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Primary barriers to drug delivery include mucus and biofilms, which can 

hinder drug and gene delivery by several orders of magnitude, preventing 

effective therapeutic effects. By understanding the physical and chemical 

properties of these ubiquitous barriers, one may employ drug delivery approaches, 

such as design of nanoparticle and microparticle systems, to attempt to overcome 

the transport barriers. Nanoparticles are a growing interest in drug delivery, 

specifically as drug carriers, though most will become entrapped within these 

extracellular barriers further limiting their desired affects. Previous studies have 

generally manipulated the surface chemistries or size of these nanoparticles to 

allow for increased passive diffusion through barriers. To expand the current ideas 

of overcoming these barriers, studies were performed using a type of active 

nanoparticle, superparamagnetic iron oxide nanoparticles. It was first investigated 

whether these particles would disrupt extracellular barriers under an oscillating 

magnetic field, which resulted in increased diffusion of particles upon biopolymer 
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breakage. Secondly, influences of an external static magnetic field on diffusion of 

these nanoparticles through model barriers were determined. Both of these 

methods resulted in higher fold increases than other approaches described in the 

literature.  

Next an examination of drug permeation enhancement in models of 

extracellular barriers by nanoparticle interactions was performed, using a passive 

mechanism as found in the literature. With a range of different nanoparticles 

barrier function was disrupted resulting in a 2-fold increase in drug permeation, 

To further manipulate drug diffusion an assisted delivery systems was observed, 

where magnetic nanoparticles could influence un-associated drug diffusion.  

Based on these findings, it was hypothesized that extracellular barriers 

found in lung diseases would be effectively overcome by the incorporation of 

specific nanoparticle systems within microparticle carriers suitable for pulmonary 

drug delivery. 
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CHAPTER 1  

1. Introduction 

1.1. LUNG DISEASE WITH MODIFIED BARRIER FUNCTIONS 

In lung diseases such as asthma, COPD, and cystic fibrosis (CF), significant 

modification in the overall lung function, anatomy, and physiology are observed. CF is an 

autosomal recessive disease that affects nearly 30,000 children in the United States alone, 

and results from a mutation in the CF transmembrane conductance regulator (CFTR) 

gene giving rise to well described changes the lung physiology of these patients. The 

CFTR gene regulates the chloride transport in airway epithelial cells. A mutation in this 

gene result in abnormal chloride transport, causing increased mucus viscosity, decreased 

mucus clearance, and creates a prime environment for infections to occur. Moreover, this 

change in the lung physiology limits drug and gene therapy delivery by providing an 

increased barrier in the form of the characteristic viscoelastic, adhesive mucus [1-6]. 

Understanding the genetic defect underlying CF has been described as only half the battle 

in finding the cure for this disease. This has been evidenced in recent years when, despite 

great hopes, gene therapy cures have failed to materialize. In nearly all cases, 

complications in the lungs determine the quality of life/life expectancy of patients[7]. 

Further complicating CF patients is the development of Pseudomonas aeruginosa 

infections within the lower respiratory tract.  P. aeruginosa is the most common bacterial 

pathogen of causing infection in the lungs of, generally older with CF patients and is 

associated with increased mortality and morbidity, thus an appropriate antibiotic therapy 

is vital. Once chronic infection is established, P. aeruginosa is virtually impossible to 

eradicate and is associated with increased mortality and morbidity[8].  A mucoid form of 

the bacteria where the development of a biofilm layer occurs and the bacteria residing 
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within revert to a quiescent state characterizes the chronic infection seen within patients. 

This biofilm development impedes antibiotic delivery to the bacteria cell (REF). 

1.2. CURRENT TREATMENT METHODS 

Inhaled therapies for CF have been reported since the 1940’s[7]. Now, as with 

asthma, aerosol drug administration in CF appears to have matured and is often used first 

in the treatment of opportunistic bacterial infections. Inhaled antibiotics have several 

significant advantages over IV therapy as a large pharmacokinetic advantage is afforded 

by directly delivering the drug to the airway lumen, avoiding a systemic exposure and 

potential toxicity. Moreover, inhaled antibiotic therapy administered in the patients’ 

home is significantly cheaper than IV therapy either at home or in the clinic[9, 10].  

For P. aeruginosa, several clinical trials have compared a nebulized anti-

pseudomonal antibiotic with placebo or usual treatment (oral or IV antibiotics)[11]. Lung 

function was better in the treated group than in a control group. However, resistance to 

antibiotics increased more in the aerosolized antibiotic treated group than in the placebo 

group. Although outcomes generally favor the aerosol delivery of anti-pseudomonas 

therapies, it is apparent that drug resistance, through mechanisms including chronic sub-

therapeutic concentrations leading to poor penetration of these drugs and mucoid P. 

aeruginosa development, may be responsible. 

1.3. GENE THERAPY 

By far, gene therapy has been researched more in CF than any other disease due 

to the feasibility of theoretically correcting the disease by providing a single copy of the 

CFTR gene to airway epithelial cells. Clinical trials in patients with CF have provided 

proof-of-principle for gene transfer to the airway epithelium[12], however, gene delivery 

is inefficient. Most of the many clinical trials initiated have now been discontinued owing 
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to unsatisfactory primary outcomes. Several studies have shown that extracellular barriers 

such as mucus and sputum and mucociliary clearance significantly reduce transfection 

efficiency[13, 14]. Overcoming the barriers to gene therapy is a central long-term goal of 

the studies proposed here. As such, discussion of these barriers is included below.  

1.4. EXTRACELLULAR BARRIERS OF DRUG DELIVERY  

Efficient drug delivery is significantly inhibited by the multitude of biological and 

physical barriers in CF. The primary barrier is the viscous mucus layer that results from 

abnormal secretions. As a consequence of the increase in viscosity/elasticity of the CF 

mucus, the mucociliary clearance mechanism for removing inhaled particles and 

microbes is dramatically reduced. This breakdown of the mucociliary escalator results in 

colonization of the lung and the development of an inflammatory response that imposes 

additional barriers to successful therapeutic treatment of the airway surface. These 

include: (1) an extensive inflammatory milieu that causes oxidative or enzymatic 

degradation of inhaled therapeutics, (2) release of bacterial and endogenous cellular 

breakdown products and contents (most significantly DNA and lipids), (3) development 

of mucoid P. aeruginosa infections that produce and secrete the exopolysaccharide 

alginate, and (4) airway obstruction. 

1.4.1. The Mucus Barrier 

Physical barriers such as skin and mucus membranes are the first line of defense 

for the innate immune system [3, 15, 16]. Mucosal epithelial surfaces such as the 

nasopharynx, lungs, reproductive tissues, and gastrointestinal organs are protected by a 

layer of mucus that can trap exogenous substances until they can be removed by 

clearance mechanisms such as ciliary movement [3, 15, 16]. To successfully perform this 

role of protection mucus maintains a complex molecular composition and structure [1, 
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17-22]. The main component that is responsible for its viscous and elastic gel-like 

properties is the glycoprotein mucin2. These mucins are large molecules (0.5 – 20 MDa) 

that are highly glycosylated. These oligosaccharide chains (5-15 monomers) are attached 

to a protein core to form a so called “bottle brush” configuration2,3. The chemical 

composition results in electrostatic, hydrophobic, and H-bonding interactions. It is 

therefore not surprising that many different interactions can occur between exogenous 

substances and mucus that are adhesive and significantly influence diffusion of solutes 

through this complex network structure2,3. 

1.4.2. Drug Transport through the Mucus Barrier 

For the case of mucus, several studies have shown that the transport of certain 

drugs may be significantly inhibited8-10. In the gastrointestinal tract, it is well established 

that the mucus layer is the first line of defense against secreted acid and pepsin6. This 

stable unstirred layer forms a diffusion barrier to pepsin, preventing proteolysis of the 

underlying epithelial cells. In peptic ulcer disease the rate of peptic degradation of the 

mucus barrier is increased. Moreover, other damaging agents such as ethanol and aspirin 

can rapidly permeate the mucus barrier, and may induce ulcers by damaging the 

underlying epithelium. In another example of the functional properties of the mucus 

barrier several groups have studies the entrapment and transport of nanoparticles in 

cervical mucus and cystic fibrosis mucus samples14-17. 

Similarly, in the respiratory epithelium, the presence of mucus has been shown to 

significantly limit the effectiveness of viral gene therapy vectors11-13. In gene therapy, 

transfection is markedly inhibited in the presence of sputum; removal of sputum before 

gene transfer showed increases in efficiency[14]. Pretreatment of sputum-covered cells 

with DNase also improved gene transfer but efficiencies remained low[14]. It has also 
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been noted that in vivo transfection appears to be a thousand times less efficient than in 

vitro transfection[13]. This has been attributed to differences in cell characteristics and 

non-cellular barriers. In vivo, the target cells for gene therapy in CF are the submucosal 

gland cells and the epithelial cells lining the small conducting airways in the lungs[13]. 

Thus, gene transfection systems must permeate the overlying mucus layer in order to be 

effective. Compared with normal airway secretions, CF mucus has a higher visco-

elasticity because of a high content of actin, serum proteins, DNA, alginate, and 

rigidifying lipids[23-25]. These negatively charged biopolymers (mucin, DNA, and 

alginate) are connected to each other through physical entanglements of their chains and 

noncovalent interactions. The result is a viscoelastic network that prevents drugs and 

genes from efficiently being distributed and transported to their target sites.  

