.08 um double stacked membrane in a high-pressure 

homogenizer (Lipex, Transferra Nanoscience Inc., Burnaby, B.C., Canada). Final particle 

size was verified with dynamic light scattering with a mean particle diameter of 117 ± 0.32 

nm and a PDI of 0.016. Liposomes were stored at 4°C and used within 3 weeks of 

formulation. Lipid concentration was determined via quantification of inorganic phosphate 

following acid hydroylsis.188 

3.2.4 Tethered Membrane Nanoparticle Formation 

DSPE-PEG functionalized silica nanoparticle scaffolds were centrifuged at 16,000 

g for 10 minutes to remove ethanol solvent. Liposomes were added to the scaffold particle 

pellet and the mixture was diluted to 500 uL with Tris buffer. The liposome/scaffold 

particle mixture was sonicated to produce tethered membrane nanoparticles (TMN). TMN 

were separated from extraneous liposomes via centrifugation with the pellet resuspended 

by sonication.  
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3.2.5 Nanoparticle Sizing 

Nanoparticle diameter, polydispersity index (PDI) and surface charge (zeta 

potential) were determined by dynamic light scattering and laser Doppler electrophoresis 

using a Zetasizer Nano ZS (Malvern Instruments, Inc., Westborough, MA). Measurements 

were performed with nanoparticles dispersed in 10 mM tris buffer at a pH of 7.5. 

Nanoparticle morphology was characterized using transmission electron microscopy 

(TEM) on a Zeiss EM10. TEM samples were prepared by depositing a drop of nanoparticle 

suspension onto a Formvar/carbon coated copper TEM grid (Electron Microscopy 

Sciences, Hatfield, PA). The drop was removed with filter paper after 15 minutes and the 

grid was dried overnight at room temperature. Aminated silica nanoparticle diameter was 

determined to be 113 ± 13 nm after sizing approximately 400 particles. Nanoparticle 

diameter was determined using the nanoparticle sizing tool within the ImageJ software 

developed at the National Institutes of Health, USA.189 

3.2.6 Fourier Transform Infrared Spectroscopy 

Successful attachment of DSPE-PEG to the surface of silica nanoparticles was 

determined with attenuated total reflectance Fourier transform infrared (ATR-FTIR) 

spectroscopy. Samples were prepared by centrifuging to form a pellet by adding analyte to 

potassium bromide, forming a pellet and placing the pellet and applying the dried sample 

to a diamond crystal. A Nicolet 6700 was used for analysis with 64 scans of each sample. 

Data was converted to percentage absorbance for analysis. 

3.2.7 Quantification of Reactive Surface Amine Groups 

Silica nanoparticle surface amine groups were quantified using a fluorescamine 

fluorescence based assay.190 Silica nanoparticle suspensions were diluted in water. 150 uL 
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of particle suspension was pipetted into a 96 well plate. 50 uL of fluorescamine dissolved 

in DMSO (3 mg/mL) was added to each well and allowed to react for 10 minutes shielded 

from light. Samples were excited at 400 nm and their emission measured at 475 nm with a 

FlexStation 3 (Molecular Devices, Sunnyvale, CA). Known concentrations of 

ethanolamine were used as a standard. Surface amine concentration was found to be 0.48 

± 0.14 μmol amine/mg silica. 

3.2.8 Silica Assay 

Silica nanoparticle concentration was determined using a modified blue 

silicomolybdic assay.191 The assay was comprised of two working solutions. Briefly, 

acidified ammonium molybdate was prepared by adding 0.3 mL of concentrated HCl to 10 

mL of 1% (w/v) ammoniuim molybdate. Reducing reagent was prepared by mixing 0.12 g 

anhydrous sodium sulfite, 0.4 g p-methylaminophenol sulfate in 10 mL water with 6 mL 

oxalic acid (10% w/v), 6 mL 50% (v/v) sulfuric acid and 8 mL water. Silica nanoparticle 

samples were dissolved in 1 M NaOH overnight and diluted with water before analysis. 

200 µL of acidified ammonium molybdate reagent was mixed with 500 uL of sample and 

allowed react for 10 minutes at room temperature. Finally, 300 µL of reducing reagent was 

added and the mixture and incubated at room temperature for 2.5 hours before reading the 

absorbance at a wavelength of 810 nm using a SpectraMax i3 (Molecular Devices, 

Sunnyvale, CA). A standard solution of silica was used to determine nanoparticle 

concentration. Final concentration of the silica particle suspensions was found to be 12.94 

± 0.13 g L−1. 
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3.2.9 Membrane Permeability Assay 

Membrane permeability analysis was conducted according to Mock et al.192 

Carboxyfluorescein was prepared at a concentration of 100 mM by dissolving 37.63 mg 

CF in 737 µL of 10 mM Tris buffer (pH = 7.5) and 263 µL 1M NaOH.193 Leakage 

experiments were performed with a SpectraMax M5e (Molecular Devices, Sunnyvale, 

CA). Excitation and emission wavelengths of 492 and 517, respectively, were used. 

Samples were incubated in a 96-well plate at 37°C and the fluorescence signal of CF 

monitored. The maximum amount of encapsulated CF was measured by adding 1% Triton-

X 100, an amount found to ensure complete release of CF.194  

TMN were loaded with CF by adding 100 mM CF stock solution to the lipid-

scaffold particle mixture before sonication. Excess CF was removed from solution via 

centrifuge. Liposomes were prepared as previously described but hydrated with 100 mM 

CF solution. Excess CF was removed from liposome solutions with a disposable HiTrap 

desalting column (GE Healthcare, Chicago, IL). The eluate containing CF liposomes was 

diluted 100 times for leakage measurements. Percentage leakage was determined as 

 % 𝐿𝑒𝑎𝑘𝑎𝑔𝑒 = (𝐹𝑡 − 𝐹0)/ (𝐹𝑓 − 𝐹0) ∗ 100 (19) 

where Ft was the fluorescence intensity at time t, F0 the initial intensity at 0 hours and Ff 

the fluorescence intensity after disruption of the vesicles by detergent. 

3.10 Statistical Analysis 

All experiments were completed in triplicate (n =3). Results are shown as the 

average of all replicates ± standard deviation. Results were compared using Student’s T-

test or one-way ANOVA, where applicable, and considered significant with p values less 

than 0.05. 
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3.3 Results and Discussion 

3.3.1 Physical Properties of Silica Particles, DSPC Vesicles and TMN 

Hydrodynamic diameter and zeta potential values of aminated silica, PEGylated 

silica and DSPC liposomes varied with surface coating and solvent conditions. Aminated 

silica nanoparticles were found to be 113 ± 13 nm with TEM. The aminated silica 

nanoparticles had a highly positive zeta potential which is a result of the presence of 

primary amines. Following PEGylation, the zeta potential shifted towards neutral, 

indicative of the shielding effect provided via the attachment of PEG. DSPC liposomes 

remained relatively neutral in the solvents tested, which is attributed to the zwitterionic 

nature of DSPC. Table 3 summarizes this information for each particle type. 

The conformation of PEG chains on the surface of the nanoparticles was assessed 

by calculating the Flory radius, RF, of the PEG molecules and distance, D, between 

attachment points of PEG on the surface. When RF > D, adjacent PEG chains overlap and 

stretch away from the surface yielding a brush conformation. When RF < D, the polymer 

chains are not overlapped and form a ‘mushroom’ confirmation. The Flory radius is 

described in eq 20 where a is the length of one monomer in Angstroms (3.5 Å) and N is 

the degree of polymerization.195,196 D can be calculated using eq 21, where M is the PEG 

Dalton weight, NA is Avogadro’s number (6.022 x 1023 mol-1) and Γ is the surface 

concentration of PEG (g/nm2) as determined in eq 22. Here, t is the PEG layer thickness 

(nm) determined from DLS.196 Finally, the grafting density, σ, can be calculated from eq 

23.196,197 Given that the scaffold nanoparticles are unstable in suspension provided their 

hydrophobic exterior, density of PEG chains on the surface were calculated by quantifying 
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DSPE-PEG grafted to the surface with the inorganic phosphate assay. The conformation 

and PEG grafting densities are shown in Table 3. 

 𝑅𝐹 = 𝑎𝑁
3 5⁄  (20) 

 
𝐷 = (

𝑀

𝛤𝑁𝐴
)
0.5

 
(21) 

 𝛤 = 𝜌𝑡 (22) 

 
𝜎 = (

𝑎

𝐷
)
2

 
(23) 

Theoretical calculations indicated that the PEG layers on PEG2k-Si and DSPE-

PEG2k-Si particle surfaces were in the brush conformation. Grafting densities of DSPE-

PEG2k on silica nanoparticles was varied by controlling the molar ratio of DSPE-PEG2k 

to reactive surface amine groups on the silica particles.  As grafting density values increase, 

there is an increase in the compression of neighboring PEG chains which correlates with 

greater stretching of the polymer brush and subsequently a larger hydrodynamic 

diameter.198  

Hu et al.146 proposed a lower bound for the grafting density to ensure that a tBLM 

is firmly tethered to the substrate 

 

𝜎 =
𝛷

𝑎
(
𝑅𝑣𝑒𝑠
𝑅𝑐𝑜𝑟𝑒

)
2

 

(24) 

where Φ is the anchor to lipid ratio which should not drop below 10% according to planar 

tBLM studies, Rves is the radius of the supported vesicles and Rcore is the radius of the solid 

nanoparticle core. The lower bound grafting density for the particle in this work estimates 

to 0.273 chains/nm2 which is near that determined experimentally of 0.25 chains/nm2, 
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achieved when functionalizing at a 2:1 molar ratio of DSPE-PEG2k to surface amines. 

Although the experimental value is lower than the theoretical value predicted, experimental 

results indicate that the achieved grafting density is sufficient in producing tBLM 

nanoparticles. Additionally, we have demonstrated an ability to control this density by 

varying reaction quantities. It is believed that the use of cryo-electron microscopy could 

result in a more accurate estimation of the experimental construct.  
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Successful formation of the scaffold particles via attachment of DSPE-PEG2k to 

the particle surfaces was characterized by their behavior in suspension and with ATR-

FTIR. Aminated particles exhibited stability within an acidic acetate buffer due to charge-

charge separation, however, the scaffold particles remained unstable. The presence of the 

PEG layer on the scaffold particles traditionally would have provided steric stabilization 

within an aqueous solvent as shown with the PEG coated particles. However, the addition 

of the DSPE molecule to the exterior introduces a hydrophobic element that leads to 

aggregation of nearby particles. 

Infrared absorptions were used to monitor functionalization of the constituent 

species. Component materials and scaffold nanoparticles were analyzed with ATR-FTIR. 

The aminated silica nanoparticles displayed characteristic peaks at 789, 948, 1051, 1634, 

1700 and 3400 cm-1.  The IR absorption band around 1110 cm-1 is typical of asymmetric 

stretching vibrations associated with siloxane (Si-O-Si) bonds199 and the broad peak 

between 3100 and 3600 cm-1 indicates the presence of exchangeable protons most likely 

from remaining hydroxyl groups on the surface of the particles.200 The DSPE-PEG2000-

NHS compound used to form the scaffold nanoparticle exhibited peaks resulting from the 

DSPE, PEG2000 and NHS components. Both the DSPE and PEG components contributed 

to peaks around 2900 cm-1 (~2930 and 2970 cm-1) which correlate with the asymmetric and 

symmetric stretching vibrations of CH2 and CH3 groups. Additionally, the PEG component 

contributed IR bands associated with the CH2 wagging vibration (~1350 cm-1) and C-O-C 

stretching vibrations (~1190 cm-1). The IR absorption for DSPE around 1348 cm-1 is 

believed to be undetectable.201 The peak around 1700 cm-1 is a contribution from the NHS 

ester used to form the amide bond during reaction with the aminated particles.202 The 



63 

 

spectrum of PEGylated silica nanoparticles exhibited peaks at 2930 cm-1 and 2985 cm-1 

which correlate with the asymmetric and symmetric stretching vibrations of CH2 and CH3 

groups. Additionally, the same peaks can be found on the DSPE-PEG coated silica along 

with a peak around 1130 cm-1 which is likely from the C-O-C stretching vibrations of the 

PEG molecule. The presence of the characteristic peaks of silica and those from DSPE and 

PEG moieties after addition of the reactive species indicates proper functionalization. The 

reduced presence of these peaks in the spectra of Figure 9 is likely a result of the low 

concentrations with which they are present on the surface of the particles. Note, following 

attachment of each moiety, the nanoparticles were washed multiple times with water and/or 

chloroform before measuring and component species should not remain.  

 

Figure 9. ATR-FTIR spectra of pure silica nanoparticles, pure PEG2000, pure DSPE-

PEG2000-NHS, PEGylated silica nanoparticles, DSPE-PEG coated silica nanoparticles. 



64 

 

3.3.2 DSPC Adsorption on Silica Particles 

When mixing phospholipid with silica nanoparticles, it is important to note there 

exists a maximum concentration of lipid that can exist on the particle surface in forming a 

single lipid bilayer. This maximum can be approximated using simple geometry of spheres 

and an estimation for the bilayer thickness. The length of the saturated and fully extended 

hydrocarbon chain can be estimated from  

 𝑙[Å] = 1.5 + 1.265𝑛𝑐 (25) 

where nc is the number of carbon atoms.41 For DSPC, l approximates to 2.43 nm. Using 

this value, the membrane thickness can be approximated to 4.8 nm. This estimated 

thickness is similar to the 4.2 nm reported by Kucerka et al. at 60°C203 and 4.05 nm reported 

by Lewis et al. at 60°C204 and is a function of temperature. Using this value, the number of 

total phospholipids per liposome can be estimated. The outer layer surface area, Aouter in 

nm2, can be approximated via the surface area of a simple sphere 

 𝐴𝑜𝑢𝑡𝑒𝑟 = 4𝜋𝑟
2 (26) 

where r is the radius in nm. Assigning the bilayer a thickness of b in nm, the inner bilayer 

surface area, Ainner in nm2, can be approximated via 

 𝐴𝑖𝑛𝑛𝑒𝑟 = 4𝜋(𝑟 − 𝑏)
2 (27) 

Adding equations [2] and [3] and dividing by the total surface area of a phospholipid head 

group, a in nm2, we arrive at Ntot which is the total number of phospholipids within a 

liposome 
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𝑁𝑡𝑜𝑡 =

4𝜋[𝑟2 + (𝑟 − 𝑏)2]

𝑎
 

(28) 

If the concentration of lipid in solution is known, Mlipid in mol/L, the total number of 

liposomal particles can be calculated as Nlipo, where a has been found to be 0.43 nm2
 for 

DSPC205 and impact from cholesterol was ignored 

 
𝑁𝑙𝑖𝑝𝑜 =

(𝑀𝑙𝑖𝑝𝑖𝑑)(𝑁𝑎)

(𝑁𝑡𝑜𝑡)(1000)
 

(29) 

where Na is Avagadro’s number. Along these lines, it makes sense to describe the amount 

of lipid added during composite formation in terms of surface area needed to produce a 

complete bilayer on the silica particle. This naming convention was described by Carmona-

Ribeiro et al.,206 where AV is the total surface area of vesicles in solution and AP is the total 

surface area of silica particles in suspension as calculated from the number of particles and 

their mean diameter measured by TEM. In this sense, an AV/AP ratio equal to 1 would 

describe a situation where there was just enough lipid in suspension to cover the surface of 

the silica nanoparticle. 

AV/AP ratios of 1, less than 1 and greater than 1 (correlating with fractions or 

multiples of this concentration) were explored to determine the influence of vesicle 

concentration on adsorption behavior of DSPC for aminated, PEGylated and scaffold 

nanoparticle types. The effect of varying lipid concentration on total lipid adsorbed is 

shown in Figure 10. The total amount of lipid adsorbed was found to be highly dependent 

on the surface characteristics of each nanoparticle type. The aminated particles showed an 

immediate increase to 4.35 ± 0.30 molecules of PC adsorbed/nm2 at an AV/AP ratio of 1:1. 

This amount of lipid is near the theoretical maximum of a complete lipid bilayer encasing 
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the particles. This was followed by a slight decrease in concentration to 3.11 ± 0.25 PC 

adsorbed/nm2 and subsequent linear rebound (R2 = 0.988) toward the theoretical maximum 

concentration (~5.04 molecules of PC adsorbed/nm2). The increasing adsorption of DSPC 

onto the aminated particles is a function of the electrostatic interaction between the -P=O 

moiety of DSPC and primary amine on the surface of the particles. 

The PEGylated particles showed a linear (R2 = 0.979) increase of PC molecules 

adsorbed with increasing concentration of lipid added, never reaching the theoretical 

maximum over the concentration range explored. This behavior indicates that the 

PEGylated particles show less association of the lipid in solution and is in agreement with 

Ross et al.114 who found that bilayer assembly was not formed on PEGylated silica particles 

by vesicle fusion. This is further substantiated by PEG-modified planar substrates where 

hydrophobic modification is necessary to ensure vesicle adsorption and spreading.207 

The scaffold nanoparticles exhibited similar behavior to aminated particles, 

indicating greater association of the lipid with the surface of the particle as free lipid 

concentration increased. The scaffold nanoparticles showed a greater concentration of lipid 

on their surface in comparison to PEGylated nanoparticles at an AV/AP ratio of 1:1 (0.424 

μmol lipid added) or greater. This increased association of lipid with the surface of the 

composite scaffold over the PEGylated particle indicates an increase in the affinity of the 

lipids for the surface of the scaffold particle. The presence of the tethered DSPE 

phospholipid on the surface of the scaffold particle enhances the interaction of free 

phospholipid added. These tethered DSPE phospholipids direct additional lipid onto the 

surface due to van der Waals attraction between the aliphatic chains and hydrophobic 

interactions. The scaffold particles had statistically significant differences in lipid 
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adsorption when compared to the aminated particles at 15:1 (p = 1.6x10-4) and 20:1 (p = 

3.7x10-7) as well as at every concentration greater than 0.25:1 (0.106 μmol) in comparison 

to the PEGylated particles. For the scaffold particles, it was found that AV/AP ratios below 

1 resulted in destabilization of the particles. This is believed to result from the formation 

of lipid bridges among the particles rather than complete bilayer formation.208 Both 

Troutier et al.99 and Carmona-Ribeiro et al.181 report a similar trend but for the adsorption 

of dioctadecyldimethylammonium chloride and dipalmitoylphosphatidylcholine onto 

anionic poly(styrene) particles, respectively. 

It has been suggested that the process of phospholipid vesicle fusion with glass 

supports is governed by Derjaguin-Landau-Verwey-Overbeek (DLVO).19 This is the same 

theory that is commonly used to describe colloid aggregation, making it a fitting model to 

describe the population of liposome and scaffold particles in suspension. DLVO theory is 

comprised of two forces, those of electrostatic repulsion and van der Waals attraction. 

Given that salt concentration can reduce the Debye length and decrease the overall 

electrostatic repulsion, it would be expected that ionic strength of the buffers used to form 

the particles would have a dramatic effect on interaction. Indeed, this same behavior was 

observed by Troutier et al.99 with cationic lipids, where they found that stability of their 

bilayer encapsulated particles were a function of pH and ion concentration. For this reason, 

the pH and salt concentration were maintained at 7.5 and 10 mM, respectively, with 

monovalent tris buffer. 
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Figure 10. Adsorption of DSPC lipid onto aminated, PEGylated and DSPE-PEG2k coated 

silica particles. 

The formation of supported lipid bilayers on the surface of the silica particles was 

observed with transmission electron microscopy (TEM). The aminated nanoparticles 

exhibited a smooth surface that is characteristic of silica. The PEGylated particle surface 

appeared the same as PEG itself is not viewable under the TEM and disintegrates under 

the electron beam. Although, its presence has been visualized with the help of a background 

stain.196 Composite nanoparticles displayed a rough, undulating outer surface which is in 

stark contrast to the aminated and PEGylated particle surfaces. This surface morphology is 

characteristic of lipid coated nanoparticles and is believed to be an artifact of the drying 

step required for TEM.64,208,209 It is worth noting that the deposited lipid bilayer is 

susceptible to degradation by the electron beam. Extended exposure to the beam did result 

in the loss of the bilayer from the surface of the silica particles as shsown in Figure 11. 
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Figure 11. Surface morphology of aminated (A), PEGylated (B) and composite (C) 

nanoparticles visualized with TEM and effect of increased exposure to the electron beam 

on nanoparticle supported lipid bilayer degradation. 

Sonication of lipid-particle suspensions has shown success producing lipid-coated 

mesoporous silica particles64 and was implemented in this study to reduce the amount of 

time necessary to produce TMN. Sonication time was explored between 0 and 60 minutes 

at 15-minute intervals at an AV/AP ratio of 5:1. The amount of adsorbed lipid was quantified 

and the effect on hydrodynamic diameter and polydispersity observed. The amount of lipid 

detected on the PEGylated particles remained consistent regardless of sonication time, 
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while the scaffold particles showed an increase from 0.43 to 3 PC molecules adsorbed/nm2 

after 15 minutes and remained consistent at the 30, 45 and 60-minute timepoints. Following 

15 minutes of sonication, significant differences in the amount of lipid adsorbed onto the 

particles were not found. The aminated particles actually exhibited a decrease in the 

amount of lipid adsorbed with sonication. At 0 minutes of sonication, the amount of lipid 

on the particles was found to be more than double that theoretically necessary to produce 

a complete bilayer on the particle. Following the vesicle fusion method of bilayer 

formation, this is likely a result of either a multilamellar structure encasing the silica 

particle or perhaps the adsorption of intact liposomes that refuse to disrupt according to the 

traditional vesicle fusion pathway.95 Following 15 minutes of sonication, the concentration 

of lipid adsorbed decreased to 3.47 ± 0.63 PC molecules/nm2 (similar to the scaffold 

nanoparticle) and remained consistent throughout the time span studied. 

 

Figure 12. Effect of sonication time on amount of PC molecules adsorbed to the 

nanoparticles for DSPE-PEG2k-Si, PEG2k-Si and NH2-Si (n = 3). 
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Provided that membrane fluidity is a function of temperature, the bilayer is capable 

of maintaining two states: a gel phase and a liquid crystalline phase. The temperature at 

which this change occurs is termed the transition temperature and represents the median 

between a lipid bilayer gel phase and the liquid crystalline state (55ºC for DSPC). To 

investigate the effect of DSPC membrane fluidity on bilayer formation, two temperatures 

were chosen: 4 and 65ºC. TMN were mixed a 5:1 AV/AP ratio with liposomes and sonicated 

for 10 seconds. The particles were then incubated at their respective temperatures with 

continuous mixing. Figure 13 displays the effects of temperature on the amount of lipid 

adsorbed onto the particles. The concentrations were statistically different at 0.424 (1:1, p 

= 0.009), 6.36 (15:1, p = 0.041) and 10.6 (25:1, p = 0.004) μmol of PC added. These results 

indicate that at the concentrations necessary to produce a complete bilayer on the particles, 

greater than 15:1, temperature has a significant effect. These results are consistent with 

those seen from Jing et al.210 who found that vesicle fusion was a function of both liposome 

size and temperature. Above the transition temperature, DPPC liposomes 90 nm in size 

spontaneously ruptured on silica in a manner consistent with previous vesicle fusion 

descriptions.210 However, at 160 nm the liposomes were found to adsorb but not rupture 

regardless of temperature, even at saturation. As a temperature gradient was imposed from 

22ºC to above the transition temperature (41ºC), the 160 nm liposomes became more 

flexible and flattened until a complete bilayer was formed. It was hypothesized that below 

the transition temperature, the liposomes are more rigid and the activation energy for 

rupture at the point of minimum curvature is greater for the 160 nm liposomes in 

comparison to the 90 nm liposomes, indicating both a size and temperature dependence on 

forming an SLB. Noting the results of Jing et al.210, it is believed that increased temperature 
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would lead to increased lipid adsorption at all sonication intervals if combined with the 

sonication method utilized in this study. 

 

Figure 13. Effect of temperature on PC adsorbed with increasing concentration of PC in solution 

(n = 3). 

 

3.3.3 Effect of Adsorption on Hydrodynamic Diameter and Zeta Potential 

Quantifying the amount of lipid on the surface of the particles is useful for 

determining adsorption of the lipid in solution but it does not infer the behavior of the 

particles in solution. Thus, the hydrodynamic diameter (HD), polydispersity index and zeta 

potentials were determined via DLS. The HD of suspended nanoparticles represents the 

size of a hypothetical hard sphere diffusing in the solution.211 For silica nanoparticles this 

definition is apt, and as moieties are grafted to the surface of the particle an increase in the 

hydrodynamic diameter would be expected. The bare, aminated silica particles exhibited a 

HD of 138 ± 0.4 nm. This size rose to 148 ± 0.8 nm following attachment with PEG2k. It 

was not possible to measure the change in HD upon attachment of DSPE-PEG2k as the 
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particles were not stable in buffers nor a variety of organic solutions (e.g., chloroform, 

ethanol) given the hydrophobic character of the DSPE-facing exterior. However, it is 

believed that this size is relatively that of PEG2k given the grafting densities were similar 

(Table 3). Following adsorption of the DSPC bilayer to the particle, the HD varied 

depending on amount of lipid added during formation. Panel A of Figure 14 displays the 

change in HD and polydispersity index (PdI) with increase in AV/AP ratio. Only ratios ≥ 1 

were explored provided that ratios less than 1 were known to result in aggregation. The 

HD decreased as the concentration of lipid added increased, beginning at 245 ± 5.3 nm and 

decreasing to ~155 nm. Although there is theoretically enough lipid in solution at a 1:1 

AV/AP ratio to encapsulate the particle in a lipid bilayer, it appears that defects in the 

bilayers may result in agglomeration. Additionally, the amounts of lipid are based on a 

simplistic geometrical model for surface area and inherently contains error. A plateau was 

quickly reached above an AV/AP ratio of 2.5:1 (1.06 μmol lipid), where increasing lipid 

concentration resulted in only minor differences in intensity-averaged diameters observed. 

Examining the polydispersity indices for the same concentrations a similar trend is 

discovered. The PdI begins around 0.2 ± 0.02 for a 2:1 AV/AP ratio and decreases to ~0.1, 

nearing that of the silica particle, as shown in Panel B of Figure 15. Note, the PdI for the 

bare silica particles was found to be ~0.03. The rate of change is less than that of the 

hydrodynamic diameter, where lipid concentrations of 5:1 and greater displayed only 

minor changes among polydispersity. This data suggests that the concentration of lipid in 

solution can dictate the size and polydispersity of the TMN that is ultimately formed, with 

concentrations greater than 5:1 showing little to no difference among these two parameters. 
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The zeta potential of the TMN was determined at the same concentrations. Zeta 

potential values provide a measure of the electric potential at the slipping plane of the 

electric double layer and are often used to assess the stability of the particles in a 

suspension. For this study, the zeta potential was used to assess the change in surface 

potential with increasing lipid concentration on the TMN. As the amount of lipid incubated 

with the scaffold particles increased, the zeta potential values shifted towards neutral from 

their largely negative origin. At a 1:1 AV/AP ratio, the zeta potential was found to be -31.9 

± 0.7 mV. This value is likely a result of the externally grafted DSPE groups on the exterior. 

When the primary amine group of DSPE is synthetically grafted to the PEG2k molecule, 

this leaves the phosphate group as the sole charge in the otherwise zwitterionic species. As 

the concentration of lipid in solution increased, and consequently that on the particle, the 

zeta potential decreased to -21.7 ± 1.1 mV at 2.5:1, -14.8 ± 1.4 mV at 5:1 and finally 

levelling out at around -9.9 ± 1.6 mV at 15:1. This trend indicates a shift in the surface 

characteristics of the particles towards that of the DSPC liposomes, ~-4 mV. Correlating 

this data with the increasing concentration of lipid that was found on the surface suggests 

that the adsorption of DSPC is reducing the overall zeta potential of the particles, and the 

surface is becoming more like that of DSPC liposomes. 

Total energy input into the system was the final parameter investigated in producing 

TMN. The amount of energy was managed by changing the length of time the lipid-scaffold 

particle suspension was subjected to sonication. Sonication time was varied between 0 and 

60 minutes at a fixed rate of 14 W. Note, rate increases to 28 and 42 W at similar time 

intervals did not show appreciable differences in lipid adsorbed (data not shown). Previous 

reports by Meng et al.64 utilized 32.5 W for 20 minutes. At a 14 W input, this would amount 
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to 46.4 minutes – or approximately the 45-minute time point in this study.  An AV/AP ratio 

of 5:1 was used in this study as it fell on the slope of the adsorption curve for both the TMN 

and aminated particles - where the greatest differences were expected to arise. 

 

 

Figure 14. Increasing AV/AP ratio leads to a reduction in TMN size (A), decrease in 

polydispersity (B) and shift of zeta potential towards neutral (C). Orange line represents 

DSPC liposome properties and green line represents aminated silica nanoparticle 

properties. Error bars represent standard deviation of three separate experiments.  