1.4.3. Bacterial Produced Barrier 

Although multiple microbial species can successfully colonize the CF lung, robust 

infections by P. aeruginosa eventually dominate the microbial population and become the 

major contributor to disease severity and life expectancy. The conversion of P. 

aeruginosa microcolonies from a non-mucoid to a mucoid phenotype marks the transition 

to a more persistent state, characterized by antibiotic resistance and accelerated 

pulmonary decline[26]. The known and proposed roles of alginate in mucoid infections 

includes (1) generation of an alginate capsule for direct barrier to phagocytosis and 

opsonization, (2) immunomodulatory effects, and (3) biofilm (Figure 3) related 

phenomena such as bacterial adhesion and antibiotic resistance[26]. The interference of 

the exopolysaccharide barrier with antibiotic penetration was demonstrated by Kumon et 

al.[27]. Penetration of positively charged hydrophilic drugs, such as aminoglycosides and 

polypeptides, was markedly inhibited. Even the most aggressive antibiotic treatments 
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may have limited effect on mucoid colonies because of this barrier. Moreover, even 

sensitive bacteria that do not have a known genetic basis for resistance can have 

profoundly reduced susceptibility when they form a biofilm. When bacteria are dispersed 

from a biofilm, they usually rapidly become susceptible to antibiotics, which suggests 

that resistance of bacteria in biofilms is not acquired via mutations or mobile genetic 

elements [4, 8, 11, 28-31] 

Despite this recognition of such formidable barriers seen in mucus and biofilms, 

as well as the importance of the mucus lining on epithelial surfaces for drug delivery and 

solute diffusion, relatively few studies have investigated what external factors may 

influence its integrity and how nanoparticles may change such behavior or be utilized for 

contributing to optimal drug delivery mechanisms [32, 33] . 

1.5. NANOPARTICLES FOR LUNG DELIVERY 

The use of nanoparticle drug delivery systems for aerosol therapy have increased 

in popularity, with interests in local and systemic delivery. The lung is susceptible to 

multiple disease states do to exposure to the outside air, as well as from its location to 

other organs and a rich supply of blood vessels causing metastatic cancer [34, 35]. 

Potential for systemic delivery of molecules by the pulmonary route to disease states 

within the body have been explored, with a classic example being the inhaled insulin 

systems for diabetes management. 

1.5.1.  History of Nanoparticles and Nano-Aerosols 

Nanotechnology has begun to provide new materials and systems within the 

submicron size range of 1 to 1000nm that may be utilized for numerous applications in 

research and medicine. A common consensus on the size scale is that at least one length 

scale of the nanotechnology device is below 100nm. Their unique characteristics allow 
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for uses in both therapeutic and diagnostic systems allowing for them to be of increased 

interest in medical applications. At the nanometer scale, materials begin to exploit novel 

properties within the physical, chemical and biological features of the material 

composition itself. These changes in properties of nanomaterials result in increased 

relative surface area per unit mass compared to other materials allowing for greater drug 

surface interaction. 

The potential of nanomaterials that incorporate drugs into or onto them present a 

novel paradigm in medical research where site-specific drug delivery can be achieved 

with the potential for limited systemic toxicity have been reported since the 1960s ([36]; 

[37]). Nanoparticles for drug delivery incorporate a drug either entrapped within a 

preferably biodegradable polymer carrier matrix or shell, attached by covalent bonds or 

adsorbed to the surface of a particle, or can be encased within a structure like a liposome 

or dendrimer [38-43]. Additional nanotechnology-based drug systems may include 

polymeric micelles, solid lipid nanoparticles, solid core-shell nanoparticles, metallic 

nanoparticles, or hollow microcapsules [43-49]. These delivery systems can lead to a 

concentrated dose of particle-drug to a site where a tumor or disease is occurring by 

attaching cell specific binding moieties or other mechanisms of passive or active 

targeting. Additionally, these particles could be further manipulated to provide an 

imaging tool. Due to increased progression in nanotechnology the potential for 

nanoparticles and nanosystems as useful approaches in therapy are beginning to become 

reality.  
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1.5.2. Physicochemical considerations of Nanoparticles 

1.5.2.1. Size, Surface area 

Nanoparticles are of course most readily defined and described by their size. As 

discussed in detail in subsequent sections, the influence of size on performance and 

response has been the primary physicochemical parameter used to evaluate nanoparticles.  

Size of nanoparticles may have a profound effect on how they act. For example, 

gold nanoparticles show intriguing size-toxicity dependency. Colloidal gold, above 13 

nm, are regarded as non-toxic up to micromolar concentrations [50]. However, particles 

less than 2 nm have been shown to have high toxicity in a number of cell lines [51]. 

Molecular gold is also marketed in various products as an anti-inflammatory. Thus, there 

appears to be an intermediate size between molecular gold and colloidal gold that results 

in unexpected toxicity.  

In addition to the possible effects of small changes in size, one should also 

consider the accompanied changes in surface area and volume (mass). As the diameter of 

particles is reduced the surface area is markedly increased such that it becomes quickly 

similar to the volume of the particle itself. At larger scales, the volume, or mass 

dominates the particle properties and this is reflected in many of the physicochemical 

observations and studies made at the micron and larger scales. Surface phenomenon may 

begin to dominate the behavior of particles when diameters approach the nano-scale. It 

should be evident to researchers in the inhalation aerosol field that surface phenomena 

are significant at the low micron scale (e.g. drug particle adhesion and cohesion in dry 

powder formulations) where Van der Waals forces begin to dominate over gravitational 

forces[52].  

Probably the most advanced area of research into the effects of nanoparticle size 

and surface area comes from the environmental, toxicology and nanotoxicology fields. 
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Despite the greater number of studies and published research in these fields, little is 

known about the mechanisms involved in lung responses to the inhalation or instillation 

of nanoparticles. Current research has focused on identifying particle parameters that can 

be correlated to lung responses. For example a review of published studies describing 

inhaled carbon nanoparticles obtained good correlates of the particles number, mean size 

and the surface area with dose metrics [53].  

1.5.2.2. Shape 

Nanoparticle shape has been less reported in fields of drug delivery. Shape can be 

controlled during synthesis of nanoparticles, depending on the method [54-58].  Shape 

may also be important for mechanical strength [59],  

Shape may be important for biological effect. Carbon based nanomaterials such as 

fullerenes (single and multi walled nanotubes, C60 and its analogues) have been studied 

as a family of nanoparticles and it is now clear that size, shape, surface charge and 

chemical functionality are important for modulating cellular responses. Spherical C60 

nanoparticles were not toxic but anisotropic nanotubes are toxic[50]. The well-known 

example of asbestos with high aspect ratio and high toxicity (chronic inflammation) 

compared to bulk silica that lacks these attributes illustrates potential influence of shape 

[60].   

1.5.2.3. Aerosolization and Delivery 

For nanoparticulate aerosols specifically, they can be inhaled and are 

preferentially deposited in the deep lung, but most are readily exhaled [61] due to the 

deposition mechanism reliance on diffusion. Bi-modal particle deposition occurs for 

particles within the nanometer range (less than 1000nm) where up to 80 percent of 

particles are exhaled [61]. In addition, efficient generation of nanoparticulate aerosols for 



 10 

drug delivery is limited due to the strong van der Waals forces that cause cohesion of 

particles of this size and also the shear number of particles required to be produced to 

carry the same drug payload is daunting. Because of these hindrances to the delivery of 

nanoparticulate aerosols to the lung, microparticles encapsulating or carrying 

nanoparticles have been used to increase drug delivery, aerosol efficiency, protect the 

therapeutic agents, and to control nanoparticle distribution following deposition in the 

lung.  

Examples of aerosolization methods include nebulization of nanoparticles 

dispersed in aqueous dispersion media [62], dispersion of nanoparticles in metered dose 

inhaler propellants [63], and formulation of dry powder inhaler systems directly from 

nanoparticles which have been aggregated [64-66].  

1.5.3. Biological Considerations for Nanoparticle Drug Delivery 

1.5.3.1. Permeation and Cellular Interactions 

It is generally thought that nanoparticle transport across the lung epithelial can 

occur by three mechanisms: (1) passive diffusion either by transcellular, paracellular, or 

particle size dependent diffusion; (2) carrier-mediated transport by receptor-mediated 

transport or efflux transporter proteins; (3) vesicle-mediated endocytosis and transcytosis 

most likely by caveolae [67, 68].   

Passive diffusion appears to be influenced by size and lipophilicity of molecules 

(Tronde 2002).  Particulates weighing less than 40kDa are believed to passively diffuse 

through intercellular junction pores, as well as peptides that are seen to have diffused to 

the basolateral side of in vitro studies on rat alveolar epithelial cell monolayers [67, 69].  

For hydrophilic drugs the molecular radius has in inverse effect on the rate of diffusion 

[67]. 
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Carrier-mediated transport is modulated with specific receptor ligand pairs to 

interact with the cell surface and trigger down-stream signal pathways to internalize the 

particles.  A candidate for mediated transport in type II epithelial cells is the peptide 

transporter PEPT2, a high-affinity peptide expressed on the apical membrane [67].  

Nanoparticles may be coated with functional groups that are specific to certain receptors 

on the cell types of interest to best achieve internalization. 

For epithelial type I cells a high density of membrane vesicles have been known, 

with a predominance of non-coated or smooth-coated vesicle populations, known as 

caveolae. From Gumbleton et al., type I epithelial cells, the more abundant cell type in 

the lung exhibit a >0.4x106 caveolae per cell [70].  Caveolae are flask-like shaped 

invaginations of fifty to one hundred nanometers wide that are connected to the plasma 

membrane.  An integral membrane protein, caveolin, is critical for structure and 

functionality of caveolae.  Caveolin consists of at least four proteins; caveolin-1α, -1β, -

2, and -3, with caveolin-1 being the most widely investigated of the four [70]. Clathrin 

coated vesicles form and are viewed to be involved in cholesterol trafficking of low 

density lipoproteins. Clathrin coated pits have electron-dense cytoplasmic coats that can 

be viewed by electron microscopy. It is generally accepted that vesicle-mediated 

trafficking is a minor pathway for protein absorption into the air-blood barrier for 

systemic exposure, further emphasizing the importance of this mechanism of transport 

[67]. 

Alveolar regions of the lung contain four cell types: epithelial type I and II cells, 

alveolar brush cells (type III), and alveolar macrophages.  Approximately ninety-six 

percent of the surface area contains type I cells with an average thickness of 0.26 µm, 

with nearly three percent of the surface being covered by type II cells [67].  These cell 

types are joined by tight junctions of varying tightness caused by the heterogenous 
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assortment of epithelial cells [67]. Moreover the alveolar macrophages present a 

formidable barrier for pulmonary drug delivery in many cases. Macrophages are 

phagocytic immune cells whose primary purpose is to remove foreign particles and 

pathogens from the alveoli, with the ideal particle size for uptake being one to three 

microns [67]. By using nanoparticles to deliver drugs to the alveolar region macrophage 

avoidance could be facilitated allowing for longer particle to lung exposure [68, 71].  

Nanoparticle pathways into epithelium cell layers of the lung are not well 

understood, despite these cells being the predominate type.  Different nanoparticle 

modifications can be made to cause changes in cell internalization; size, surface 

charge/coating, and shape.  Surface charge affects the permeability of particles into cells, 

with uncharged molecules being internalized with a lesser extent than cationic or anionic 

molecules [71]. According to Berry, magnetic iron oxide nanoparticles with negative 

surface charges exhibit strong, non-specific plasma membrane binding [72].  Pulmonary 

epithelium seems to have a high permeability to compounds of high molecular polar 

surface area [67].  Surface coatings or functionalities are used to stabilize particles as 

well as direct particles to specific ligands on cell surfaces of interest and affect cellular 

interactions [68, 73].  Size is also believed to affect cellular uptake of particles, with 

microparticles having a limited internalization compared to nanoparticles [68, 71, 73].  

Furthermore, particles of 200-500nm are taken in by clathrin-coated pits in melanoma 

cells [74].  Shape of particles may affect a cell’s ability to internalize the particle by 

causing the vesicles of internalization to take on the shape of the particle, though little is 

known [73].  Cells internalize carbon nanotubes though the mechanism is under debate, 

but seems to depend on the polymer coating [75-78].  Ultimately, if nanoparticles can be 

designed to pass through the epithelium while containing drug then systemic delivery can 

be achieved. Furthermore, if such nanoparticles can be created resulting in translocation 
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within the cells of the lung then site-specific delivery would be facilitated with limited 

systemic toxicity.  

1.5.3.2. Clearance 

Investigations into the translocation and clearance of nanoparticles from the 

pulmonary airways into other pulmonary compartments or the systemic circulation have 

yielded contradictory and controversial findings. Inhaled titanium dioxide (TiO2) 

nanoparticles were "distributed in four lung compartments (air-filled spaces, 

epithelium/endothelium, connective tissue, capillary lumen) and therefore it was 

concluded that particles can move freely between these tissue compartments [79]. Other 

authors have shown that TiO2 nanoparticles can pass from one compartment to another 

with relative ease but the residence time of nanoparticle in each tissue compartment of 

the respiratory system depends on the compartment and the time after exposure [79]. It 

was suggested that a small fraction of TiO2 nanoparticle can be rapidly transported from 

the airway lumen to the connective tissue and subsequently released into the systemic 

circulation[79]. 

It has recently been discovered that human immune cells, especially neutrophil 

granulocytes, form neutrophil extracellular traps (NETs) that abolish pathogens. One 

recent study provided evidence that extracellular traps formed by neutrophils, monocytes 

and macrophages act as physical barriers for nanoparticles [80, 81]. This appears to be a 

new nanomaterial clearance mechanism and was highly dependent on charge but not 

particle shape. 

1.5.3.3. Interactions with Extracellular Barriers  

An additional biological consideration for nanoparticle delivery is the mucus 

barrier found within the conducting airways. The importance of this barrier in health and 
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disease states has been documented [17, 82-85]. The mucus layer has a primary function 

of trapping exogenous substances until they can be removed by clearance mechanisms 

such as ciliary movement within the lungs [86]. An overall complex molecular 

composition and structure of viscous and elastic gel-like properties of glycoprotein 

mucins help maintain this protective mechanism. The general structure of mucus is 

thought to have a “bottle brush” configuration where oligosaccharide chains are attached 

to a protein core resulting in providing regions of electrostatic, hydrophobic, and 

hydrogen-bonding interactions to occur [82, 87, 88].  

Nanoparticles have been noted to become entrapped within mucus. This is in part 

due to the structure and function of mucus, as well as the particle size and coating. Within 

the GI tract nanoparticles were observed to become embedded in mucus with mucin 

strands wrapping around the particles forming mucus “slugs,” which could be easily 

removed for clearance [89, 90]. In CF sputum studies Sanders and group (2000) noticed 

that nanoparticle size played a significant role in nanoparticle transport [91]. The smaller 

the particle (~120nm) the more likely the particle would be able to slip through the mesh 

spacing of the mucin protein strands. Though contradictory to this observation it has been 

seen recently that larger particles (500nm) could be modified to slip through cervical 

mucus by changing the surface chemistry of particles using 2kDa PEG polymer [92]. All 

together it seems that nanoparticles can be modified to limit interactions with mucus. 

1.6. MAGNETIC NANOPARTICLES AND THEIR POTENTIAL FOR LUNG DELIVERY 

Up to now, magnetic nanoparticles have been used in medicine for magnetic separation 

techniques, as contrast agents in magnetic resonance imaging[93-95], for local hyperthermia[96, 

97], or as magnetic targetable carriers for several drug delivery systems.[98-100] Furthermore, 

there is an increasing interest in the use of magnetic nanoparticles for delivery in humans 
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[72, 98, 101-110]. Recent reviews have outlined the potential for iron oxide magnetic 

nanoparticles to enhance therapy and drug delivery for biomedical applications[72, 98, 

101-110]. The primary attractive features of these nanoparticles for applications in 

biomedicine include their ease of synthesis, ability to be controlled remotely via magnetic 

fields, the intrinsic penetrability of magnetic fields across biological tissues, and their 

apparent biocompatibility. In fact, these attributes have already facilitated their current 

use as imaging agents during magnetic resonance imaging as US Food and Drug 

Administration (FDA) approved products such as Combidex®, Resovist®, Endorem®, 

Sinerem®. As a consequence, many researchers are exploring the potential of these 

magnetic nanoparticles for a variety of applications that can be classified into two 

functionalities: (a) magnetic targeting of drugs associated with the particle[102, 111, 

112], (b) magnetically induced heating using oscillating magnetic fields [97, 113-121].  

Nanoparticles exhibiting superparamagnetic properties can be strongly attracted to 

static external magnetic fields and they can also induced to generate heat in the presence 

of an oscillating magnetic field. These properties have made these systems attractive for 

drug targeting systems. Several in vitro and in vivo studies have shown this to be a 

promising strategy of localizing chemotherapy agents to tumor sites [102, 111, 112] or by 

thermally ablating tumor cells [97, 113-121]. Although no studies have investigated 

magnetic nanoparticles in biofilms or mucus, these previous investigations provide 

supportive evidence of the potential ability of nanoparticles to overcome and manipulate 

CF biological barriers. 

1.6.1. Oscillating Magnetic Field Applications 

Alternating magnetic fields applied to magnetic nanoparticles can induce heating 

by several different mechanisms106.  One mechanism is the rotation of the entire particle 
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(magnetic material plus coating) in a viscous medium, which causes heating due to 

“friction” between the particle surface and the medium.  Another energy loss mechanism 

involves reorientation of the electron spins in individual magnetic domains while the 

particle itself remains stationary.  This mechanism, known as Neel relaxation, enables 

magnetic heating of particles that are not free to rotate, e.g., because they are bound to 

cells by a targeting ligand.  Sufficiently large magnetic crystallites (>30 nm) typically 

consist of more than one magnetic domain, and in these particles, magnetic field-induced 

rearrangements of the domain boundaries result in energy dissipation.  The magnetic 

heating that can be achieved per unit mass of magnetic material critically depends on a 

number of factors, notably the nanoparticle size (both the overall hydrodynamic size and 

the size of the individual magnetic crystals), the frequency and strength of the alternating 

magnetic field, and the viscosity of the medium. Nanoparticle size uniformity is also 

critical for maximizing heating, as the optimum operating conditions depend on particle 

size.  For example, for magnetite particles undergoing Neel relaxation, the optimum 

particle diameter is predicted to be 15 nm, assuming a frequency of  ~300 kHz109, and 

some experimental evidence supports this110.  

The generation of heat by the application of alternating magnetic fields to 

superparamagnetic nanoparticles in vivo is a method currently under investigation by 

numerous research groups, with much of the work aimed at cancer therapy[115, 116, 

122].  Local heating due to the presence of nanoparticles may itself have therapeutic 

benefits, or heating due to nanoparticles may be used in combination with drug therapy to 

enhance the efficacy or distribution of the drug and/or facilitate the release of a drug from 

its carrier at a particular time or location.  

Applying alternating fields of these magnitudes and frequencies over samples the 

size of test tubes or mice can be easily achieved with home-built coils and modest power 
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amplification (10 -100 Watts), provided some care is taken to tune and match the circuit 

to the power source.  Currently, our magnetic heating set-up uses 295 kHz driven by a 10 

W or 40 W power amplifier providing typical output of 2-3 kA/m. Applying a uniformly 

strong oscillating magnetic field over a larger sample volume (e.g., a human thorax) is 

routinely done during MRI (using a solenoid or bird-cage coil geometry).  Larger sample 

volumes require more power to achieve the same field.  Currently, a commercially 

available whole-body hyperthermia system (Magforce Nanotechnologies AG, Germany, 

125 kHz, 0-18 kA/m) is being tested in several different clinical trials, including brain 

and prostate cancer. In these studies in humans, maximum temperatures achieved in the 

prostate were approximately 55 degC [115].  

Magnetic field hyperthermia has almost solely been applied to cancer therapy 

where oscillating magnetic fields are used to induce magnetic nanoparticle heating of 

tissues to about 41 to 46 °C [115, 116, 122]. Work in this area has been performed for 

over half a century but a significant increase in research activity has occurred within the 

last 10 years [103, 108]. Generally, magnetic particles are localized in a target tissue, 

such as a solid tumor, and an AC magnetic field of sufficient strength and frequency 

causes the particles to dissipate heat, which is transferred to the tissue and induces 

hyperthermic apoptosis of cells. In this case, uniform heating of the entire tumor volume 

(typically several mm up to 10 cm in diameter) is desired to destroy malignant tissue, 

which generally requires field strengths of order 10 kA/m and oscillation frequencies of 

tens to hundreds of kHz [115, 116, 122].  