The HD of the TMN decreased from its initial starting position of 244.8 ± 20.3 nm 

at 0 minutes to 161.3 ± 5.9 nm at 30 minutes and 160.5 ± 5.7 nm at 60 minutes of sonication. 

There were not large differences among the 30, 45 and 60-minute time points.  The 
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PEGylated nanoparticles increased in HD with increasing sonication time, beginning at 

217.8 ± 24.6 nm in size and reaching 431.4 ± 176.6 nm after 60 minutes. Additionally, the 

variation among samples generally increased with sonication time as observed in the 

standard deviation increase. The DSPC liposomes decreased from 108.4 ± 1 nm to 76.4 ± 

2.8 nm after 60 minutes of sonication. This decrease was expected as sonication of 

liposomes has long been used to decrease the overall size of a liposome suspension.212 The 

aminated particles exhibited aggregation at all time points as indicated by a HD above 1300 

nm at each time point with great variability among the samples. This data is shown in Panel 

B of Figure 15. This behavior is likely a result of lipid bridging among the nanoparticles 

even though there is excess lipid in solution.208  

The polydispersity of the aminated particles remained consistent at ~0.4 throughout 

all sonication time periods. The PEGylated particles increased in polydispersity from 0.34 

± 0.1 to 0.55 ± 0.3 and the DSPC liposomes increased from 0.02 ± 0.01 to 0.177 ± 0.01 

after 60 minutes of sonication. The TMN were the only particles to show a decrease in 

polydispersity with increasing sonication time. Initially upon mixing the liposome 

suspension with the scaffold particles, the scaffold particles remain unstable due to the 

highly hydrophobic exterior presented by the DSPE moieties with a PdI of 0.442 ± 0.1. 

After 15 minutes of sonication, this value decreases to 0.143 ± 0.04 before further 

decreasing to 0.10 ± 0.03 after 60 minutes of sonication indicating stabilization of the 

particles from adsorption of lipid to their surface. This character of stabilization was not 

observed by any other particle type. 

The zeta potential of the aminated particles remained slightly positive (~5 mV) 

throughout the sonication time frame but dipped down to 0.1 ± 2.1 mV at the 60-minute 
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point. The PEGylated particles decreased in from -5.7 ± 1.3 mV to -8.1 ± 0.4 mV and the 

DSPC liposomes remained consistently at ~-2 mV. The scaffold particle showed the 

greatest change, beginning at -26.3 ± 0.9 mV and became more neutral with increased 

sonication time to -11 ± 0.7 mV at 60 minutes. This shift towards neutral, and towards that 

of pure DSPC liposomes, is an indication of the surface being covered with additional 

lipids. As previously mentioned, the DSPE-PEG2k molecules decrease the zeta potential 

with their negative phosphate groups, but as these are covered up by the forming bilayer 

and zwitterionic DSPC molecules, the charge shifts neutrally.  

These differences in HD, PdI and zeta potential among the scaffold, PEGylated and 

aminated particles indicate a direct effect of surface properties on the formation of a 

supported lipid bilayer under the conditions explored. The presence of DSPE-PEG2k on 

the surface of the nanoparticle has demonstrated a clear advantage in the predictability of 

size, dispersity, stability and surface charge. Monitoring of the zeta potential also 

demonstrates an effective way of characterizing the transition of the scaffold particle from 

its initial state (highly negatively charged) towards that of the zwitterionic DSPC liposomes 

(more neutrally charged) as the lipids associate with the surface.  
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Figure 15. Increasing sonication time affects hydrodynamic diameter (A and B), 

polydispersity (C) and zeta potential of each particle type: liposomes (brown), tethered 

membrane nanoparticles (blue), amine coated silica (green) and PEG coated silica (yellow). 

Error bars represent standard deviation of three separate experiments. 

3.3.4 Membrane permeability assessment 

Our lab has previously used carboxyfluorescein (CF) as a model to measure the 

release of intraluminal contents.192,213 Release of CF from the TMN was compared with 

DSPC liposomes prepared via extrusion. TMN constructed from four different AV/AP ratios 

were compared, two on the slope of the adsorption curve and two at the plateau. TMN 

formed at 10, 15 and 25:1 ratios were found to release CF at a slower rate than the TMN 

constructed at a 5:1 ratio. The 5:1 TMN quickly released 20 ± 7.5% of its loading after 
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three days of incubation while the 10:1 TMN released 12.8 ± 4.1% and the other two ratios 

were less than 10%. After six days of incubation, all four TMN converged with release 

between 15 and 20%. It should be noted that this release may be an artifact of the washing 

procedure, where the dye that is “releasing” is actually only adsorbed to the exterior of the 

particles. An extended release profile over a longer period of time should clarify these 

results. 

 

Figure 16. Release profiles of carboxyfluorescein for DSPC liposomes and TMN produced 

at different AV/AP ratios (connecting lines drawn to guide the reader’s eye). 

This data was fit to a commonly used solute release model to help identify the 

mechanism of release. Peppas and coworkers214,215 have developed a simplification of the 

Higuchi model216 for solute release 

 𝑀𝑡
𝑀∞

= 𝑘𝑡𝑛 
(30) 

where k represents an experimental constant and n is the diffusional exponent that 

describes the release mechanism. This model has previously been applied to 
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polymersomes.217 The data for 5:1 and 15:1 AV/AP ratios were selected to model as they 

exhibited the greatest overall difference. The model parameters are enumerated in Table 4 

and the results of the fit are shown in Figure 17. The 5:1 and 15:1 release profiles yielded 

exponents of 0.33 and 0.68, respectively. The 0.33 value of 5:1 is closer to Fickian release 

than zero-order but still falls below the model’s threshold of 0.43. The model does hold a 

better fit (R2 of 0.80 versus 0.66 when linearized) for the data collected at 72 hours and 

before. It is known that one of the limitations of this model is that it only applies to the 

initial 60% of release.215 An extended release study that examines full release of CF may 

help characterize this behavior to a greater extent. The exponential parameter for 15:1 was 

0.68 which correlates with anomalous release, or non-Fickian release. It is worth noting 

that this release profile also had a linear fit with an R2 value of 0.92, perhaps indicating a 

more zero-order like character – or concentration-independent release. 

Table 4. Diffusional exponents, n, fitting parameters, k and diffusion mechanisms for non-

swellable controlled release systems. 

 Mechanism/Sample Exponent (n) k 

Fickian diffusion 0.43 - 

Anomalous (non-Fickian) 0.43<n<1.0 - 

Zero-order release 1.00 - 

5:1 0.33 4.30 

15:1 0.68 0.591 
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Figure 17. Isolated release profiles of carboxyfluorescein from tethered membrane 

nanoparticles with AV/AP ratios of 5:1 and 15:1.  

From these release profiles it is clear that the amount of lipid introduced into 

solution when forming the TMN does have an effect on the release of CF. This is likely a 

result of the array of bilayer intactness achieved while varying AV/AP ratio. These release 

profiles contrast to the DSPC liposome controls which released less than 1% of CF over 

the same period, which is consistent with our previous reports.192,213 Although there is a 

significant difference between the release from the TMN and the liposomes, it should be 

noted that no optimization was conducted on the lipid formulation for the TMN. An optimal 

lipid coating likely exists that enhances the entrapment of CF and further prevents release 

until desired. 

3.4 Conclusion 

Deposition of lipid bilayers onto silica nanoparticles with a tethered inner 

monolayer has been demonstrated. TMN formation was found to be a function of 

sonication time, temperature and ratio of lipid to nanoparticle surface area. The TMN 
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formed associate the advantages of nanoparticles and lipids. These include a solid core that 

acts as a scaffold, providing mechanical stability, morphology and a narrow size 

distribution. The advantages of a lipid coating have been previously outlined and include 

biocompatibility and biomimetic behavior. We believe this nanoparticle system has broad 

potentialities for use as a therapeutic vector and drug delivery reservoir, model membrane 

systems, or as a support for biomolecule screening. 
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Chapter 4: Application of Tethered Membrane Nanoparticles in the Treatment of 

Prostate Cancer 

 

4.1 Introduction 

Prostate cancer is the third most common type of cancer and ranks 6th among the 

estimated number of deaths expected from cancer for 2018. Prostate cancer (PCa) is the 

most common type of cancer among men, affecting about 1 in every 7, and accounts for 1 

in every 5 new cancer diagnoses.218 PCa presents as a solid tumor, making the use of 

nanoparticle formulations an adept choice for taking advantage of the enhanced 

permeability and retention effect (EPR).219,220 Chronic inflammation combined with 

reactive oxygen species (ROS) generation are putative risk factors for PCa development.221 

Nanoparticles have been explored to deliver both chemoprevention agents and traditional 

chemotherapeutics.222 Chemoprevention agent delivery have included the use of natural 

antioxidants such as those found in green tea polyphenols.223 These polyphenols possess 

antioxidant properties that protect cells against the damaging effects of reactive oxygen 

species.224  

Nanoscale drug delivery systems such as liposomes and nanoparticles have 

received tremendous attention and focus within the scientific community towards the 

development of treatments for cancer.9 This focus is a result of the unique properties 

nanoscale materials provide, including high surface area-to-volume ratios that permit 

decoration with drug, polyethylene glycol and targeting agents; as well as a size range that 
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promotes extravasation into the tumor microenvironment. Attachment and/or incorporation 

of drugs within nanoparticle scaffolds has been used to control drug release profiles. 

Nanoparticles also provide an opportunity to deliver therapeutic agents alongside 

diagnostic probes, useful in determining disease state and progression. Liposomal 

formulations offer the ability to encapsulate both hydrophilic and hydrophobic drugs, often 

with unfavorable pharmacokinetic properties, and PEGylated liposomes have seen 

significant increases in circulation residence times. Through the manipulation of these 

material properties, there have been significant advances and even approval of nanoscale 

formulations.39 

Lipid composition is an important metric in developing effective and stable drug 

delivery platforms. Additionally, composition can be used to anticipate the behavior of 

lipid-based drug delivery systems in vivo. Factors that are often focused on include blood 

clearance and distribution. It has been found that the use of solid-phase lipids such as 

distearoyl phosphatidylcholine in combination with cholesterol have demonstrated 

increased blood residence time and reduced uptake by the RES. This enhanced effect was 

attributed to the rigid bilayer, negative surface charge and the use of carbohydrate-

containing lipids.149 Additionally, the inclusion of cholesterol has been shown to increase 

stability, preventing lipoprotein-induced destabilization. The unique properties of lipids 

provide an ability to design a delivery system with specific release and stability 

characteristics in mind. 

Nanoparticles provide a capability in overcoming the dose-limiting side effects 

typically associated with chemotherapeutics. However, solid nanoparticles often exhibit 

rapid clearance upon administration in vivo, leading to poor residence times. PEGylated 
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liposomes, on the other hand, have been associated with long circulation times and 

increased pharmacokinetics of drug. Combination of these two delivery systems provides 

the opportunity to create a composite nanoparticle system exhibiting the long residence 

times associated with liposomes and the potential for tailorable release profiles and/or use 

as a theranostic agent. 

Here we present the development of a tethered membrane nanoparticles (TMN) for 

use as a drug delivery vehicle. Stability of the TMN was determined in serum and the effect 

of lipid bilayer composition on expected circulation half-life was determined via incubation 

with macrophage cells. Finally, TMN and liposomes were remote loaded with doxorubicin 

(DOX) and administered in vitro to PC-3 prostate cancer cells. 

4.2 Materials and Methods 

Materials and methods were the same as Chapter 2 except where indicated. 

4.2.1 Materials 

All materials were purchased from commercial suppliers and used without further 

modification, unless noted otherwise. Amine modified (Lot: JEA0116) silica nanoparticles 

were purchased from nanoComposix (San Diego, CA). N-Hydroxylsuccinimide (NHS) 

functionalized methoxy polyethylene glycol (m-PEG-NHS) polymer and 1,2-distearoyl-

sn-glycero-3-phosphoethanolamine bonded to polyethylene glycol (DSPE-PEG-NHS) 

lipid polymer in 2k Da molecular weight were purchased from Nanocs, Inc. (New York, 

NY). 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-distearoyl-sn-glycero-

3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt) 

(mPEG2k-DSPE) were purchased from Avanti Polar Lipids (Alabaster, AL). 1,1'-
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dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD) 

was purchased from Invitrogen (Carlsbad, CA). Fluorescamine, p-methylaminophenol 

sulfate (99%), ethanolamine (98%), sodium hydroxide (NaOH), oxalic acid anhydrate 

(98%), ammoniuim molybdate tetrahydrate (99%) and 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES, 99%) were purchased from Alfa Aesar (Ward Hill, 

MA). Silica standard was purchased from Ricca Chemical (Arlington, TX). Dimethyl 

sulfoxide (DMSO), sulfuric acid, and 37% hydrochloric acid (HCl) were purchased from 

BDH (VWR, Randor PA). Anhydrous sodium sulfite, sucrose, cholesterol, fluorescein 

isothiocyanate (FTIC), thiazoyl blue tetrazolium bromide (MTT) and 

tris(hydroxymethyl)aminomethane were purchased from AMRESCO, Inc. (Solon, OH). 

Carboxyfluorescein was purchased from Acros (New Jersey, USA). Doxorubicin was 

purchased from TCI America (Portland, OR). Deionized water used throughout the study 

was obtained from a Milli-Q Purelab Flex 2 water purification system (ELGA, LLC, 

Woodridge, Illinois, IL). 

4.2.2 Cell Lines 

Authentication of cell lines was confirmed by the National Institute of Standards 

and Technology, using a multiplex PCR assay. Cells were maintained in Ham’s F-12K 

(Kaighn’s) nutrient mixture with L-glutamine (Corning cellgro, Manassas, VA), 

supplemented with 10% fetal bovine serum (FBS) from VWR Life Science Seradigm 

(Radnor, PA) and 1% penicillin/streptomycin purchased from (Corning cellgro, Manassas, 

VA). RAW cells were maintained in Dulbecco's Modified Eagles Medium (DMEM)/High 

Glucose (HyClone, GE Healthcare Life Sciences), supplemented with 10% FBS and 1% 

antibiotics. Both cell lines were incubated at 37°C in 5% CO2. 
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4.2.3 Liposome Preparation 

Liposomal formulations were prepared by mixing 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC) with cholesterol at a 10:5 molar ratio for, respectively, in 

chloroform for DSPC liposomes and a 9:5:1 molar ratio of DSPC, cholesterol, mPEG2000-

DSPE for sterically stabilized liposomes. Dry lipid films were prepared via evaporation of 

the chloroform in a Rotavapor R-210/R-215 (Buchi, New Castle, DE, USA) under a 

constant stream of nitrogen. The thin lipid film was dispersed in 10 mM tris buffer at pH 

7.5 and subjected to 7 freeze-thaw cycles before being extruded 7 times through a 0.08 um 

double stacked polycarbonate membrane in a high-pressure homogenizer (Lipex, 

Transferra Nanoscience Inc., Burnaby, B.C., Canada). Final particle size was verified with 

dynamic light scattering with a mean particle diameter of 117 ± 0.32 nm and a PDI of 

0.016. Liposomes were stored at 4°C and used within 3 weeks of formulation. Lipid 

concentration was determined via quantification of inorganic phosphate following acid 

hydroylsis.188 

Fluorescent DiD-labeled liposomes were prepared according to Kamps et al.225 

with slight modifications. Briefly, 1 mol% DiD was added to a mixture of lipids and 

cholesterol in chloroform. DiD was added before the solution was evaporated and a lipid 

film produced. The lipid film was rehydrated in tris buffer or ammonium sulfate depending 

on whether the liposomes were to be loaded with doxorubicin. The remaining portion of 

the procedure was the same as above. 