In recent clinical trials in Germany, the field strength was limited to the range 3-

14 kA/m (at a frequency of 100 kHz) to limit patient discomfort, which depended on the 

region treated. Higher fields were tolerated when applied to the head compared to the 

groin area [115]. One such clinical trail was a Phase I trial that was completed in patients 
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with recurrent prostate cancer. This study showed that magnetic nanoparticles could be 

safely administered to humans and produced localized tumor-killing temperatures when 

stimulated by an oscillating magnetic field[115]. The investigators injected biocompatible 

magnetic iron oxide nanoparticles directly into the patients' tumors using ultrasound and 

fluoroscopic imaging to guide the injections. Then, using a magnetic field applicator 

designed specifically for administering thermal anticancer therapy, the nanoparticles were 

excited. Each treatment lasted 1 hour and was repeated weekly for 6 weeks. Intracellular 

hyperthermic treatment of tumors differs from the thermal ablation described above.  

Intracellular heating has been shown to be incapable of heating the solution or general 

tumor environment [117, 120, 121, 123, 124]. However, due to the apparent very high 

temperatures well localized within the cell, cytolysis was induced when an external 

alternating magnetic field was applied[123].  

However, for the biomedical applications of interest in this work, destruction of 

large-scale (mm to cm) regions of tissue is not the goal, and so it appears that such strong 

oscillating fields may not be necessary or desirable. In contrast to tumor therapy, the 

triggered release of drugs from nanoparticle surfaces or the disruption of biopolymer 

barriers to drug delivery require significant heating over a much smaller scale -- 

nanometers to tens of microns. Furthermore, unwanted heating of surrounding tissue, 

which might be deemed a mild side effect in the context of a cancer therapy, may not be 

acceptable in the context of a drug therapy intended for repeated treatment of a chronic 

illness.  

Alternatively, as investigated in this project, oscillating magnetic fields can 

induce magnetic nanoparticles to disrupt these extracellular barriers. For example in 

cystic fibrosis lung disease abnormally high viscosities of airway secretions prevent 

normal lung clearance mechanisms from removing this mucus. As a result bacteria 
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colonize the lung and result in high mortality of these patients at a young age [10, 30, 31, 

125]. Inhaled antibiotics are only somewhat successful at removing these infections as 

the viscous airway environment prevents drug penetration to the site of infection. One 

potential application of magnetic particle/AC magnetic fields is to reduce the viscosity of 

these airway secretions by inducing a “nano-knife” functionality. For example, magnetic 

nanoparticles may cause disruption of high viscosity long chain polymers via thermal 

degradation or by mechanical breakage during oscillating magnetic field application. In 

cystic fibrosis free DNA in lung secretions results in these high viscosities [5, 19, 126]. 

1.6.2. Static Magnetic Field Applications 

Several potential biomedical applications of magnetic nanoparticles under weak 

oscillating magnetic fields can be identified. For example, increasing drug diffusion and 

penetration rates through extracellular barriers may be achieved. There is a significant 

problem in getting therapeutic agents to their site of action in many diseases due to the 

presence of mucus barriers on epithelia[19, 20, 33, 88, 126-128] where the drug is 

administered. In lung diseases such as cystic fibrosis, chronic obstructive pulmonary 

disease, lung cancer, and asthma, modified or hypersecretion of mucus results in poor 

efficiencies of drug penetration to target tissues when administered as an aerosol36. In 

infectious diseases that involve bacterial biofilms, the bacteria produce a viscous 

polysaccharide matrix that can protect the bacteria from antibiotics. In these systems, 

magnetic nanoparticles can be used to direct transport of drugs associated with the 

magnetic particles using a static magnetic field to caused accumulation at the target site 

[98, 104, 108, 129].  

Such delivery systems can occur by embedding iron oxide colloids within 

polymeric matrices (e.g. dextran, polyethylene glycol) can enhance their physical 
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stability, biological longevity, and also allow co-administration with therapeutic agents 

co-encapsulated within the polymeric system. Alternatively, therapeutic entities may be 

linked to nanoparticles via bridging molecules. Surface functionalization and 

bioconjugation of nanoparticles for targeting and therapeutics has been widely 

discussed[129-131].  

1.6.3. Biocompatibility of Superparamagnetic Iron Oxide Particles 

The systemic safety of several iron oxide nanoparticles has been evaluated after 

injection in humans (reviewed by Corot et al.[130]). These studies have indicated that 

iron oxide nanoparticles have a satisfactory safety profile. Moreover, these kinds of 

particles are routinely produced and used as commercial contrast agents for MRI 

investigations (Combidex®, Resovist®, Endorem®, Sinerem®). On a cellular level, 

ultra-small superparamagnetic iron oxide particles (<50 nm), have a good 

biocompatibility profile,[132-134] and their uptake by macrophages is not associated 

with cell activation. Interleukin-1 is not released during in vitro endocytosis of the 

particles by macrophages[135]. Larger particles have been shown to be taken up by RAW 

macrophages in vitro via endocytosis and result in a significant increase in oxidative 

stress compared to control levels[136]. One day after incubation, the decrease in 

oxidative stress, compared with control, indicated that the oxidative stress was only 

transient. [Surprisingly, one study of inhaled iron oxide in human subjects has been 

performed showing clearance of these particles from normal lungs [137].  

1.7. CONCLUSION 

The presence of persistant extracellular barriers to drug and gene delivery seen in 

CF and other lung diseases, need to be overcome to allow for effect therapeutic delivery. 

Improvements have been illustrated with the ever-growing nanoparticle field, yet even 
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these particle systems have proven to limit increases in diffusion through these barriers. 

The objective of this research is to investigate the unique active and multifunctional 

attributes of magnetic nanoparticle to facilitate in enhancing drug delivery by overcoming 

extracellular barriers, primarily mucus and biofilms seen in lung disease. 
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CHAPTER 2  

2. Research Objectives 

The main objective for this Ph.D. dissertation was to provide evidence that 

nanoparticles can be utilized to enhance drug delivery through extracellular barriers, 

which generally limit the diffusion of drugs to the site of action. As mentioned in the 

previous chapter, nanoparticle systems have grown in popularity as drug carriers and may 

provide new ways to increase drug diffusion and transport across mucus and biofilms. 

Much of the previous research has been focused on increasing passive diffusion of 

nanoparticles through mucus by careful selection of surface coatings and size. 

In this work, I propose that extracellular barriers found in lung diseases will be 

effectively overcome by the use of nanoparticle systems to allow for increased delivery 

of drugs. The hypothesis is that the unique physical and chemical properties resulting 

from the nanoscale will allow the transport barrier function of biopolymeric media such 

as mucus and alginate biofilms to be overcome using active and passive nanoparticle 

treatments. Accordingly, the specific aims of this dissertation are as follows: 

1. Provide evidence of effective transport of nanoparticles through model 

barriers using active nanoparticles. 

 a. Using magnetic nanoparticles, investigate the influence of an external 

oscillating magnetic field on diffusion through model biopolymers 

(Chapter 3) 

 b. Using magnetic nanoparticles, investigate the influence of an external 

static magnetic field on diffusion through model biopolymers (Chapter 4-

6) 
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2. Examine permeation enhancement of drug in model barriers via 

nanoparticle interactions, a passive mechanism. 

 a. Using a range of nanoparticles, investigate the molecular interactions of 

particles with the biopolymeric barriers and assess changes to barrier 

function after topical treatment with nanoparticles. (Chapter 7-8) 

 b. Using a range of nanoparticles assess the potential for drug transport to 

be influenced by concomitant transport of un-associated magnetic 

nanoparticles in a magnetic field (Chapter 9) 

3. The final study will assess the ability to formulate nanoparticles into 

microparticles suitable for drug delivery to the lung and to characterize the 

delivery performance in vitro (Chapter 10-11)  

These endeavors will be addressed in the subsequent chapters 3 through 8. From 

these studies the potential for a multifunctional nanoparticle will be evaluated and 

provide the basis of future studies.  
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CHAPTER 3  

3. Magnetically Responsive Nanoparticles for Drug Delivery 
Applications Using Low Magnetic Field Strengths 

3.1. ABSTRACT 

The purpose of these studies was to investigate the potential of magnetic 

nanoparticles for enhancing drug delivery using a low oscillating magnetic field strength. 

We investigated the ability of magnetic nanoparticles to cause disruption of a viscous 

biopolymer barrier to drug delivery and the potential to induce triggered release of drug 

conjugated to the surfaces of these particles.  

Various magnetic nanoparticles were screened for thermal response under a 295 

kHz oscillating magnetic field (OMF) with an amplitude of 3.1 kA/m. Based on thermal 

activity of particles screened, we selected the nanoparticles that displayed desired 

characteristics for evaluation in a simplified model of an extracellular barrier to drug 

delivery, using lambda-DNA/HindIII. Results indicate nanoparticles could be used to 

induce DNA breakage to enhance local diffusion of drugs, despite low temperatures of 

heating. Additional studies showed increased diffusion of quantum dots in this model by 

single particle tracking methods.  

Biamine was conjugated to the surface of magnetic nanoparticles. Fluorescence 

and TEM images of the conjugated nanoparticles indicated little change in the overall 

appearance of the nanoparticles. A release study showed greater drug release using OMF, 

while maintaining low bulk heating of the samples (T = 30 °C). 

These studies indicate that lower magnetic field strengths may be successfully 

utilized for drug delivery applications as a method for drug delivery transport 

enhancement and drug release switches. 
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3.2. INTRODUCTION 

Several recent reviews have outlined the potential for iron oxide magnetic 

nanoparticles to enhance therapy and drug delivery for biomedical applications [1-4]. The 

primary attractive features of these nanoparticles for applications in biomedicine include 

their ease of synthesis, ability to be controlled remotely via magnetic fields, the intrinsic 

penetrability of magnetic fields across biological tissues, and their apparent 

biocompatibility. In fact, these attributes have already facilitated their current use as 

imaging agents during magnetic resonance imaging as US Food and Drug Administration 

(FDA) approved products. As a consequence, many researchers are exploring the 

potential of these magnetic nanoparticles for a variety of applications that can be 

classified into two functionalities: (a) magnetic targeting of drugs associated with the 

particles [5-8], (b) magnetically induced heating using oscillating magnetic fields [9-11]. 