4.2.4 Preparation of Doxorubicin Liposomes 

Doxorubicin loaded liposomes were prepared by remote loading with an 

ammonium sulfate gradient as described previously.226,227 Briefly, lipids and cholesterol 
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dissolved in chloroform were mixed and dried using a rotary evaporator. The formed thin 

lipid film was hydrated with 250 mM ammonium sulfate (pH 5.0) and subjected to 7 freeze-

thaw cycles before being extruded 10 times through a 0.08 micron double stacked 

membrane in a high-pressure homogenizer (Lipex, Transferra Nanoscience Inc., Burnaby, 

B.C., Canada). Following extrusion, the liposomes were placed in a water bath at 4°C for 

ten minutes to gel the membrane and then dialyzed overnight in an isotonic 10% (w/v) 

sucrose solution at 4°C to remove excess ammonium sulfate. Doxorubicin was then added 

to the liposomes at a 0.2:1 molar ratio and incubated at 65°C for 1 hour with mixing every 

15 minutes. The loaded liposomes were dialyzed overnight with a 10% (w/v) sucrose 

solution. Doxorubicin loading was quantified spectroscopically in acidified ethanol.228   

4.2.5 Preparation of Doxorubicin TMN 

TMN were prepared as previously mentioned in Chapter 3. In order to load 

doxorubicin, liposomes were mixed with scaffold nanoparticles but in the presence of 

ammonium sulfate rather than tris buffer. 500 mM ammonium sulfate was used to dilute 

the scaffold particle-lipid mixture to arrive at final concentration of 250 mM. Upon 

formation, the TMN were separated from excess lipid via centrifugation and resuspened 

via pipetting into isotonic 10% (w/v) sucrose. Doxorubicin was then added to the 

composites at a 1:1 molar ratio and incubated at 65°C for 1 hour with mixing every 15 

minutes. The loaded composites were incubated in a refrigerated water bath for 10 minutes 

before centrifuging to remove excess doxorubicin. Doxorubicin loading was quantified 

spectroscopically in acidified ethanol.228   
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4.2.6 Serum Stability 

Nanoparticles, whether liposomes, TMN or silica particles, were added to phenol 

free F-12K basal media supplemented with 10% fetal bovine serum. Particle suspensions 

were analyzed with dynamic light scattering at 0, 24, 48, 72, 96, 144 and 184 hours and 

then 1 and 2 month intervals to observe changes in hydrodynamic diameter and 

polydispersity.  

4.2.7 Cell Staining and Fluorescent Microscopy 

RAW 264.7 cells were plated in a 24 well plate and/or chamber slide at a 

concentration of 50,000 cells per well. After 24 hours of equilibration time, culture media 

was removed and treated with media containing FITC-stained TMN or DiD liposomes at 

1, 0.1, 0.01, 0.001 mg/mL. Particles were incubated with the cells for 4 hours. Following 

treatment, cells were washed once with PBS and fixed with 10% neutral buffered formalin. 

They were then permeabilized with 0.1% Triton X-100 and incubated with blocking buffer 

(1% BSA in PBS) before addition of cellular stains. Cell processes were stained with Alexa 

Fluor 488 Phallodin and nuclei with Hoechst 33342. Fluorescent images were captured 

with an EVOS cell imaging system (ThermoFischer Scientific, Waltham, MA, USA).  

4.2.8 Flow Cytometry 

Nanoparticle samples were analyzed with a BD Accuri C6 flow cytometer (BD 

Biosciences, San Jose, CA, USA) containing two lasers (488 and 635 nm). The instrument 

was set up with a 533/30 band pass filter to examine fluorescence emitted by 488 nm laser 

excitation and a 675/25 band pass filter was used to examine florescence emitted by 635 

nm laser excitation. A threshold of 10,000 on FSC was set, with a flow rate of 12 µL/min 

and data recorded for 2 minutes. The cytometer was flushed with DI water until the events/s 
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were less than 100. Fluorescein isothiocyanate (Ex/Em: 490/525) was used to label silica 

nanoparticles. Fluorescein isothiocyanate (FITC) was reacted with nanoparticle surface 

amines at a 2:1 molar ratio in a 50% dimethyl sulfoxide-ethanol mixture. DiD (Ex/Em: 

644/665) was used to label lipid bilayers and was incorporated within the liposomal 

formulation at 1% of the total lipid concentration (e.g., 0.1 µmol in a 10 µmol prep).  

4.2.9 Measurement of MTT Staining 

The ability of cells to metabolize 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) into insoluble formazan crystals was used as an 

indicator of toxicity.229 Results were corroborated with phase contrast microscopy. Cells 

were seeded in 96 well plates at 1x104 cells per well. After 24 hours of equilibration time, 

culture media was removed and cells were treated with media containing nanoparticle 

formulations. Doxorubicin concentrations in the range of 1 to 10 μM were used. This range 

bookended the as the dose, 2.5 μM, that resulted in ~50% cell kill after 72 hours in the PC-

3 cell line. After 24, 48 and 72 hours 50 uL of 2 mg/mL of MTT was added to each well 

and incubated for 4 hours. The media containing particles and MTT reagent was aspirated 

and 150 μL of dimethyl sulfoxide (DMSO) was applied to the cells to solubilize formed 

formazan crystals. Plates were shaken vigorously for 5 minutes and then the absorbance 

measured at 540 nm using a SpectraMax i3 (Molecular Devices, Sunnyvale, CA). The data 

were ratioed to an untreated control and the values plotted against the concentration of 

doxorubicin incubated. 
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4.3 Results and Discussion 

4.3.1 Stability Study in Serum 

Within biological fluids, proteins bind to the surface of nanoparticles and form what 

is referred to as the protein corona. This protein corona can influence the interaction 

nanoparticles have with a biological system.230 Serum incubation studies provide a measure 

with which to assess particle stability upon administration in vivo and has recently been 

used to evaluate the kind of protein coats formed on the surface of nanoparticles.231 

Although particles may be engineered to be inherently stable, it is possible that changes to 

the surface can occur as proteins adsorb, leading to instability and aggreagation.232 These 

protein coats have been found to form within minutes of incubation and to be a function of 

nanoparticle size, surface charge, surface energy and roughness.233 Employing the 

understanding of protein coat formation, some researchers are even looking at developing 

methods to target specific nanoparticle-protein complexes with the goal of better predicting 

and controlling circulation residence times and biodistribution.234 These studies have 

examined formation of protein coats with differing particle surface characteristics in serum 

conditions and identified the proteins adsorbed. Similar studies have identified a link 

between nanoparticle surface characteristics and macrophage uptake.235 Our lab has 

previously demonstrated a correlation between in vitro macrophage uptake and clearance 

in vivo,187 making serum stability assessment an apt estimation of nanoparticle behavior in 

vitro and in vivo. 

TMN were formed in the presence of varying concentrations of DSPC liposomes. 

It was recognized that concentrations below an AV/AP ratio of 1 would result in 

agglomeration. TMN were formed with AV/AP ratios of 1, 2.5, 5, 10, 15, and 25:1. These 
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particles were incubated in culture medium containing 10% FBS and changes to their HD 

and PdI monitored with DLS. Figure 18 and Figure 19 display the results recorded over 

an 8 day period. There appears to be a lower bound for AV/AP ratio in producing the TMN. 

It was found that the 1 and 2.5:1 ratios produced the greatest variability in HD and PdI. At 

a 2:1 ratio, the HD of the particles began at 300 nm and showed greater sizes throughout 

the course of study. All other lipid ratios hovered around 160-180 nm depending on the 

time point. 

A similar trend was observed with the PdI values. Lipid ratios of 1 and 2.5:1 showed 

the greatest variation with TMN formed at 10:1 and above exhibiting more consistent PdI 

values. AV/AP ratios of 5, 10, 15 and 25:1 yielded PdI values below 0.2, indicating 

monodisperse samples, at all time points and varied between 0.12 and 0.18 depending on 

lipid ratio and time point. Particles formed with a 1:1 ratio consistently exhibited PdI values 

greater than 0.3, indicating greater polydispersity, and had the greatest amount of variation 

among data points. This variability in PdI can also explain the fluctuation in HD, where 

the z-average values recorded are simply an average of the intensity-weighted peaks in the 

samples and doesn’t represent a true diameter distribution of the particles in suspension. 

Visual observation of the samples also support the conclusion that these particles were less 

stable and agglomerated. Initially, the particles produced with a 5:1 AV/AP ratio yielded 

PdI values similar to the higher ratios but over time, showed increasing polydispersity. 

Similar stability of the particles at the 30 and 60 day time points was observed for the 5, 

10, 15 and 25:1 AV/AP ratios. These results suggest that upon initial formation of the protein 

corona on the nanoparticle surface, additional incubation in the serum environment has no 

effect on the stability of the particles, for a given SLB covering. 
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The lack of significant differences among particles with AV/AP ratios greater than 

5:1 is likely a result of the polymer layer. Proteins in solution have been shown to 

nonspecifically adsorb at defect sites on solid supported bilayers lacking a polymer 

cushion. These kinds of defects have been found to have a detrimental impact on biosensor 

design.236 It is believed that the presence of the PEG polymer cushion reduces nonspecific 

adsorption of proteins from suspension and yields stable particles over the time span 

investigated. Additionally, the higher concentrations of lipid in suspension would prevent 

agglomeration of the particles due to lipid bridging.208  

The two controls used in this study were PEGylated silica particles and DSPC 

liposomes. The PEGylated silica particles were stable in suspension for the first 6 hours. 

At the 6-hour time point the particles began to agglomerate considerably, and variation 

among samples became substantial. These particles’ PdI value was initial below 0.1, 

indicating highly monodisperse distributions, but quickly ballooned to greater than 0.4 with 

variability at each time point (error bars were removed for clarity). The DSPC liposome 

control showed consistent diameters around 120 nm throughout the study and PdI values 

around or below 0.2 throughout. This indicates an influence from the chemical nature of 

the nanoparticle surface (compare PEGylated with SLB-NP) on protein adsorption and 

stability, which is consistent with previous studies.12 

The application of the tethered lipid bilayer to the surface of the silica particles 

demonstrates enhanced stability of the silica particles in compete culture media over 

PEGylated particles. This behavior is similar to that of the liposome control, where HD 

and PdI remain consistent at the same time intervals. This effect on stability is similar to 

that reported by Moura et al., who found enhanced colloidal stability of silica particles at 
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high ionic strengths as a result of an applied phosphatidylcholine membrane.105 This is 

further supported by Durfee et al.19 who postulated that the stability in serum of a 

zwitterionic lipid coated mesoporous silica particles was due to the zwitterionic nature of 

the membrane and less with the attached PEG. These results suggest an intense effect of 

incorporating the SLB on nanoparticle stability and suggest its use as a drug delivery 

vehicle may be dramatically impacted, perhaps with greater residence times in vivo. 

 

Figure 18. Hydrodynamic diameters of DSPC coated TMN with different lipid 

concentrations incubated in 10% FBS supplemented F12-K media for 8 days. PEG2k 

coated particles and DSPC liposomes shown as controls. Error bars represent standard 

deviation (n=3). PEG2k error bars removed for clarity. 
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Figure 19. Polydispersity index values of DSPC coated TMN with different lipid 

concentrations incubated in 10% FBS supplemented F12-K media for 8 days. PEG2k 

coated particles and DSPC liposomes shown as controls. Error bars represent standard 

deviation (n=3). PEG2k error bars removed for clarity. 
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for comparison. Liposomes were administered at the same particle number concentrations. 

For 0.001, 0.01 and 0.1 mg/mL this correlated with 5.6x108, 5.6x109 and 5.6x1010 

particles/mL, respectively. 

 

Figure 20. Pictorial representation of FITC and DiD fluorescent labels incorporated within 

tethered membrane nanoparticles. 

Figure 21 shows the dot plot of the labeled TMN in comparison to the control. As 

particle concentration increased, the population of cells on the dot plot moved up and to 

the right. This indicated an increase in fluorescence intensity of DiD (up) and FITC (right). 

The RAW 264.7 cells were incubated with TMN with two difference surface coatings, 

DSPC (left plot) and SSL (right plot), to examine the effect of incorporating a PEG brush 

border on the surface of the particles. The plot on the left of DSPC coated composites 

shows a significant increase in uptake in comparison to the plot on the right of SSL coated 

particles. In general, the SSL particles lag behind DSPC in uptake as would be expected 

with a PEGylated nanoparticle. FITC displayed lower overall fluorescence intensity in 
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comparison to DiD. This is believed to result from a shielding effect from its incorporation 

within the lipid bilayer, on the particle surface and its relative intensity compared with DiD.  

 

Figure 21. Dot plot of composite nanoparticle uptake with Raw 264.7 macrophage cells. 

Particles were coated with DSPC (left) and SSL (right) lipid formulations. Particles were 

incubated at three concentrations: control (green), 0.001 mg/mL silica (orange), 0.01 

mg/mL (blue) and 0.1 mg/mL (red).   

 

 

Figure 22. Composite fluorescent microscope images of macrophage cells incubated with 

0.01 mg/mL of tethered membrane nanoparticles coated with DSPC (A) and SSL (B) 

formulations. Blue = DAPI, Green = phalloidin, and Cy5 = DiD. Scale bars represent 10 

microns. 
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Fluorescent microscope images were used to visually compare uptake of TMN 

coated with DSPC and SSL formulations. Composite fluorescent microscope images of 

macrophage cells incubated with 0.01 mg/mL of TMN are shown in Figure 22. The DSPC 

coated particles showed greater uptake as indicated by the greater amount of Cy5 color in 

Panel A over that observed with the SSL coated particles in Panel B. Panel B does have a 

couple, less observable punctate regions of Cy5 indicating association of the particles with 

the macrophage cells (indicated via the arrow). These results correlate with the trend 

observed via flow cytometry. 