In these studies we explore the use of magnetic nanoparticles, commonly referred to as 

superparamagnetic iron oxide nanoparticles (SPIONs), under oscillating magnetic fields 

to improve diffusive transport of therapeutic agents to enhance drug delivery across 

biological barriers. We also investigate the potential for achieving triggered release of 

drug attached to the surfaces of the particles using an oscillating magnetic field. 

Moreover, we explore these opportunities using a lower magnetic field strength than 

others have previously investigated.  

Magnetic field hyperthermia has almost solely been applied to cancer therapy 

where oscillating magnetic fields are used to induce magnetic nanoparticle heating of 

tissues to about 41 to 46 °C. Work in this area has been performed for over half a century 

but a significant increase in research activity has occurred within the last 10 years [12]. 

Generally, magnetic particles are localized in a target tissue, such as a solid tumor, and an 

AC magnetic field of sufficient strength and frequency causes the particles to dissipate 
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heat, which is transferred to the tissue and induces hyperthermic apoptosis of cells. In this 

case, uniform heating of the entire tumor volume (typically several mm up to 10 cm in 

diameter) is desired to destroy malignant tissue, which generally requires field strengths 

of order 10 kA/m and oscillation frequencies of tens to hundreds of kHz [12]. In recent 

clinical trials in Germany, the field strength was limited to the range 3-14 kA/m (at a 

frequency of 100 kHz) to limit patient discomfort, which depended on the region treated. 

Higher fields were tolerated when applied to the head compared to the groin area [13]. 

However, for the biomedical applications we are exploring, destruction of large-

scale (mm to cm) regions of tissue is not the goal, and so it appears that such strong 

oscillating fields may not be necessary or desirable. In contrast to tumor therapy, the 

triggered release of drugs from nanoparticle surfaces or the disruption of biopolymer 

barriers to drug delivery require significant heating over a much smaller scale -- 

nanometers to tens of microns. Furthermore, unwanted heating of surrounding tissue, 

which might be deemed a mild side effect in the context of a cancer therapy, may not be 

acceptable in the context of a drug therapy intended for repeated treatment of a chronic 

illness. Thus, an important aim of the present study is to establish whether lower 

oscillating field strengths will be effective for drug therapy applications. Table I lists 

recent reports using iron oxide magnetic nanoparticles in oscillating magnetic fields for 

hyperthermia applications. Here, we present data obtained using an oscillating field 

strength of 3.1 kA/m, lower than the field strengths listed in Table I. 

We have identified several potential biomedical applications of magnetic 

nanoparticles under weak oscillating magnetic fields. For example, increasing drug 

diffusion and penetration rates through extracellular barriers may be achieved. There is a 

significant problem in getting therapeutic agents to their site of action in many diseases 

due to the presence of biofilms [26] or mucus barriers on epithelia [27-30] where the drug 
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is administered. In lung diseases such as cystic fibrosis, chronic obstructive pulmonary 

disease, lung cancer, and asthma, modified or hypersecretion of mucus results in poor 

efficiencies of drug penetration to target tissues when administered as an aerosol [27].  

In infectious diseases that involve bacterial biofilms, the bacteria produce a 

viscous polysaccharide matrix that can protect the bacteria from antibiotics. In these 

systems, magnetic nanoparticles can be used to direct transport of drugs associated with 

the magnetic particles using a static magnetic field to caused accumulation at the target 

site [31]. Alternatively, as investigated in these studies, oscillating magnetic fields can 

induce magnetic nanoparticles to disrupt these biofilms and extracellular barriers. For 

example in cystic fibrosis lung disease abnormally high viscosities of airway secretions 

prevent normal lung clearance mechanisms from removing this mucus. As a result 

bacteria colonize the lung and result in high mortality of these patients at a young age 

[32]. Inhaled antibiotics are only somewhat successful at removing these infections as the 

viscous airway environment prevents drug penetration to the site of infection. Moreover, 

due to the genetic cause of cystic fibrosis, it is highly desirable to develop gene therapy 

systems that transfect airway epithelia to provide a cure. However, despite many efforts, 

gene therapy treatments are ineffective due to the poor efficiencies of penetrating to the 

epithelia that lies beneath the thick airway secretions [33-35]. One potential application 

of magnetic particle/AC magnetic fields is to reduce the viscosity of these airway 

secretions by inducing a nano-knife functionality. For example, magnetic nanoparticles 

may cause disruption of high viscosity long chain polymers via thermal degradation or by 

mechanical breakage during oscillating magnetic field application. In cystic fibrosis free 

DNA in lung secretions results in these high viscosities [36]. 

Another potential application of low oscillating magnetic fields is to induce 

triggered release of drug. This application for drug conjugated magnetic nanoparticles 
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may allow spatial and temporal control of drug delivery. For example, Derfus et al caused 

controlled drug release from superparamagnetic nanoparticles using an external magnetic 

field [37]. Other examples of using heating to induce structural changes in hydrogels to 

initiate drug release have also been reported [38, 39]. 

The purpose of these studies was to investigate the potential of magnetic 

nanoparticles to be utilized for enhancing drug delivery under low magnetic field 

strengths. Using a magnetic field strength of 3.1 kA/m, we provide proof of concept data 

showing magnetic nanoparticles can be used to cause significant disruption to viscous 

biopolymers that cause hindered drug transport and inefficient delivery. We also 

demonstrate the potential to trigger drug release of drug conjugated to magnetic 

nanoparticle surfaces using these biocompatible magnetic field conditions.  

3.3. METHODS AND MATERIALS 

3.3.1. Magnetic Particles 

Different SPIONs were used depending on the studies. For the temperature profile 

studies the following particles were obtained from Chemicell (Berlin, Germany): 

beadMAG, fluidMAG-12/AS, fluidMAG-CMX, fluidMAG-D, and fluidMAG-GA2G. 

Two of these particles were chosen to use in the DNA cleavage studies: 150 nm 

carboxymethyldextran (CMX) polymer matrix (fluidMAG-CMX 150nm, Chemicell 

Berlin, Germany), and 1 µm starch cross linked polymer matrix particles were used 

(beadMAG 1µm, Chemicell Berlin, Germany). Single particle tracking studies on 

fluidMAG-CMX 150nm nanoparticles were used along with unlabeled, PEG coated 

quantum dots (Q-tracker 655nm Invitrogen-Molecular Probes, Eugene, OR). Micromod 

nanoparticles (nanomag®-D-spio, 100nm, Micromod Partikeltechnologie GmbH, 

Germany) were used for bimane conjugation and triggered release studies.  
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3.3.2. Oscillating Magnetic Fields 

The heating circuit consisted of a 95-turn copper coil (L = 584 µH, I.D. = 10 mm, 

O.D.= 25 mm, C = 58 pF). The coil was tuned to 295 kHz and matched to approximately 

50 Ω with a series 440 pF capacitor. Additionally, a 0.7 Ω resistor was placed in series 

with the coil to enable the AC or DC current to be monitored. The B/I (field per unit 

current) ratio of the heating coil was found to be 60 G/A by energizing the coil with a DC 

current (determined from the voltage drop across the series resistor) and measuring the 

resulting field along the axis of the coil with a hand-held Gaussmeter (F.W. Bell Model 

5070, Sypris Test and Measurement, Orlando, FL USA). The oscillating field was 

generated using a Wavetek 20 MHz function generator (Model 190) and an ENI310L 

broadband (250 KHz-110 MHz) power amplifier (nominal 10 W output). With the 

tuned/match heating circuit connected, the actual power output of the amplifier was ~40 

W, resulting in a measured AC current of 1.3 Ap-p corresponding to a magnetic field 

amplitude (Bp-p/2) of 39 G (=3.1 kA/m). An ENI3100L (nominal 100 W output) with 

additional attenuation was also used to achieve the same field strength.  

Samples were mixed into 1.5 mL microtubes, which were placed within a double-

walled pyrex thermal shield with a regulated flow of air (0.380 L/min) between the outer 

and inner pyrex wall. The shield was used to minimize heating of the sample due to the 

significant resistive heating of the coil itself. The microtube was also wrapped in pyrex 

wool to provide additional thermal isolation from the hot coil. The sample, insulation, 

and thermal shield were then placed within the heating coil, and the oscillating magnetic 

field was applied over a 30 or 60 min time interval. During exposure to the oscillating 

field a type T thermocouple (TC-T/4, Dataq Instruments, Akron, OH) was placed within 

the microtube, and continuous temperature measurements were recorded using a Dataq 

DI-1000-TC thermocouple measurement system (DI-1000-TC, Dataq Instruments, 
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Akron, OH; Windaq Lite Data Acquisition DI-1000-TC, Dataq Instruments, Akron, OH) 

and processed into an Excel® worksheet. 

3.3.3. DNA Breakage Studies 

A lambda DNA/Hind III molecular weight marker (Lambda DNA/HindIII 

Markers, G1711, Promega, Madison, WI) of known molecular weight distribution was 

utilized for evaluation of DNA damage by gel electrophoresis. Each sample containing 

lambda DNA/Hind III [0.013 mg/mL] and magnetic nanoparticles (beadMAG [7.5 

mg/mL]; fluidMAG-CMX [1.87 mg/mL], Chemicell, Berlin, Germany) was placed 

within a microtube. The microtubes were then placed within the oscillating magnetic 

field and exposed for 60 min, with a 20 µL aliquot removed before exposure representing 

time 0. The temperature was monitored. As a control lambda DNA/Hind III [0.013 

mg/mL] was mixed with deionized water and was placed in the oscillating magnetic field 

in the same procedure as the test samples. To separate the molecular weight marker from 

the magnetic nanoparticles for gel electrophoresis samples were run through a magnetic 

separator (MACS® separation columns, 20 µ columns, Miltenyi Biotec, Auburn, CA ). 

Additionally, the molecular weight marker alone was placed on a heat plate at 60 °C for 

60 min as a further control.  

Test samples and controls were analyzed for DNA damage by gel electrophoresis. 