Figure 23 and Figure 24 display the median fluorescence intensities of the DiD 

labeled particles and FITC labeled particles, respectively. In general, the TMN showed 

greater uptake in comparison to the liposome controls. The SSL coating on the TMN 

reduced uptake over DSPC coated particles by a factor of 13 at 0.1 mg/mL and showed a 

statistical difference at each concentration (0.001 mg/mL, p = 0.0006; 0.01 mg/mL, p = 

0.0038; 0.1 mg/mL, p = 0.0005). The results of the TMN follow the same trend as DSPC 

and SSL formulated liposomes, with statistical differences at each concentration and a near 

30 times difference at the highest concentration (0.001 mg/mL, p = 0.0009; 0.01 mg/mL, 

p = 0.0001; 0.1 mg/mL, p = 0.0027). DSPC coated composites showed the greatest uptake 

at each concentration and DSPC liposomes showed the second highest uptake followed by 

SSL coated composites and then SSL liposomes.  
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Figure 23. Median fluorescence intensities of DiD labeled composite nanoparticles and 

DiD labeled liposomes. 

 

Figure 24. Median fluorescence intensities of FITC labeled composite nanoparticles and 

FITC labeled amine and PEG coated silica particles. 

Aminated particles showed the greatest uptake among silica particle comparisons 

(Figure 24). This greater uptake is believed to be a result of the highly positive surface 

charge. DSPC, SSL and PEGylated silica all showed similar uptake. However, it is likely 

that the overall reduced fluorescence intensity of the FITC fluorophore bound to TMN 
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impacted the overall comparison among silica particles. These trends indicate an ability to 

tailor RES clearance by controlling surface characteristics of the TMN. It is expected that 

inclusion of a PEG brush border would significantly reduce clearance as seen with other, 

traditional nanoparticle systems. 

The TMN showed a greater uptake in comparison to traditional liposomes at each 

concentration examined. Given that the particles were found to be stable in cell culture 

medium, this greater uptake is likely a result of gravitational settling and not 

agglomeration. Settling of silica particles is very common in suspensions and has been 

found to dramatically impact particle effects on cells.237 This settling effectively increases 

the concentration of particles available for uptake at the cell interface.238 In some cases, 

particle agglomeration significantly increases local concentration near the cells as is likely 

for the aminated particles. Whereas, liposomes remain in suspension and maintain a lower 

relative concentration of particles available for uptake. Inclusion of PEG brush borders 

likely has a two-fold effect, increasing stabilization of the particles in suspension while 

also reducing protein adsorption. 

4.3.3 Loading of Doxorubicin 

Liposomes have been studied extensively as delivery vehicles for doxorubicin and 

have seen success as a possible treatment for prostate cancer.239 Thus, doxorubicin serves 

as a unique model in developing the capabilities of our nanoparticle tBLM composites. 

Moreover, remote loading of doxorubicin provides an opportunity to demonstrate the 

usefulness of these composites without concern about membrane leakage of the 

encapsulated drug. Provided dox precipitates upon crossing the bilayer membrane, its 
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release rate is expected to be less than that of the previously explored carboxyfluorescein 

molecule.227  

Encapsulation efficiency of doxorubicin in liposomes is commonly achieved at 

95% or higher when using an ammonium sulfate gradient when using a DOX to dry lipid 

ratio of 0.2:1.240 For this work, a similar encapsulation efficiency was achieved at around 

80-95%. The loading efficiency was found to be highly dependent on pH of the exterior 

DOX solution. A pH of 8-8.5 was targeted with pH’s of 8.41, 8.15 and 8.09 achieved. This 

led to appreciable differences in DOX loading as illustrated in Figure 25. A pH of 8.09 

lead to an entrapment efficiency of 85 ± 0.1%, which increased to 92 ± 0.2% at a pH of 

8.41. This  

 

Figure 25. Loading efficiency of doxorubicin within tethered membrane nanoparticles was 

found to be highly pH dependent utilizing an ammonium sulfate gradient. 

The presence of the silica nanoparticles within the lumen of the lipid bilayer also 

presented a unique situation. The silica particles were found to interact with the loaded 

doxorubicin, making direct assessment of loaded DOX inaccurate. This was alleviated via 
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quantification of the wash supernatant rather than the particles themselves. This DOX 

association was the result of remaining primary amines and hydroxyl moieties on the 

surface of the silica particle that were not functionalized with DSPE-PEG2k. DOX 

molecules have been found to form hydrogen bonds with both hydroxyl and amine 

groups,241 which explains the association of DOX with the surface of the silica particle. It 

is also believed that the primary amines provide another reservoir of protons useful when 

loading. This increased interaction may also serve as a pH-dependent release mechanism 

in vivo, providing a controlled release off the surface of the particle upon entrapment within 

the endosome. 

4.3.4 In vitro Evaluation of Tethered Membrane Nanoparticles with PC-3 Cells 

Human PC-3 cells were chosen to examine the effects of doxorubicin loaded TMN 

on anti-tumor activity. PC-3 is known to readily form tumors in athymic mice,242 ensuring 

the data collected will be relevant for comparison with future in vivo experiments. It was 

found that free doxorubicin induced a concentration and time-dependent decrease in MTT 

staining with an IC50 value around 1.5 μM after 72 hours of incubation. At the 24 and 48 

hour time points, DOX was found to reduce MTT staining by roughly 20 and 35%, 

respectively. 

TMN and SSL liposomes loaded with doxorubicin were incubated with PC-3 cells 

for 24, 48 and 72 hours. Concentrations of 1, 3, 5 and 10 μM were chosen to incubate with 

the PC-3 cells to determine concentration dependent effects. Panel C of Figure 26 shows 

the resulting MTT staining of PC-3 cells after incubation for 72 hours with DOX loaded 

TMN and DOX loaded liposomes with their respective controls. Both particle types 

displayed similar MTT staining to their controls at the lowest concentration, 1 μM. As 
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DOX concentration increased, TMN and liposomes performed similarly. Both particle 

types yielded higher levels of MTT staining in comparison to free DOX. At 10 μM, the 

decrease in MTT staining was statistically similar (liposomes, p = 0.058; TMN, p = 0.252) 

to free DOX for both the TMN and liposomes. Similar trends were observed at the 24 and 

48 hour time points as shown in Panel B and C of Figure 26, respectively. 

 

Figure 26. Concentration-dependent effects of doxorubicin loaded SSL liposomes and 

SSL tethered membrane nanoparticles on MTT staining in human prostate cancer cells after 

24 (A), 48 (B) and 72 (C) hours of incubation. 

The time-dependent effects on MTT staining were also examined and are shown in 

Figure 27. Panel C displays the time-dependent MTT staining of particles loaded with 5 

μM dox and their controls at 24, 48 and 72-hour time points. Free dox reduced MTT 

staining from 85 ± 4% at 24 hours to 64 ± 4% at 48 and 40 ± 6% at 72 hours. Dox loaded 

liposomes and TMN performed similarly, with reductions in MTT staining to 

approximately 92%, 70% and 67% at 24, 48 and 72 hours, respectively. Similar trends 
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between the two DOX loaded particles were observed at the other concentrations 

examined, as shown in Figure 27. 

 

Figure 27. Time-dependent effects of doxorubicin loaded SSL liposomes and SSL tethered 

membrane nanoparticles on MTT staining in human prostate cancer cells after 72 hours of 

incubation at 1 (A), 3 (B), 5 (C) and 10 (D) μM. 

These results suggest that the TMN loaded with doxorubicin yields a similar effect 

on MTT staining when compared with DOX loaded liposomes. At each concentration and 

time point, the TMN performed comparably to liposomes. Both particle types deviated 

from free DOX at concentrations lower than 10 μM. These results were expected, as 

encapsulated drug must first be released from the nanoparticles. However, at the higher 

concentration the similar toxicities among the particles and free dox suggest there is an 

enhanced release and/or uptake mechanism. Our previous work indicates that this is a cell 

mediated effect.242 These results are encouraging and demonstrate the TMN as an effective 

drug delivery vehicle, with results comparable to traditional liposomes. 
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4.4 Conclusions 

Production of silica nanoparticle tethered bilayer membranes have been 

demonstrated with two separate surface characteristics. Bilayers comprised entire of 

zwitterionic DSPC and DSPC with an exterior PEG layer have been assembled. The effect 

of this exterior PEG layer on macrophage uptake has been compared with the DSPC 

bilayer. Remote loading of doxorubicin was employed and the loaded particles 

administered to a PC-3 prostate cancer cell line. Comparisons among the TMN, free DOX 

and sterically stabilized liposomes found that both nanoparticles yielded similar cell kill 

results. Future studies may include examining modifications in the formulation of lipid 

used to coat the TMN. Secretory phospholipase A2 (sPLA2) is overexpressed in prostate 

cancer and our lab has developed an sPLA2 responsive lipid formulation.242 This 

formulation led to increased efficacy in vivo and was linked with greater uptake in vitro. 

The versatility of the TMN system has been demonstrated and the ability to alter the 

composition of the tethered membrane provides many avenues of optimization for the 

disease of interest, such as cancer. 
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Chapter 5: Cytotoxicity of PEG Coated Silica Nanoparticles 

 

5.1 Introduction 

Silica nanoparticles present a robust, biocompatible and stable nanoparticle 

platform from which to build a drug delivery vehicle. Silica particles have excellent optical 

properties, monodisperse size distributions and controllable porosity. Porous and 

nonporous particles have been explored extensively as a drug delivery system.20,26 These 

particles can be easily formed via flame synthesis, chemical vapor deposition, and sol-gel 

methods.21 Many of the silica nanoparticle properties can be tailored during synthesis. The 

simplicity of formation and ease of modification make silica an apt material for use as a 

drug delivery platform, however, the field of nanoparticle-based drug delivery is lacking 

in assessment of toxicity of these materials. 

Nanoparticle toxicity is an ever-increasing issue that has lacked sufficient attention 

over the past three decades. This trend is clearly shown in Figure 28. This ISI Web of 

Science search enumerates the published papers regarding nanoparticles (nano or ultrafine) 

and those that include some focus on toxicity. Nanoparticles are often made of nontoxic 

materials, however, they have very different physiochemical properties due to their size.243 

These properties are often what make nanoparticles advantageous for drug delivery 

applications, however, their ability to accumulate within biological systems appears to 

produce toxic effects.244 Often, toxicology studies are conducted on lung tissue as the lungs 

are believed to be one of the most common routes of nanoparticle exposure. Inhalation of 
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silica has been associated with the development of silicosis, a severe respiratory disease.245 

Studies have examined silica nanoparticles interaction with the skin barrier and found that 

the surface characteristics of the particle were significant factors in particle 

penetration.245,246 Silica nanoparticle size has also been found to be a factor in 

cytotoxicity.247 

 

Figure 28. Nanoparticle and nanoparticle toxicity papers published over past twenty five 

years (ISI Web of Science). 

With the growing interest in nanoparticle toxicity, researchers have begun 

conducting many in vitro studies. Evaluation has been conducted with a variety of cell lines 

and a single cell line has not been standardized given the plethora of uses of nanoparticles. 

In some cases, in vitro studies have been shown to correlate well with expected in vivo 

results when examining drug compounds.248 Thus, it serves that similar results should be 

attainable for nanoparticles. Chinese hamster ovary (CHO) cells provide a commonly used 

cell line for toxicity studies. Our lab249 has recently evaluated the toxicity of different 

surface coverings of iron oxide nanoparticles with CHO cells and Awasthi et al.250 have 

performed a similar analysis with silver nanoparticles, giving a basis for comparison. 
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The CHO cell was chosen to serve as an in vitro model with which to compare the 

effect of nanoparticle surface covering on toxicity. In order to elucidate these effects, silica 

nanoparticles of two different sizes (120 and 60 nm) were analyzed with four different 

surface properties: amine, PEG2k, PEG5k and PEG20k. PEG2k and 5k are commonly used 

in drug delivery applications while PEG 20k provided a significant size difference from 

which to draw comparisons. Additionally, these studies provide an assessment of the 

building blocks from which the tethered membrane nanoparticles (TMN) were constructed. 

Evaluation of these building blocks may serve to elucidate possible components of toxicity 

within the more complex construct of TMN. Figure 29 provides a graphical summary of 

the factors considered. Properties of the silica particles were assessed via a serum stability 

study, cell viability assessment via a mitochondrial function (MTT assay), reactive oxygen 

species generation, and nanoparticle uptake was assessed with flow cytometry.  

 

Figure 29. Surface coverings assessed in toxicity and uptake analysis. 

 

5.2 Materials and Methods 

Materials and methods were the same as in previous chapters except where indicated. 

5.2.1 Materials 

All materials were purchased from commercial suppliers and used without further 

modification, unless noted otherwise. Amine modified (Lot: JEA0152) silica nanoparticles 

were purchased from nanoComposix (San Diego, CA). N-Hydroxylsuccinimide (NHS) 
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functionalized methoxy polyethylene glycol (m-PEG-NHS) polymer in 2k, 5k and 20k Da 

molecular weight were purchased from Nanocs, Inc. (New York, NY). Fluorescamine, p-

methylaminophenol sulfate (99%), ethanolamine (98%), sodium hydroxide (NaOH), 

oxalic acid anhydrate (98%), ammonium molybdate tetrahydrate (99%) and 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, 99%) were purchased from Alfa 

Aesar (Ward Hill, MA). Silica standard was purchased from Ricca Chemical (Arlington, 

TX). Dimethyl sulfoxide (DMSO), sulfuric acid, and 37% hydrochloric acid (HCl) were 

purchased from BDH (VWR, Randor PA). Anhydrous sodium sulfite, sucrose, cholesterol, 

fluorescein isothiocyanate (FTIC), thiazoyl blue tetrazolium bromide (MTT) and 

tris(hydroxymethyl)aminomethane were purchased from AMRESCO, Inc. (Solon, OH). 

Deionized water used throughout the study was obtained from a Milli-Q Purelab Flex 2 

water purification system (ELGA, LLC, Woodridge, Illinois, IL). Carboxy-DCFDA was 

purchased from Chemodex (Gallen, Switzerland). 

5.2.2 Cell lines 

The Chinese Hamster Ovary (CHO-K1) cell line was obtained from Rajesh Amin, 

Department of Drug Discovery and Development, Auburn University, Auburn, AL. 