An agarose gel (UltraPure Agarose-1000, Invitrogen, Carlsbad, CA) was made and 

formed into a gel apparatus (Owl B1A EasyCast Mini Gel, Thermo Scientific, Waltham, 

MA) with a 10 lane comb. Samples were then mixed with 4 µL loading dye (Blue-Orange 

6x Loading Dye, G190A, Promega, Madison, WI) and 20 µL was pipetted into individual 

gel lanes. The gel was exposed to 75 Volts for 1.5 hrs and then placed under UV light for 

photo exposure. 
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3.3.4. Single Particle Tracking 

Wide field imaging for single particle tracking for Quantum dots (Qtracker 

655nm, Invitrogen-Molecular Probes, Eugene, OR) was performed using an Olympus 

IX71 inverted microscope equipped with a 60x-water immersion. A mercury lamp 

provided excitation with a 543 nm BP filter. Emission collected by an Andor iXon 

electron multiplying CCD (emCCD) camera. The back-projected CCD pixel size is 160 

nm and images are acquired at 100 frames/s. Typically, a region of interest of 128x128 

pixels was selected for imaging. Analysis of the acquired image series was performed as 

described previously [40]. Images are processed using DIPImage (Delft University of 

Technology) and tracking routines written in MATLAB (The MathWorks, Inc.) that 

calculate the center of intensity in a region around the maximum at each time step. 

Algorithms can explicitly account for the intermittent QD fluorescence, or blinking. From 

the trajectories, the mean square displacement (MSD) as a function of time interval (Δt) 

is calculated. The resulting MSD plot is fitted to the equation for free diffusion: MSD = 

offset + 4DΔt, where MSD is the mean square displacement, D is the diffusion 

coefficient, Δt is the time interval, and offset is related to the localization accuracy. 

Localization accuracy of the system is determined by imaging QDots bound to a 

coverslip for 1,000 frames with 20 ms exposure, which typically yields accurate 

localization of the particle center of mass to within 12 nm. 

3.3.5. Drug Conjugation 

To conjugate the fluorophore bimane amine (Invitrogen Corp., Eugene, OR) that 

contains a single primary amine group to the carboxylic acid groups on the magnetic 

nanoparticles (100nm, 5 mg/ml, Nanomag®-D-spio-PEG-COOH, Micromod, Rostock-

Warnemuende, Germany) an 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide 

Hydrochloride (EDC) (Pierce Biotechnology, Rockford, IL) crosslinker was used. The 
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EDC protocol requires 12.2 mg of N-hydroxysulfosuccinimide (NHS, Pierce 

Biotechnology, Rockford, IL) to be dissolved with 6.5 mg EDC in 2 mL of 0.5M 2-(N-

Morpholino)ethanesulfonic acid hydrate (MES) buffer (Sigma-Aldrich, St Louis, MO). A 

300 µL aliquot of the EDC, NHS solution was pipetted into a vial with 1.5 mL of 

magnetic nanoparticles and allowed to react for 1 hour at room temperature. The 

nanoparticle mixture was then washed with 2 mL of 0.1 M MES to remove excess EDC 

and NHS. The washed mixture was resuspended in a solution of 1.1 mL bimane 

0.26mg/ml in MES buffer and then incubated for 4 hrs at room temperature. To stop the 

reaction 1 mL of 25 mmol glycine (EMD Chemicals Inc. OmniPur, Gibbstown, NJ) in 

phosphate buffered saline (PBS) (Invitrogen Gibco, Grand Island, NY) was added and the 

solution was allowed to incubate for an additional 30 min. The nanoparticle solution was 

then washed with 3 mL of PBS and then resuspended in PBS (3 mL). The newly 

resuspended nanoparticles were placed in PBS within a Spectra/por dialysis bag 

(Spectrum Labs Inc, Rancho Dominguez, CA) 12-14 kDa for 15 hrs, collecting the 

suspension liquid four times for further analysis. 

Fluorescence intensity analysis was done on the suspension liquid and obtained 

nanoparticle samples in a 96 black well plate (Type 165305, Nalge NUNC International, 

Rochester, NY). The analysis was performed using a plate reader (Infinite M200, Tecan, 

Durham NC) set at an excitation wavelength of 380 nm and an emission wavelength of 

458 nm. Data were collected and compared to a calibration curve using an Excel® 

template. 

3.3.6. Triggered Drug Release Studies 

Bimane conjugated nanoparticles were placed into microtubes at 200 µl volumes. 

The microtubes were within the Helmholtz coil for exposure to an oscillating magnetic 
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field for 60 min as described earlier (attaining a temperature of 30 °C). Additional 

microtubes of sample were placed within water bath at either 30 °C or 60 °C for 60 min. 

Samples were then placed through a magnetic separator MACS Separation Columns 20µ 

(Miltenyi Biotec Inc., Auburn, CA) to retrieve unbound bimane for fluorescence intensity 

analysis. The analysis was done as described earlier in the conjugation methods. 

3.3.7. Microscopy  

A Hitachi 7500 transmission electron microscope was used to obtain TEM 

micrographs of particles used for the bimane conjugation. 

Fluorescence images were taken using a Zeiss Axioscope/Epifluorescence 

microscope with an Axiocam HR color camera. For fluorescence of bimane a DAPI filter 

set (excitation at 330-385 nm) was utilized. Z-stack images were taken with the 100x 

objective of conjugated particles. 

3.4. RESULTS 

3.4.1. Magnetic Nanoparticles Generated Heat Using Low External Magnetic 
Field Strengths 

The heating response of a range of magnetic nanoparticles to a low oscillating 

magnetic field was screened over time (30 min) to assess the effect of particle 

characteristics on temperature. Separately, SPIONs with different surface coatings and 

different sizes were placed within the oscillating magnetic field apparatus that delivered 

3.1 kA/m at 295 kHz. Temperature increased as a function of time for the panel of 

SPIONs tested (Fig. 1) and all were greater than the temperature increases in control vials 

(no SPIONs). From the heating information most SPIONs exhibited similar heating 

profiles, with the fluidMag-12AS showing maximal heating over the 30-min period (~45 

°C). Specific loss power (SLP; Table II) was obtained using the following equation:  



 45 

€ 

SLP =
CVs

m
•
dT
dt

 

where C is the volumetric specific heat capacity of the sample (water = 4185 

J/L/K), Vs is the sample volume, m is the mass of magnetic material in the sample, and 

dT/dt is the initial slope of the temperature time profile for each SPION type. The 

calculated SLP per particle is relatively low (~0.3-6.1) compared to literature values 

reported elsewhere. This was expected, as the frequency and field strengths used in these 

studies were not optimized to the particle size, size distributions, and other particle 

characteristics of the nanoparticles selected for these studies. Despite the low SLP values, 

we observed significant nanoparticle-environment interactions as described below.  

3.4.2. Magnetic Nanoparticles caused Disruption to DNA Strands 

We investigated the potential of the SPIONs, within an oscillating magnetic field, 

to cause breakage of viscosity contributing biopolymers (such as DNA that is found in 

viscous CF airway secretions). To detect possible DNA breakage we examined the 

molecular weight profiles of DNA before and after oscillating magnetic field treatment in 

the presence and absence of SPIONs. We used a common “DNA ladder” that has 

characteristic bands of DNA at certain known molecular weights. Because these samples 

of DNA are very well defined in terms of DNA polymer length they are excellent probes 

for strand breakage. Moreover, due to their widespread use in molecular biology, 

accurate methods to quantify molecular weight and molecular weight changes are readily 

available. Agarose gel electrophoresis, shown in Fig. 2a, shows that DNA was broken 

down when magnetic nanoparticles were combined with an alternating magnetic field. 

DNA band and between-band staining differences were quantified (Fig. 2b) and showed 

significant decreases in the molecular weights of DNA samples indicating DNA strand 

breakage.  
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  The FluidMag CMX SPIONs caused the significant decreases in all the 

molecular weights (bands) of the DNA that comprised the “ladder”. The staining between 

bands, which is not found in untreated or heated controls, represents breakage at random 

points in the DNA strands. The staining densities between the defined bands was 

increased over 2 fold that observed in the control samples with the FluidMag CMX. 

3.4.3. Disruption to DNA by Magnetic Nanoparticles Increased Particle 
Transport 

Although we observed breakage of DNA into smaller fragments due to the 

presence of SPIONs activated by an oscillating magnetic field, the potential of this 

breakage to increase drug or particle diffusion required investigation. To see if DNA 

strand breakage had any effect on nanoparticle transport, we employed single particle 

tracking techniques to quantify the diffusion coefficients of quantum dots within the 

DNA mixture before and after magnetic particle/field treatment. The trajectories of 

particle diffusion before and after the application of a magnetic field (Fig. 3a and b) were 

used to calculate the particle diffusion coefficients (D, µm2/sec) by methods previously 

described. Particle diffusion in DNA samples was approximately doubled by the 

application of an external magnetic field in the DNA samples compared to the samples 

that had no field application (Fig. 4). There was some variability in the diffusion 

coefficients obtained but these differences were statistically significant (P < 0.05).  

3.4.4. Drug can be Conjugated to Magnetic Nanoparticle Surfaces 

The second set of studies investigated drug conjugated SPIONs for triggered 

release capabilities in low oscillating magnetic fields. Similarly to above investigations, 

the motivation for these studies was based on the possibility that oscillating magnetic 

fields may allow for heat or mechanical induced breakage of the drug that is conjugated 
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to the surface of the SPION. We investigated a commonly used conjugation protocol 

(amide bond formation) that can be performed without the use of organic solvents and is 

amenable to small molecular weight drugs as well as protein and peptide conjugation. 

This was evaluated using a fluorescent probe, bimane amine as a model drug. Bimane 

contains a primary amine group for linkage to carboxylic acid groups that are present on 

many functionalized SPIONs (e.g. MicroMod™ nanoparticles). This model drug allowed 

us to validate and quantify drug conjugation to the SPION surface both chemically and 

visually. We visually confirmed drug conjugation using fluorescence microscopy (Fig. 

5a). TEM images, obtained for unconjugated (controls) and bimane conjugated particles, 

indicated no significant differences in particle appearance (Fig. 5b). Conjugated particles 

maintained similar size distribution, shape, and aggregation as unconjugated particles 

indicating that drug conjugation had no effect on particle stability.  

3.4.5. Drug Release can be Triggered from Nanoparticle Surfaces using Low 
Oscillating Magnetic Fields 

Amine conjugation through the EDC method has been shown to be thermally 

stable at normal physiological temperatures [41]. The potential for bond cleavage at 

temperatures above that of the body might allow for the targeted or triggered release of 

drug from such a bond. Bimane release from the SPIONs at varying temperatures by 

either external heating (at 30 or 60 °C) or internal heating by particle exposure to an 

oscillating magnetic field was observed (Fig. 6). The significantly higher release of 

bimane during oscillating low magnetic field application demonstrated that the 

conjugation method could be used for triggered release of drug at physiological 

temperatures. 
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3.5. DISCUSSION 

These studies describe the use of low oscillating magnetic fields for activating 

SPIONs in drug delivery applications. The levels of nanoparticle heating in these studies 

were observed to be up to 22 °C from that of the control (water). This is significantly 

lower than heating profiles observed typically in hyperthermia treatment protocols for 

cancer applications. The primary advantages of this mode of operation with magnetic 

nanoparticles is the lowering of the risk of toxicity due to high field strengths and tissue 

damage resulting from high temperatures. In keeping with these aims, in the subsequent 

studies described above we selected SPIONs that had heating responses at less than 0.3 

°C per minute using our magnetic field apparatus.  

There are various mechanisms by which magnetic nanoparticles heat under the 

influence of oscillating magnetic fields [12] including (1) Brownian (mechanical) and (2) 

Néel (internal) relaxation processes. Brownian relaxation is due to the entire magnetic 

particle rotating in the surrounding media. Néel relaxation is caused by the magnetic 

moment within the magnetic core rotating. Heating power is controlled by the faster 

relaxation process. In viscous media or intracellular pockets Brownian relaxation of 

particles 8 nm or larger are abolished, allowing for hyperthermic conditions to be 

generated by Néel relaxation [24]. Both of these mechanisms may result in heating of the 

nanoparticles themselves or the media that they are placed in. In these studies our 

hypothesis was that high local temperatures on the nano- scale could be utilized 

advantageously for drug delivery applications while avoiding the limitations of high 

magnetic field strengths that are necessary to induce much greater heating on the bulk 

scale. To test this, we looked at the ability of the nanoparticles to act as nano-sized knives 

to produce breakage of DNA strands. Our results demonstrated that this was indeed 

possible and DNA was efficiently broken down to random fragment lengths while bulk 
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temperatures remained low. The breakage of DNA, in the presence of magnetic particles 

in an oscillating magnetic field, could be due to either thermal and/or mechanical energy 

dissipated by the particles. 

These observations lead us to explore the potential for this effect to enhance 

drug/nanoparticle transport in viscous barriers to drug delivery. Specifically, it is well 

recognized that poor effectiveness of gene therapy in vivo in cystic fibrosis lung disease 

is caused by the presence of highly viscous airway secretions. These secretions are a 

complex mixture of biopolymers containing high quantities of DNA [32]. There is also 

significant evidence that DNA, released in large amounts into the airway lumen due to 

inflammatory response, causes the most significant increase in airway secretion viscosity 

[36]. Therefore, we used a simplified model of nanoparticles dispersed in a DNA solution 

and quantified the rates of diffusion of these particles, on a single particle level, before 

and after the oscillating magnetic field treatment. Consistent with the DNA molecular 

weight changes due to the magnetic field treatment, we observed that nanoparticles had 

significantly enhanced transport characteristics following nanoparticle mediated DNA 

breakage. The quantitative analysis of reductions in DNA strand length is supported by 

functional differences in particle transport and diffusion in these samples. A twofold 

increase in diffusion coefficients of quantum dots was observed and illustrates the 

potential for increasing drug penetration through biofilms and mucus barriers. We cannot 

discern whether these effects are the result of high local temperatures at the surfaces of 

the SPIONs due to conversion of the oscillating magnetic fields into heat or that 

mechanical mechanisms are responsible for DNA breakage.  

Hydrolytic effects are believed to occur in DNA at elevated temperatures, such as 

backbone breakage, base elimination, and base deamination. At 100 °C approximately 

3,000 times more hydrolytic effects occur compared to DNA at body temperature [42]. 
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Hydrodynamic shear breakage is hypothesized to occur in DNA when tensile forces reach 

a maximum at the center of the DNA molecule causing it to rupture covalent bonds. 

When held at constant temperature (10 or 25 °C) and varying solvent viscosity, breakage 

rate is dependent on shear rate not stress [43]. Additionally, breakage could occur when 

DNA is subjected to distorting forces caused by the amount of times DNA rotates 

manipulating it into extended configurations that can be further broken [43]. These 

studies suggest that magnetic nanoparticles can easily be transformed into nanoknives 

that can cut through relatively stable polymers such as DNA. In addition, changes to the 

surface characteristics or zeta potential of the SPIONs that may be induced by the 

application may cause instability of the DNA molecules. However, given the excellent 

chemical and physcial stability of DNA these mechanisms of degradation are unlikely.  

These studies also suggested that drugs bound to the surfaces of the SPIONs 

might also be influenced by local heating or mechanical energy induced at these low 

magnetic fields. Thus, we performed some proof of concept studies to demonstrate that 

magnetic fields could be used to cause triggered drug release.  

There are many examples of conjugation to magnetic nanoparticles in the 

literature [44-46]. We selected a common conjugation scheme that is biocompatible and 

widely employed for cellular and molecular biology applications. These amide bonds 

have also been shown to be thermally labile and relatively stable at physiological 

temperatures [41]. In these studies we showed drug release using low oscillating 

magnetic fields was significantly higher than controls, including the heated sample (60 

°C) positive control. Clearly, triggered release of the drug is possible in a targeted 

manner under this scheme. For example, injected drug conjugated nanoparticles could be 

accumulated at a target site using a static magnetic field (e.g. at the site of a melanoma). 

Following this magnetic targeting, a mild oscillating magnetic field could be applied 
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causing drug release into the tumor. Alternatively, an oscillating magnetic field could be 

placed over the target tissue so that drug is only released from the circulating 

nanoparticles at the site required. This scheme could potentially be used for antibodies, 

proteins, peptides, and small molecular weight drugs due to the biocompatible nature of 

the drug conjugation chemistry. 

3.6. CONCLUSION 

In these proof of concept studies we demonstrate the potential of magnetic 

nanoparticles to be utilized for enhancing drug delivery under low magnetic field 

strengths. We demonstrate that under these biocompatible magnetic field conditions, 

magnetic nanoparticles can be used to cause significant disruption to biopolymers that 

cause hindered transport of drug molecules and prevent efficient drug delivery. In 

addition, we demonstrate that drug release can be triggered at these low magnetic fields 

with minimal heating to the surrounding tissues. These data strongly support the further 

investigation of magnetic nanoparticles as facilitators of drug delivery.  
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Study Authors Magnetic Field Strength 
(kA/m) 

Application 

Ito et al., 2003 [14] 30.6 In vitro cell culture 
Hergt etal., 2006 [15] 10 in vitro 
Kalambur et al., 2005 [16] 9 in vitro 
Jordan et al., 2006 [17] 18 Rat, Glioma 
Jordan et al., 2003 [18] 12.5 aqueous 
Ivkov et al., 2005 [19] 75.6 Mice, Cancer 
Hilger et al., 2002 [20] 6.5 aqueous 
Jones and Winter, 2001 [21] 40 Tissue 
Ma et al., 2004 [22] 32.5 aqueous 
Baker et al., 2006 [23] 11.94 in vitro 
Fortin et al. 2007 [24] 24.8 in vitro 
Johannsen et al., 2007 [25] 4 - 5 Humans, Prostate Cancer 
Current Study (McGill et al.) 3.1 In vitro, aqueous 

Table 3.1.  Recent studies utilizing oscillating magnetic fields for biomedical 
applications: Comparisons of the magnetic field strength used 
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Figure 3.1. Heating profiles (deg. C) of magnetic particles over time (seconds) 
including control (water) showing a 7 degC increase over 200 seconds 
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Name Size 
(nm) 

Concentration 
(mg/ml) Matrix Functional 

Group 
Specific Loss 

Potential (W/g)  

beadMAG 1000 100 Starch cross 
linked 

Sodium 
phosphate 0.324* 

beadMAG 500 25 Starch cross 
linked 

Sodium 
phosphate 1.779* 

fluidMAG-
12/AS 100 50 Polyacrylic acid Sodium 

carboxylate 6.105# 

fluidMAG-
CMX ~150 25 Carboxymethyl-

dextran, sodium 
Sodium 

carboxylate 1.950# 

fluidMAG-D  75 Starch Hydroxyl 
groups 1.241# 

fluidMAG-D 100 38 Starch Hydroxyl 
groups 0.858# 

fluidMAG-
GA/2G 200 75 Polysaccharide Glucuronic 

acid-Carboxyl 2.547* 

Table 3.2. Characteristics of magnetic particles used in the magnetic heating 
experiments 

*Assumed 80% Iron Content; #Assumed 85% Iron Content; SLP measured at ƒ= 295kHz 

and B= 3.1 kA/m used in experiments 
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Table 3.3. DNA samples were exposed to an oscillating magnetic field 

DNA samples exposed to an oscillating magnetic field without SPIONs (control-

left lane) or with SPIONs (as a 1 micron sphere – BeadMag (middle lane), or as 100nm 

particles – Fluidmag-CMX (right lane)) as depicted in an agar gel image. Agarose gel 

electrophoresis was performed using equal loading of DNA and differences in band and 

between-bands staining was quantified showing significant decreases in DNA molecular 

weight and breakage of DNA strands.  
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Table 3.4. Qtracker 655nm particle trajectories in DNA samples either not exposed to 
(a) or exposed to (b) an oscillating magnetic field.   

Particle motion becomes less hindered upon the exposure of the magnetic field.  

(a) (b)
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Table 3.5. Influence of an oscillating magnetic field on transport of Qtracker particles 
in a DNA sample.   

Significant (p<0.0.5) enhancement in the diffusion coefficient of particles was 

observed. 
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Table 3.6. Bimane conjugation to SPIONs as proven by: Fluorescence Z-stack image 
of bimane conjugate SPIONs at 100x magnification using DAPI filter (a); 
TEM micrograph at 25kx magnification (b). 