Authentication of al cell lines was confirmed by the National Institute of Standards and 

Technology, using a multiplex PCR assay. CHO cells were maintained in Ham’s F-12K 

(Kaighn’s) nutrient mixture with L-glutamine (Corning cellgro, Manassas, VA), 

supplemented with 10% fetal bovine serum (FBS) from VWR Life Science Seradigm 

(Radnor, PA) and 1% penicillin/streptomycin purchased from (Corning cellgro, Manassas, 

VA). RAW cells were maintained in Dulbecco's Modified Eagles Medium (DMEM)/High 

Glucose (HyClone, GE Healthcare Life Sciences), supplemented with 10% FBS and 1% 

antibiotics. Both cell lines were incubated at 37°C in 5% CO2. 
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5.2.3 Preparation of Silica Nanoparticles 

Silica particles were modified as previously mentioned in Chapter 3 and 

confirmation of silica nanoparticle modification was confirmed in Chapter 4 via DLS and 

ATR-FITR. 

5.2.3 ROS Assay 

The production of ROS was measured following the protocol of Wu et al.251 using 

carboxy-DCFDA. DCFDA is known to passively enter the cells where it reacts with ROS 

to form a fluorescent compound, dichlorofluorescein. Briefly, DCFDA was dissolved in 

dimethylsulfoxide (DMSO) at a concentration of 1 μM. Particles were incubated with cells 

for 24 hours. Following incubation, the cells were washed two times with HBSS and 

incubated with DCFDA at 37°C for 30 minutes. Remaining DCFDA was removed and 

HBSS added. Cells were analyzed with fluorescence microscopy and flow cytometry. 

5.3 Results and Discussion 

5.3.1 Silica Particle Characterization and Serum Stability 

Nanoparticle suspensions received from nanoComposix were analyzed with a 

fluorescamine assay to determine reactive surface amine concentration on the particles. 

Fluorescamine is nonfluorescent until bound with a primary amine, which permits 

quantification of surface amine groups that are available for functionalization.190 Amine 

concentration was determined to be 0.48 ± 0.14 µmol amine/mg silica. Additionally, a 

modified blue silicomolybdic assay was used to determine silica concentration. As received 

silica suspensions were found to be 12.94 ± 0.13 mg/mL. This suspension was diluted to 

10 mg/mL for all experimental purposes. PEG molecules were reacted with primary surface 

amine groups to form PEGylated nanoparticles.  
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Silica particles were characterized with TEM and DLS. TEM analysis yielded a 

mean nanoparticle diameter of 113 ± 13 nm and 119 ± 17 nm for the amine and hydroxyl 

coated particles, respectively. Hydrodynamic diameter and zeta potential varied with 

surface coating. Table 5 shows the hydrodynamic diameter and zeta potential of the 

nanoparticles tested in 10 mM acetate buffer and 1X phosphate buffered saline (PBS). The 

aminated particles were unstable in PBS and displayed visible flocculation upon mixing. 

This behavior is a result of crosslinking caused by the polyvalent phosphate ion and its 

interaction with the surface amine groups. PEGylated particles had a larger hydrodynamic 

diameter than the amine particles and a neutral zeta potential, indicating successful PEG 

attachment. Additionally, polydispersity index (PdI) values were low in all samples 

indicating monodisperse suspensions. 

The conformation of PEG chains on the surface of the nanoparticles was assessed 

following the same method outlaid in Chapter 3. The conformation and PEG grafting 

densities are shown in Table 5. Theoretical calculations indicated that the PEG layers on 

each particle surface were in the brush conformation. As grafting density values increase, 

there is an increase in the compression of neighboring PEG chains which correlates with a 

larger hydrodynamic diameter.198 This phenomenon is demonstrated in the data collected 

in Table 5, where the grafting density of the PEG-5k is greater than PEG-2k or PEG-20k 

and as such exhibits a greater hydrodynamic diameter. The calculated PEG grafting 

densities suggest higher degrees of functionalization for PEG-2k and PEG-5k particles in 

comparison to PEG-20k particles. Higher grafting densities on silica nanoparticles have 

been associated with lower cell toxicity and decreased protein adsoprtion.252–254 In each 

case, it has been suggested that lower grafting densities permitted greater availability of 
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the silica nanoparticle core for interactions with proteins and/or cells. Additionally, 

Kingshott, et al.254 and Pasche, et al.255 propose that there is an interplay between PEG 

length, grafting density and surface charge on the effect of protein adsoprtion.254 These 

studies suggest that for greater Dalton weight PEGs, less grafting density is needed to 

ensure the same stability of a lower Dalton weight PEG at a higher density.  
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The stabilities of the particles in cell culture medium were evaluated through 

changes in hydrodynamic diameter, with instability noted upon major changes in size. For 

this study, 25 uL of particles (10 mg/mL) were suspended in Ham’s F-12K cell culture 

medium and incubated at 37°C with hydrodynamic diameter measurements taken every 

hour for 10 hours, or until the particle settled out, with a final measurement taken at 24 

hours. The results are shown in Figure 30.The amine-coated particles showed a substantial 

agglomeration tendency. Their size increased within the first hour of incubation and 

displayed visible settling. The hydroxyl particles remained stable throughout the 24 hour 

time period of analysis as confirmed by no significant changes in hydrodynamic diameter. 

The PEG-coated silica particles showed varying degrees of stability. PEG-2k coated 

particles remained stable up until 6 hours of incubation. PEG-5k particles began to 

agglomerate at the 5 hour mark and PEG-20k particles showed instability after only 2 hours 

of incubation. It is believed that these variations in particle stability are a function of PEG 

densities, PEG Dalton weight and the availability of the nanoparticle core to interact with 

the cell culture medium as previously discussed.252–256 PEG-2k and PEG-5k particles have 

lower Dalton weight coverings and greater grafting densities in comparison to PEG-20k 

particles. Following the trends previously outlined, these properties suggest that the surface 

of the PEG-2k and PEG-5k particles are more shielded, imparting greater stability, and that 

PEG-20k particles may exhibit greater stability with a higher grafting density. 
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Figure 30. Hydrodynamic diameter assessment of PEGylated and aminated silica particles 

in 10% FBS supplemented F-12K culture medium (connecting lines drawn to guide the 

reader’s eye). 

5.3.2 Silica Nanoparticle Impact on Cell Viability 

Silica particles were functionalized with three differing PEG groups and incubated 

with CHO cells for 72 hours. An MTT assay was conducted to determine cytotoxicity and 

predict half maximal inhibitory concentrations (IC50) for each particle surface covering. 

Figure 32 and Figure 31 show the viability profiles for the 60 and 120 nm silica particles, 

respectively. It is clear from the that the aminated silica showed the greatest effect on 

viability while the differing PEG Dalton weights did not differ greatly. Table 6 provides 

the IC50 values for all four surface coverings on both particle sizes. At both sizes, the 

aminated particles showed the lowest IC50 values. The 120 nm PEGylated particles had 

IC50 values all hovering around 1.5 mg/mL while the smaller sized particles had greater 

variability among PEG coatings. 
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Figure 31. Viability profiles of 60 nm silica nanoparticles incubated with CHO cells for 

72 hours. 

 

Figure 32. Viability profiles of 120 nm silica nanoparticles incubated with CHO cells for 

72 hours.  

Table 6. IC50 values determined for 60 and 120 nm silica nanoparticles incubated with 

CHO cells for 72 hours. 

 60 nm 120 nm 

 (mg/mL) (mg/mL) 

Amine 0.416 ± 0.176 0.591 ± 0.053 

PEG 2k 2.583 ± 0.090 1.435 ± 0.134 

PEG 5k 1.746 ± 0.106 1.566 ± 0.125 

PEG 20k 3.535 ± 0.153 1.333 ± 0.169 
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5.3.3 Correlating Nanoparticle Uptake with MTT Staining 

Particle uptake was analyzed in order to correlate the inhibition of CHO cell growth 

with increased particle association. Fluorescence microscopy provided a bulk assessment 

of particle interaction with the CHO cells. Figure 33 shows a comparison of control cells 

with PEG2k coated and aminated particles incubated with CHO cells for 24 hours. The 

particles were labeled with rhodamine b isothiocyanate before incubation. The PEGylated 

particles can be seen interspersed between the cells and less localized on or within the cells. 

The aminated particle image shows clear punctate regions on or within the cells. This is a 

clear difference between the two different particle types and correlates with the MTT 

staining data collected, where greater association of the aminated particles would suggest 

a greater effect on viability. 

 

Figure 33. Fluorescence microscopy of control CHO cells (top left), cells incubated with 

PEGylated particles (bottom left) and aminated particles (bottom right) for 24 hours. 
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In addition to the gross assessment provided by fluorescence microscopy, flow 

cytometry data was collected to correlate particle association with viability. Particles were 

again labeled with rhodamine and incubated with the CHO cells for 24 hours before flow 

analysis. Two regions of interest were gated – a live and dead region. The mean 

fluorescence intensity was plotted against the particle concentration and is shown in Figure 

34. It was expected that with increasing concentration of particles there would be an 

increase in mean fluorescence intensity, regardless of surface coating. The majority of 

particles followed this trend up to 0.5 mg/mL but not at the higher concentration of 1 

mg/mL. The aminated particles showed a dose dependent response throughout the 

concentration range examined. Aminated particles also yielded one of the greatest 

fluorescence intensities at all concentrations. PEG 20k had the greatest fluorescence 

intensity of any sample which is believed to be an error within the experiment that could 

be corrected by using median fluorescence intensity values instead of mean. The collected 

flow data does not provide the best support for the fluorescent microscopy or viability data 

collected. This is likely because this data represents a single experimental run – a proof of 

concept. Further validation of these results is required. 



119 

 

 

Figure 34. Mean fluorescence intensity of CHO cells after incubation with Rhodamine B 

labeled particles. 

5.3.4 Evaluation of ROS Generation 

To date, a method for the proper evaluation of nanoparticle toxicity has not been 

developed. Although a gold standard does not yet exist, several parameters have been 

recognized to affect toxicity evaluations such as size, surface area and solubility.257 One 

important mechanism of nanotoxicity has been identified – oxidative potential. Oxidative 

potential is an intrinsic property of materials to oxidize components in the immediate 

environment.257 This leads to the production of reactive oxygen species (ROS). This 

increase in ROS leads to an imbalance in cellular redox homeostasis and physiological 

function. ROS generation has been linked to mitochondrial damage,258 DNA damage, 

morphological transformations in cells and lung injury.259 Additionally, chronic 

inflammation combined with reactive oxygen species (ROS) generation are putative risk 

factors for PCa development.221 Regardless of the prevalence of ROS studies in literature 

and its role in cellular toxicity, the effect of PEG Dalton weight remains to be studied.  
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ROS generation was studied with fluorescence microscopy. Amine coated particles 

were incubated with CHO cells at 0.1, 0.3, 1 and 3 mg/mL. Observation of the CHO cells 

after application of DCFDA resulted in a fluorescence signal. Figure 35 displays the effect 

of increasing concentration of aminated particles on CHO cell ROS production. As the 

concentration increased, an increase in fluorescence intensity was observed. In addition to 

an overall increase in fluorescence intensity, a greater population of cells with very high 

DCFDA activity was detected at the higher concentrations. This correlates with the 

decrease in cell count observed in the wells. These two results together suggest that with 

increasing concentration of particles, the CHO cells exhibited greater ROS production and 

greater cytotoxicity. It is worth noting that the specificity of DCFDA and other ROS 

measuring probes have been called into question.260 By maintaining strict controls, it is 

believed that the trends developed herein are representative of nanoparticle effects on the 

cells. 

 

Figure 35. ROS generation in CHO cells with increasing concentration of aminated silica 

particles: (A) control no DCFDA, (B) control with DCFDA, (C) 0.1, (D) 0.3, (E) 1.0, (F) 

3 mg/mL silica. 
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5.3.5 Macrophage Uptake of Silica Particles 

Finally, the efficacy of the different nanoparticle surface coverings for use in the 

development of a drug delivery vehicle was assessed via incubation with RAW 264.7 

macrophage cells. Macrophage cells represent a constituent of the reticuloendothelial 

system (RES). The RES represents one of the greatest routes of clearance for foreign 

material entering the body and in vitro uptake has been correlated with clearance in vivo.187 

Figure 36 displays the median fluorescence intensity (MFI) of the RAW 264.7 cells after 

four hours of incubation with particles.  

At each concentration examined, MFI of PEGylated particles did not differ greatly 

from the autofluoresence of control cells. The aminated particles showed a dose-dependent 

response and at each concentration had statistically greater MFI over the PEGylated 

particles (p < 0.005). In general, the highly positive charge of aminated particles far 

outweighed any differences seen between the PEG coatings. This trend correlates with that 

observed in the viability assessment, where differences in PEG coating result in minimal 

effects in vitro. 
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Figure 36. Median fluorescence intensity of 120 nm silica particles with differing surface 

characteristics. 

5.4 Conclusions 

The effect of silica nanoparticle size and surface coating on CHO cytotoxicity was 

assessed. Highly charged surfaces were found to exhibit the greatest effect on MTT 

staining with minimal differences among PEG Dalton weights determined. Particle uptake 

was assessed with flow cytometry and the results correlated with MTT staining. Uptake of 

PEGylated particles was significantly less than aminated particles, with minimal 

differences among PEG lengths detected. Generation of ROS was determined to be a result 

of nanoparticle incubation, with increasing concentration resulting in greater ROS 

generation. Oxidative stress has been linked to cell cytotoxicity in a variety of nanoparticle 

studies and is like the effect of particle-inducted toxicity found here.
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Chapter 6: Future Directions 

 

Similar to the goal of the work previously discussed in the document, the following 

future directions focus around the use of tethered membrane nanoparticles as a drug 

delivery vehicle. The initial discussion is on the further optimization and investigation of 

the current model system to gain greater understanding of the nanoparticle supported 

membranes. Moving forward, there are inherently two major areas in which the composite 

material developed in this document may be further leveraged. First is via the replacement 

of the interior core nanoparticle and the second is via the modification of the exterior lipid 

bilayer. 

6.1 Optimization of Tethered Membrane Nanoparticles for Drug Delivery 

 Much of the focus of this work has been on developing a model system to 

demonstrate the capability of a nanoparticle-supported bilayer membrane. Provided that 

this is one of the first demonstrations of a tethered membrane on a nanoparticle, it would 

serve the scientific community to delve further into the interactions at play. The greater 

understanding developed in these studies would have a direct impact on the use of 

nanoparticle-tethered membranes in future applications, as developed in Sections 6.2 and 

6.3. 

  As laid out in Section 2.3.3, there are several factors that govern the formation and 

interaction of SLB in colloidal systems including pH, ionic strength, temperature and 

electrostatic charge. In the studies conducted and explored in this document, a single pH 
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and ionic strength was chosen to reduce the number of factors considered. Additionally, 

the use of zwitterionic lipids precludes the majority of effects pH might produce in the 

range utilized for the chosen application, drug delivery. Finally, the use of divalent species 

such as calcium have been found to affect SLB formation.109 Although the electrostatic 

mechanism is not believed to be the driving factor for assembly, inclusion of these types 

of molecules may prove useful in promoting bilayer formation. 

Many studies in literature point out the significance of pH and ionic strength in the 

assembly of particle supported bilayers.98–100 The use of a tethered system as developed 

herein, presents a unique surface property not previously explored in literature. The PEG 

brush border is similar to polymer SLB and reduces the effect pH may have on the system. 

This reduced effect is due to masking of hydroxyl and amine groups on the silica 

nanoparticle surface – effectively removing the pH (electrostatic) dependence of the vesicle 

fusion method. However, the inclusion of a phospholipid to the exterior presents a singular 

characteristic. We have demonstrated that the inclusion of this molecule can be used to 

drive assembly of a supported bilayer onto the nanoparticle surface. Provided the large 

amount of hydrophobic characteristic the phospholipid provides, it is reasonable to assume 

that the driving force for assembly is largely dependent upon hydrophobic interactions. 

However, altering the tethered phospholipid would allow for an exploration of the effect 

lipid charge, acyl chain length or even lipid shape may have. Changing the length of the 

acyl chains would permit an investigation into the relationship between electrostatic and 

hydrophobic interactions that drive/dictate this assembly. It has been suggested that for 

every two methylene groups added to the acyl chains, the equilibrium constant changes by 

a factor of ten in favor of a hydrophobic solvent.52,54 Thus, reducing the acyl chain from 18 
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(used in this work) to 16 or 14 should reduce hydrophobic influence and increase 

electrostatic effects. It is worth noting, however, that changes in transition temperature of 

the membrane are accompanied with changes in acyl chain length – an additional factor 

that would need to be considered. 

Ionic strength is known to impact the vesicle fusion process. High ionic strengths 

ultimately reduce the Debye length and cause aggregation of charge stabilized 

nanoparticles. Given that the scaffold nanoparticles are inherently unstable in suspension 

– due to their phospholipid facing exteriors – it is believed that ionic strength would have 

less of an effect on the overall formation of the particles. However, it is believed that an 

increase in ionic strength may enhance the overall vesicle fusion process as greater 

scaffold-liposome interactions would be promoted. 

There are many additional factors regarding the tether moiety that can be explored, 

including length (e.g., PEG5000), composition (e.g., amphiphilic polymers) or even the 

amount of tethered lipids. It has been suggested that the amount of tethered lipids can have 

a direct impact on the stability of the membrane,146 and the current work appears to be 

operating at the lower bound of tethers needed. Changes in tether length will ultimately 

change diameter of the particle which will have an impact on the amount of lipid required 

to form a complete bilayer. 

Bilayer composition has shown to be a factor in the production of supported 

membranes in colloidal systems.103 Although much of the work has been focused on 

evaluating electrostatic interactions, the adoption of a tethered bilayer reduces the 

dependence on this assembly constraint. A tethering platform allows the inquiry into 
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bilayer assembly free of these previously essential charge-charge interactions. Relaxation 

of this constraint permits exploration of lipid formulations with varying degrees of charge, 

shape, hydrophobic character or cholesterol.  

Finally, investigation into the effect of membrane fluidity and inclusion of 

membrane constituents (e.g., targeting moieties, antigens, proteins, etc.) could lead to the 

development of a superior cell model or drug delivery vehicle. Membrane fluidity is a 

hallmark of cellular membranes and incorporation of proteins is necessary to produce a 

true membrane mimic. Abstraction of the bilayer from the core nanoparticle with a tether 

also provides the capability of including transmembrane proteins, which are instrumental 

in transport, signaling and anchoring of the cell.261 Membrane fluidity has also been found 

to be a major factor in the targeting of nanoparticle-supported membranes.112 

 These represent a few of the fundamental factors that could be explored. Each 

would lead to a greater understanding of nanoparticle-tethered membranes. The 

understanding of these systems is significantly lacking given that there haven’t been any 

experimental studies published. Moreover, the information gained in each study would 

have a direct impact on the application of these nanomaterials. Application of nanoparticle-

supported bilayer technology is nascent and represents the leading-edge of nanoparticle 

work. Fundamental studies are necessary to develop understanding of these systems for 

improved application moving forward.  

6.2 Applications of Unique Nanoparticle Cores for Drug Delivery 

 The silica nanoparticle core represents a model particle that can be easily 

interchanged with other nanoparticle technologies. Its low absorbance and non-existent 
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fluorescent properties make it an ideal material to use as a building block to which 

multifunctionality can be applied. Addition of absorptive and fluorescent properties are 

easily tailored via conjugation of dyes as demonstrated in this work. Many studies have 

already found silica to be an ideal material for use in drug delivery applications with similar 

membrane-coated systems, albeit mesoporous in nature.112,135,262,263 These particles provide 

tailorable release kinetics via particle morphology and pore diameter control.264 

Application of the tethered membrane as it has been developed herein can easily be 

applied to inorganic or organic nanoparticles. The NHS/EDC chemistry utilized is 

commonly exercised in nanoparticle work and can be applied to any particle surface 

exhibiting primary amines. Should this chemistry not readily translate, many 

bioconjugation techniques exist that make the application of the tethered bilayer system to 

other nanoparticle technologies a minimal barrier. 

Although mesoporous particles have seen widespread adoption with supported 

membranes for biomedical applications, the pore size presents a limiting factor. Pore size 

can affect overall stability of the membrane, as it was determined that the membrane 

conforms perfectly to the underlying support.112 Davis et al.265 found that when pore sizes 

were less than two times the bilayer thickness fluid bilayers has no issues spanning the 

surface structures. However, when the pores were larger (much larger than the bilayer 

thickness), the bilayers invaginated into the pores leading to instability in the bilayer. A 

similar report by Durfee et al.19 found that MSN with pore diameters of ~18 nm restricted 

the spreading of the SLB across the particle surface, instead resulting in adsorption and 

deformation of liposomes to the particle surface. A tethered bilayer would easily mitigate 

these issues by abstracting the bilayer from the surface of the particle, while also providing 
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a stable lipid bilayer and even increasing luminal space for drug loading. This inherent 

advantage over simpler fused systems allows increased control of particle pore sizes. This 

increased control opens the door to a variety of release strategies and optimization which 

were previously unattainable. 

Other particle technologies have inherent benefits as a result of their component 

makeup, including iron oxide, PLGA, chitosan or gold. Iron oxide provides an ability to 

track particle biodistribution with magnetic resonance imaging (MRI) upon administration 

in vivo,266 as well as a biocompatible core. The promise in membrane coated iron oxide is 

already being investigated with simpler systems,85 and liposomes containing magnetic 

nanoparticles have long been an area of interest.267 It is worth noting that systems utilizing 

paramagnetic lipids have also been explored.130 Gold nanoparticles have seen promise as 

contrast agents and use in hyperthermia treatments.268 Preliminary studies using membrane 

coatings have even already begun to be explored.12 

PLGA nanoparticles provide an FDA approved platform that offers sustained and 

pH responsive release, incorporation of hydrophobic or hydrophilic drug and are 

biocompatible and biodegradable.269 However, the polymer suffers from being 

hydrophobic. Other hydrogel-based systems have already been enveloped in liposomes.270 

Chitosan has been found to be non-toxic, biodegradable and mucoadhesive but lacks 

stability in physiological fluids. Application of a membrane has been demonstrated to 

stabilize the chitosan particles and shown promise in dictating release.271  

Many traditionally researched nanoparticle systems have characteristic properties 

that warrant their use as drug delivery vehicles and some have properties that limit 
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adoption, such as chitosan’s insolubility, that remain to be overcome. Most of these 

particles stand to benefit from the inclusion of supported membranes via enhancement of 

their physicochemical characteristics. These enhancements have already seen successes 

with simpler systems via the manifestation of increased stability, circulation residence 

times or zwitteration of their surface charges. The use of a tether increases the applicability 

of supported membranes for many different particle types and reduces the constraints for 

adoption. 

6.3 Increased Specificity of Nanoparticle Carriers with Cell Membrane Coats  

Nanoparticle-based drug delivery carriers are lauded for their ability to overcome 

some of the barriers to therapeutic delivery. One barrier that remains ever-present is the 

adsorption of serum proteins. This nonspecific adsorption often leads to increased uptake 

by the reticuloendothelial system (RES) which prevents accumulation in targeted disease 

tissues.272 The attachment of polyethylene glycol (PEG) has long been used to reduce the 

effects of nonspecific adsorption, where PEGylated nanoparticles were found to 

accumulate one-half to one-third the amount of non-PEGylated nanoparticles.273 This PEG 

effect has often been called “stealth” behavior.274 Prevention of protein adsorption due to 

this stealth effect was always known to be incomplete.275 More recently, it has been found 

that protein adsorption is actually required to enable the stealth effect and prevent 

nonspecific cellular uptake.276 These results highlight the importance in understanding the 

protein corona composition that binds to the particle surface, regardless of PEGylation, and 

opens the door for unique approaches toward dictating protein adsorption in vivo. Recent 

advances in nanoparticle-supported bilayers has led to the incorporation of targeting 

molecules within the membrane and use of endogenous lipid sources to dictate behavior in 
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vivo. All of these advances have utilized the simplest of SLB systems, fused membranes. 

Nanoparticle-tethered SLB provide many advantages over these simpler systems. 

Nanoparticles enveloped in a lipid bilayer have seen success as drug delivery 

vehicles.19,64,262 The addition of a lipid bilayer to nanoparticles has been linked to longer 

circulation residence times,18 increased efficiency in loading and retaining drug,263 and 

increased targeting efficacy over traditional liposomes.112 The addition of a membrane 

reduces the complexity in achieving multifuctionality of these nanocarriers. Incorporation 

of targeting moieties into the membrane wrap is easier, more effective and opens the door 

to a wider array of targeting strategies. 

The inclusion of a lipid bilayer on nanoparticles provides an avenue for the 

incorporation of targeting molecules. Additionally, self-assembled monolayers of 

zwitterionic ligands have proven effective in suppressing corona formation.277–279 These 

two factors highlight significant advantages over traditional nanoparticle systems and 

reduces the need of attaching polymeric materials (such as PEG) for increased stability. Xu 

et al.12 capitalized on these two factors and were able to incorporate GM3 within a 

zwitterionic DPPC bilayer on the surface of gold nanoparticles. This combination yielded 

enhanced delivery of gold nanoparticles to popliteal lymph nodes in comparison to 

PEGylated particles, with reduced protein adsorption.  

Ashley et al.112 utilized a similar zwitterionic system in the targeting of 

hepatocellular carcinoma. A zwitterionic membrane was employed upon a mesoporous 

silica particle for the co-delivery of hydrophilic drug. The incorporated targeting peptide 

achieved an avidity effect due to membrane fluidity, and demonstrated 10,000-fold greater 
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specificity for hepatocellular carcinoma over hepatocytes, endothelial cells or immune 

cells.  

These two examples demonstrate the capability of incorporating a targeting strategy 

within a nanoparticle-supported lipid bilayer for enhanced cellular targeting over 

traditional nanoparticle systems. The next stage of targeting and camouflage is via the 

incorporation of endogenous cellular membranes. Provided the enhanced bilayer fluidity, 

stability and support, tethered membrane nanoparticles provide the most logical 

nanoparticle substrate for these cell membrane based composites. Tethered systems also 

don’t require the use of electrostatic interactions to form the bilayer, as was demonstrated 

in Chapter 3. This ultimately allows the use of more complex membranes, where charge-

charge interaction may be non-ideal. This work has already demonstrated the use of two 

separate liposomal formulations in the production of tethered membrane nanoparticles. A 

tertiary formulation was also explored with DPPC as the major lipid component. DPPC is 

still a fully saturated lipid but contains two less CH2 groups in the aliphatic chains which 

reduce van der Waals associations and hydrophobic interactions. This formulation 

consisted of a 77.5:20:2.5 molar ratio of DPPC/cholesterol/DSPE-PEG and was the same 

utilized by Meng et al.64 Figure 37 shows TEM micrographs of the three formulations 

explored in this work. These results demonstrate a capability in extending the currently 

developed model system to include additional lipid formulations. 
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Figure 37. Transmission electron microscopy images tethered membrane nanoparticle 

produced with three separate liposomal formulations DSPC (left), SSL (middle) and DPPC 

(right). 

Erythrocyte-coated nanoparticles have been explored as a way to enhance the 

circulation half-life of PLGA nanoparticles. Hu et al.142 found that there was significant 

retention of the particles in the blood after 72 hours in comparison to previous reports of 

RBC-derived liposomes. A combination of these two studies could realistically produce an 

erythrocyte mimic. Another study explored applying platelet membranes onto the surface 

of PLGA nanoparticles and found increased stability, retention of membrane protein 

content and right-side-out membrane orientation in translocated membranes.143  

These studies validate the feasibility in harnessing biomembrane interfaces for the 

development of enhanced drug delivery vehicles. Incorporation of the tethered nanoparticle 

system developed herein serves as the next step in developing these schemes. The tethered 

structures provide the greatest ability in recapitulating the cellular membrane environment, 

therefore, it serves that these particles may prove most effective in supporting endogenous 

membranes. These PLGA nanoparticles were loaded with vancomycin (antibiotic) and 

showed greater efficacy in treating Staphylococcus aureus in vivo. This greater efficacy 
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was a result of the preferential binding of the bacteria to the platelet coated nanoparticles 

and was found to be membrane specific over red blood cell coated nanoparticles.143 

In addition to anchoring the lipid bilayer into the surface of the nanoparticle, 

tethering provides an ability to abstract the lipid bilayer from the surface of the particles. 

This separation prevents denaturation of membrane proteins and enhances bilayer fluidity, 

as was discussed in Section 2.34. For these reasons, tethered-SLB provide the greatest 

mammalian membrane analog. The nanoparticle core dictates the shape of the cell and the 

PEG molecules provide support in a similar manner to the cytoskeleton. Thus, the 

incorporation of these cellular membranes within a tethered system would be ideal over 

fusion to the nanoparticle surface. In the simpler systems discussed, increased fluidity of 

the membrane also provides the potential for an avidity effect with incorporated targeting 

ligands and imparts all of the biomimetic/anti-biofouling properties of cellular membrane. 

This increased fluidity is a result of the lubricating properties the PEG layer provides over 

the bare nanoparticle core.  

These examples demonstrate the synergistic combination of materials and 

biophysical properties towards the development of a drug delivery vehicle. The 

incorporation of a tethered system would provide many advantages over the currently used 

systems. The comparison of endogenous membranes fused to nanoparticle surfaces with 

tethered bilayers would lead to a greater understanding of cellular membranes, supported 

lipid bilayers and nanoparticle based drug delivery. 

Given that tethered-SLB provide the greatest mammalian membrane analog, the 

analysis of these nanoparticles with other membranes may provide a more realistic 
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understanding of how cells interact – especially cells that tend to travel through the body 

such as red blood cells. Quartz crystal microbalance with dissipation monitoring (QCM-

D) has been used to evaluate nanoparticle interactions with lipid bilayers.280 
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Chapter 7: Summary and Significance 

 

In this work we have demonstrated the controlled self-assembly of a SLB on a silica 

nanoparticle scaffold of uniform size and shape and observed high colloidal stability under 

physiologic and storage conditions. A modified vesicle fusion technique was employed 

towards the creation of a unilamellar lipid bilayer encompassing the particles. A tethered-

nanoparticle supported membrane has inherent advantages to polymer and water supported 

systems previously explored in literature. The tethered system is more complex than these 

constructs, but the advantages of the system may yield greater success in biomedical 

applications. 

Within the field of drug delivery, inorganic nanoparticles are lauded for their 

monodisperse sizes, large specific surface area, ability to load drug in their pores and 

conjugate biomolecules to their surfaces.281 This has led to the development of several 

nanoparticle-based SLB for drug delivery.97,263 These membrane laden materials exhibit 

clear advantages over traditional nanoparticle systems, including increased stability in 

physiologic conditions and circulation half-lives. Tethered membranes represent the next 

stage of SLB, with many advantages over these already advanced systems.  

In Chapter 3, a study aimed at producing tethered membrane nanoparticles and 

eliciting the advantages of these systems was explored. A phospholipid was anchored to 

the surface of the silica particles via a PEG linker. This construct served as a scaffold to 

which a lipid bilayer was formed. The nanoparticle scaffold utilized hydrophobic 



136 

 

interactions and van der Waals attraction forces between exterior facing DSPE molecules 

and extraneous liposomes to drive assembly. A modified vesicle fusion method yielded a 

single lipid bilayer encasing the nanoparticles. Adsorption isotherm data indicated the 

presence of the exterior facing DSPE molecule drove significantly greater association of 

lipid in comparison to PEGylated silica. These results were similar to the electrostatically 

driven association between positively charged amine coated particles and the slightly 

negative lipid formulation. 

An optimal lipid-to-scaffold particle ratio was developed after evaluating changes 

to hydrodynamic diameter and zeta potential of the membrane laden nanoparticles. Method 

development of the TMN was optimized via sonication time, temperature and total energy 

input. The leakiness of the encompassing bilayer was assessed via encapsulation and 

release of a fluorophore. Release rates were diminished at higher lipid-to-particle ratios, 

coinciding with more complete bilayer formation. This synthesis study represents the first 

production and characterization of a nanoparticle-tethered lipid bilayer. Commercially 

available materials and simple production techniques were employed to enable rapid 

adoption of the tethering technology.  

In Chapter 4, we applied the TMN in the treatment of prostate cancer. A sterically 

stabilized lipid formulation that included an exterior brush border of PEG was formed 

around the nanoparticles. Application of this PEG layer was found to inhibit macrophage 

uptake. These results in combination with previous work from our lab suggest an ability to 

predict nanocarrier clearance in vivo via the selection of exterior facing bilayer properties. 

TMN were loaded with doxorubicin utilizing a remote loading strategy with high efficiency 

and MTT staining (PC-3) results indicated a statistically similar performance to liposomal 
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doxorubicin. The inherent limitations of a solid, silica nanoparticle core did not prevent its 

use as a drug delivery vehicle. Incorporation of the tethered supports onto mesoporous 

particles, or other nanoparticle technology, would immediately increase the functionality 

of the model system explored in this work.  

As more complex nanomaterials and nanomaterial-based components are being 

explored for drug delivery vehicles, toxicity of these components remains an issue. Proper 

evaluation of nanomaterial toxicity remains deficient in literature, but this topic is quickly 

gaining attention. In Chapter 5, the toxicity of the underlying component materials was 

examined with an in vitro cell model. Chinese hamster ovary (CHO) cells were incubated 

with silica nanoparticles of two sizes with different surface characteristics. It was found 

that a highly positively charged surface led to greater nanoparticle association and uptake 

with the CHO cells which ultimately increased cytotoxicity. MTT staining did not differ 

significantly with varying PEG Dalton weight. The mechanism of toxicity was linked to 

production of reactive oxygen species (ROS) in the presence of the particles, as is typical 

of nanoparticles. Viability and ROS generation were found to be concentration dependent. 

In general, the bare and PEGylated silica nanoparticles were not inherently toxic. This 

study lays the groundwork for future evaluation of composite systems that incorporate 

these components. 

The inherent advantages of tethered membrane nanoparticle systems were 

theorized in Chapter 2 and developed in Chapters 3 and 4. Based on these findings, future 

directions of these systems were proposed in Chapter 6. As researchers move towards 

decorating nanoparticle surfaces with more complex membranes and biological 

components, the tethered support provides enhanced stability and directed assembly over 
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the other previously explored colloidal supports. The elimination of a reliance on 

electrostatic interactions to produce nanoparticle supports extends the array of membranes 

that can be incorporated on these nanoparticles. These membranes include endogenous-

derived lipid sources and previous publications have already demonstrated use of 

erythrocytes, immune cells and/or cancer cells. However, these early studies have resulted 

in fused membranes on nanoparticle surfaces, lacking proper membrane fluidity. 

Previously explored polymer supports offer separation of the lipid bilayer from the 

nanoparticle surface but are deficient at retaining the bilayer.114 This sets the stage for the 

application of the tethered system. The inclusion of a tether provides the same separation 

of the lipid bilayer/membrane from the surface of the nanoparticle as observed in polymer 

supported systems but anchors the bilayer into the surface, increasing stability and 

retention. The tether also imparts greater fluidity to the anchored membrane, which has 

already demonstrated advantages in targeting112, and creates a sub-membrane space that 

can be used to load drug. 

The development of tethered membrane nanoparticles has eluded scientific 

literature, however, the advantages of such systems have been discussed since the inception 

of supported lipid bilayers on planar surfaces. Some of these advantages were developed 

and explored in this work. These include the ability to drive assembly of a lipid bilayer on 

nanoparticle surfaces without the use of electrostatic interactions (zwitterionic lipids), 

creation of a sub-membrane space for drug loading and the ability to maintain the supported 

bilayer under harsh conditions. These advantages have direct applications in drug delivery 

and several avenues of incorporation have been proposed. 
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The true accomplishment of this work is the development of a platform that has 

applications in a myriad of scientific fields. Applications have been already been developed 

in drug delivery, sensors and separations using similar, less complex systems. The core 

advantages simply need to be evaluated for each application and constituent components 

selected. This work presents the founding construct from which additional complexities 

can be tailored. Within the field of drug delivery, this might entail modifying the materials 

for a specific drug, disease or combination. 

It is important to consider design complexity and cost of each component when 

designing a nanocarrier for the clinic. Nanoparticle-supported lipid bilayers hold several 

additional advantages over traditional nanoparticle technologies. The bilayer enables a 

high drug loading and entrapment as well as co-delivery of hydrophilic and hydrophobic 

drugs. The bilayer also enables the addition of imaging agents and targeting ligands while 

contributing to the safety of the nanoparticle platform. Finally, the membrane provides a 

readily available pathway towards achieving greater functionality over the nanoparticle 

core.  

The use of a tether compounds these advantages in a number of ways. A tether 

provides increased stability and fluidity of the membrane and permits incorporation of 

transmembrane proteins – useful in recapitulating membrane mimics. Abstracting the 

bilayer from the particle surface allows a wider range of membrane compositions and 

relaxes the requirement of electrostatic interactions to drive assembly. Finally, the tether 

provides yet another component for optimization of drug release profiles. These key factors 

enable many enhancements to the most recent, advanced reports of nanoparticle-based, 

targeted drug delivery vehicles. It is our current belief that a combinatorial approach of a 
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tethered paradigm with endogenous-derived membranes may enable nanoparticle-based 

drug delivery vehicles’ transition into the next stage of targeting and therapeutic transport, 

previously unattainable.
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Appendix 1: Silica Particle Production 

 

Silica nanoparticles were produced via the Stöber method.24 This method was 

chosen over others because of the simplicity of a single pot synthesis. This made translation 

of results from published literature to the lab bench easier. In addition, the single pot 

method requires little intervention during the course of silica particle production. 

Following the work of Stöber, Bogush23 attempted to develop a correlation that related 

reagent concentration with desired particle size. Unfortunately, this correlation is rather 

poor below 200 nm - the range of interest for many nanoparticle drug delivery systems.23 

Thus, we have worked to develop an understanding of particle size with regard to reagent 

concentration below 200 nm. Figure 38 demonstrates the differences in turbidity obtained 

from different size silica particles at the same concentration from 20 to 300 nm.  

 

Figure 38. Turbidity effect of different silica particle sizes at identical concentrations.  
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A.1 Effects of Reagent Concentrations on Size 

TEOS, ammonium hydroxide, ethanol and water were mixed together in a round 

bottom flask and stirred vigorously for 24 hours. Samples were washed with water three 

times via centrifugation at 14000 RPM for 10 minutes. Tip sonication was used to 

resuspend the particle dispersions. Reagent concentrations were varied according to trends 

observed in literature. The results of each reagent variation were examined for trends that 

showed controllable size. Ethanol was chosen as the solvent species given its low effect on 

size control. It is worth noting that the ratio of ethanol to TEOS has been implicated in 

particle size effects and the effect of TEOS concentration has been studied here.282 In some 

figures below, connecting lines have been drawn between data points to guide the reader’s 

eye. Each data point below represents a single run at those concentration conditions. These 

experiments were conducted in an exploratory manner and as such limited runs were 

conducted. 

A.1.1 Ammonium Hydroxide Concentration 

As the catalyst of the reactions, ammonium hydroxide concentration had a dramatic 

effect on particle size. From 0.5 to 2 M, each increase in ammonium hydroxide 

concentration showed nearly a 60% increase in size. However, the 0.5 M steps between 

each data point in Figure 39 below are somewhat large. It is believed that at lower 

concentration steps more control over particle size could be gained. 
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Figure 39. Effect of ammonium hydroxide concentration on particle size. 

A.1.2 Water Concentration 

Water concentration has shown the greatest stepwise impact on the size of particles 

produced. Figure 40 shows the effect of water on particle size from a concentration of 1 to 

4 M while keeping NH4OH and TEOS concentration pinned at 0.5 M. Water concentration 

is directly related to the rate of hydrolysis in solution and greater water concentration 

should lead to decreases in diffusion limited effects.25 It is believed that further size 

increases could be obtained by carrying out reactions at higher concentrations of water, 

however, other studies suggest that there may be a limit to the size of particles attainable 

at around 700 nm – depending on concentration of ammonium hydroxide used.23 The size 

range obtained below is the size range of interest for nanoparticle work within drug 

delivery systems. In addition, our data matches similarly to that obtained by Bogush et al. 

What is not shown in Figure 40 is the polydispersity of the particles obtained from these 
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syntheses. Figure 41 shows the polydispersity of the sample obtained at 4 M water 

concentration. There is clearly at least two populations of particles in this sample and their 

shape is somewhat irregular rather than spherical. These results are believed to be directly 

related to TEOS concentration. 

 

Figure 40. Effect of water concentration on particle size. 
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Figure 41. Example of polydispersity obtained while varying water concentration (4 M) 

and holding NH4OH and TEOS concentration constant (0.5 M) 

A.1.3 TEOS Concentration 

The polydispersity of final particle suspensions has been linked to TEOS 

concentration during Stöber synthesis.283 Our results indicate a similar effect. Table 7 

below shows a comparison of average size, standard deviation and coefficient of variation 

(sigma) values for TEOS concentrations from 0.025 to 0.4 M in comparison to that of 

purchased particles from nanoComposix. The coefficient of variation 𝐶𝑣 is calculated by 

dividing the standard deviation 𝜎 by the average of the distribution 𝜇 

 𝐶𝑣 = 
𝜎

𝜇
 (31) 
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Narrow particle size distributions can be considered for 𝐶𝑣 values between 5 and 

10 percent and monodisperse samples are often considered below 5 percent.284–286 There is 

a clear trend of decreasing variation with increasing concentration of TEOS molarity. 

Comparison of the lab produced particles with those purchased from nanoComposix, it 

appears we are narrowing in on the commercially available size distributions. It should be 

noted that the differences obtained from TEM image analysis were less pronounced within 

the DLS measurements. In addition, TEOS concentration has an effect on the number of 

particles produced. Increasing the TEOS concentration as shown in Table 7 led to a greater 

amount of particles produced at each increase in addition to increasing the average size. 

This result was expected as TEOS is the silica particle precursor. A greater sink of TEOS 

should correlate with a greater number concentration of particles in the final dispersion. 

Table 7. Average size and statistical figures for lab made and purchased silica. 

TEOS Molarity 0.025 0.05 0.1 0.2 0.25 0.3 0.35 0.4 nanoComposix 

Average Size 99.2 103.9 115.9 133.8 136.0 151.1 150.6 155.8 111.5 

Standard Dev 11.7 10.6 13.1 10.7 11.0 13.0 11.2 10.8 6.2 

𝐶𝑣 12% 10% 11% 8% 8% 9% 7% 6.95% 5.52% 
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Figure 42. Effect of TEOS concentration on particle size. 

A.2 Surface Modification 

After production, bare silica particles contain a combination of silanol and ethoxy 

groups on their surface.32 Utilizing the same chemistry of silica production in which 

siloxane bonds form between silanol groups, amine groups can be introduced. Introduction 

of aminosilanes into the reaction medium after silica nanoparticle production has been 

shown to produce primary amine coatings.33 (3-Aminopropyl)trimethoxy-silane (APTMS) 

is a commonly used aminosilane. After the initial 24 hour silica nanoparticle production 

step, APTMS was introduced into the nanoparticle dispersion. APTMS was allowed to 

react for an additional 24 hours. A graphical representation of the surface modification with 

TPMS and subsequent attach of PEG molecules is shown in Figure 43. Characterization 

was carried out with laser Doppler electrophoresis and an amine quantification assay 

(Fluorescamine). 

0

20

40

60

80

100

0.1 0.17 0.2 0.3 0.4

In
te

n
si

ty
 w

ei
g
h

te
d

 s
iz

e 
(n

m
)

[TEOS]

[H2O] = 1.92 M  [NH3] = 0.5 M



171 

 

 

Figure 43. Schematic of reaction conditions for silica particle surface modification with 

APTMS and PEG. 
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