(a)

100nm
25kxmagnification

(b)
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Table 3.7. Drug, as a percentage of the control, released from drug conjugated 
nanoparticles 

 Drug release was performed at 30 degC with no magnetic field applied (control), 

compared to high heat (60 degC) with no magnetic field (positive control), and magnetic 

field treatment (heated to 30 degC).  
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CHAPTER 4  

4. Enhanced Drug Transport through Alginate Biofilms using 
Magnetic Nanoparticles 

4.1. ABSTRACT 

The development of microbiological biofilms greatly reduces the efficacy of 

antibiotic therapies and is a serious problem in chronic infection and for implantable 

medical devices.  We investigated the potential of superparamagnetic nanoparticles to 

increase transport through in vitro models of alginate biofilms.  An in vitro alginate 

biofilm model was developed to mimic the composition of in vivo samples of P. 

aeruginosa infections.  Transport through this model biofilm was performed using both 

bulk diffusion methods and single particle tracking techniques in the presence and 

absence of an external magnetic field. Bulk diffusion of nanoparticles through the biofilm 

was significantly enhanced in the presence of a magnetic field, both visually and 

quantitatively. Nanoparticle trajectories also showed transport increases were 

significantly higher when magnetic fields were applied. We also showed that surface 

chemistry (cationic, anioni, or neutral) of the nanoparticles significantly influenced 

transport rates. Finally, nanoparticle size also influenced the transport rates and 

variability of transport rates through the biofilm. In these first studies using magnetic 

nanoparticles in bacterial biofilms, we demonstrate that transport enhancement can be 

achieved and further studies are warranted.  

4.2. INTRODUCTION 

Biofilms are well recognized for their impact on infection in humans [1]. The 

formation of biofilms coincides with and results in the lack of response to antibiotics to 

which the bacteria are sensitive[2]. Microbiological biofilms are observed on many 
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surfaces such as wounds and chronic infections [3-4] and on medical devices [5-7]. 

Biofilm formation is a major cause of medical device and implant failure and limits their 

useful lifetimes [8]. In cystic fibrosis (CF), for example, multiple microbial species 

successfully colonize the lung due to defective clearance mechanisms. Chronic infections 

by gram-negative P. aeruginosa eventually dominate the microbial population and 

become a contributor to disease severity. The conversion of P. aeruginosa microcolonies 

from a non-mucoid to a mucoid phenotype marks the transition to a more persistent state, 

characterized by antibiotic resistance and accelerated pulmonary decline with the 

development of an alginate biofilm [3]. The development of these biofilms in is strongly 

correlated to poor prognosis and higher mortality rates in CF patients. 

 Biofilms, produced by the bacteria themselves, form a shield of extracellular 

polymeric substances that prevents opsonization and phagocytosis [4,9]. In addition, in 

vitro experiments have demonstrated that the bacteria in biofilms are considerably less 

susceptible to antibiotics than their non-biofilm planktonic counterparts  [6,10-12]. 

Treatment of an infection after the biofilm is established is often fruitless with current 

therapeutic strategies [1,4]. Often, the only solution is mechanical removal of the biofilm 

or implant, which is costly, traumatic, or impossible with today’s available medical 

technologies [1,4].  

Up to now, magnetic nanoparticles have been used in medicine for magnetic 

separation techniques, as contrast agents in magnetic resonance imaging [13], for local 

hyperthermia [14], and as magnetic targetable carriers for drug delivery systems [15].   

Nanoparticles exhibiting superparamagnetic properties can be strongly attracted to static 

external magnetic fields and they can also induced to generate heat in the presence of an 

oscillating magnetic field.  These properties have made these systems attractive for drug 

targeting systems.  Several in vitro and in vivo studies have shown this to be a promising 
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strategy of localizing chemotherapy agents to tumor sites [15] or by thermally ablating 

tumor cells [14]. Although no studies have investigated magnetic nanoparticles in 

biofilms, these previous investigations provide supportive evidence of the potential 

ability of nanoparticles to overcome and manipulate CF biological barriers.   

Biofilm formation represents a serious and costly medical problem that current 

drugs and drug delivery strategies have failed to address. One approach is to simply 

deliver current therapeutic agents more effectively to the bacteria housed within the 

biofilm. In these studies we investigate whether magnetic nanoparticles, under the 

influence of a static magnetic field, may be used to penetrate through an in vitro model of 

P. aeruginosa biofilms. To determine this capability, we and compared the transport 

efficiencies of fluorescent-labeled magnetic nanoparticles on the macro-scale using bulk 

diffusion experiments and on the nano-scale using single particle tracking methods in the 

presence and absence of a magnetic field.    

4.3. MATERIALS AND METHODS 

1.6.1. Alginate 

Concentration of alginate content in biogels secreted in vivo by samples of P. 

aeruginosa was obtained from the literature;  2% (w/v) as reported by Govan and Deretic 

[16], and the bivalent cation concentration (calcium ions) ranged from 0.5 to 1.8 mM as 

reported by Hatch and Schiller [17].  

4.3.1. Magnetic Particles 

150 nm and 250 nm diameter particles were purchased from Chemicell (Berlin, 

Germany).  For single particle tracking studies of magnetic nanoparticles, fluorescently 

labeled particles with three different coatings were used (nano-screenMAG –chitosa, -

CMX, -lipid 150nm and 250nm, Chemicell Berlin, Germany).  Further tracking studies 
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examining the influence of magnetic particle motion on Qdots (Qdot 655nm biotin, 

Invitrogen-Molecular Probe, Euguene, OR; Qtracker 655nm, Invitrogen-Molecular 

Probe, Euguene, OR) were performed with a single type of magnetic particle (fluidMAG-

CMX, 150nm, Chemicell Berlin, Germany).  

4.3.2. Diffusion cell 

In a side-by-side diffusion cell with a pre-wetted, in (PBS) 0.45 µm Durapore® 

Membrane filters to separate the donor side from the receptor side.  The donor side 

contained 400 µL of in vitro model alginate containing ¬¬¬100 µL of fluidMAG-CMX 

150 nm particles.  Nanoparticles were shaken on a shaker at low speed for 24 hrs to 

achieve an even distribution of particles within the alginate.  For the receptor side 400 µL 

of PBS was injected using a 1 mL syringe.  Under the receptor side a round neodymium 

iron-boron rare earth magnet was placed 1.6cm away from the sample in the donor side 

with a field strength of 0.0686 kG.  For controls no magnet was placed below the receptor 

side to all for passive diffusion to occur. Samples were taken at 0, 5, 10, 15, 30, 60 and 

300 min time points using a 1 mL syringe to remove all the receptor liquid.  After each 

sample was removed replacement PBS was injected back into the appropriate side of the 

diffusion cell.  Samples were analyzed using a Ferrozyne iron assay. 

4.3.3. FerroZine Iron Assay 

Determination of the the iron content of nanoparticles employed in our 

experiments was performed with a FerroZine Assay. The assay requires premixing of a 

standard solution for a standard curve using 1 mg/mL of iron chloride (Fe Cl3).  Transfer 

300 µL of sample to be digested with concentrated HCl on a heat block at 80°C for 2.5 

hrs. Samples were diluted to 5 mL with double-distilled water (ddH2O) and rinsed three 

times.  Digested samples were mixed for 5 min with 600 µL of reducing agent (0.02 % 
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ascorbic acid in 0.2 N HCl) and then centrifuged at 20,817 ref for 5 mins.  700 µL of 

supernatant was transferred to a clean polystyrene tube and mixed with 280 µL of buffer 

solution (50 % ammonium acetate, NH4C2H3O2), followed by 70 µL of FerroZine 

solution (Hach Co., Cat. No,: 2301-49).  Samples were placed in a Corning transparent 

flat-bottom 96-well plate and the absorption was determined with a spectrophotometer at 

562 nm wavelength.  The amount of iron in the sample was determined from the graphed 

linear regression of the absorbance versus Fe concentration using the equation: X=(Y-

b)/m, where b is the Y-intercept, m is the slope of the line, and Y is the absorbance. 

4.3.4. Single Particle Tracking 

Wide field imaging for single particle tracking for Quantum dots (Qtracker 

655nm, Qdot 655nm Biotin, Invitrogen-Molecular Probes, Eugene, OR) and magnetic 

particles (nano-screenMAG chitosan, cmx, and lipid, Chemicell Berlin, Germany) was 

performed using an Olympus IX71 inverted microscope equipped with a 100°— oil 

objective. Excitation was provided by a mercury lamp with a 543 nm BP filter; emission 

was collected by an Andor iXon electron multiplying CCD (emCCD) camera. The 

backprojected CCD pixel size is 160 nm and images were acquired at 100 frames/s. 

Typically a region of interest of 128x128 pixels was selected for imaging. Analysis of the 

acquired image series was performed as described previously 91. Images were processed 

using DIPImage (Delft University of Technology) and tracking routines written in 

MATLAB (The MathWorks, Inc.) that calculate the center of intensity in a region around 

the maximum at each time step. These algorithms can explicitly account for the 

intermittent QD fluorescence, or blinking that. From these trajectories, the mean square 

displacement (MSD) as a function of time interval (Δt) was calculated. The resulting 

MSD plot is fitted to the equation for directed diffusion: MSD=(vt)2+4Dt, where MSD is 
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the mean square displacement, v is the velocity, t is time, and D is diffusion.  

Localization accuracy of the system was obtained by imaging QDots bound to a cover 

slip for 1,000 frames with 20 ms exposure, which typically yields accurate localization of 

the particle center of mass to within 12 nm. 

4.3.5. Directed Motion of Particles at a Nanoscale Level 

In vitro models were mixed with ~10µL of magnetic particles (nano-screenMAG 

–chitosan, -CMX, -lipid) and placed into trans-well plates.  Images were taken for single 

particle tracking analysis with or without the presence of a magnet placed on the outside 

of each individual well.  The magnetic field strength was determined with a Gaussmeter, 

displaying a strength of 2.12 kG at a 0.1cm distance. 

4.4. RESULTS 

1.6.1. Magnetic Nanoparticles have increased bulk transport through 
alginate when exposed to a magnetic field 

Qualitatively, transport of the magnetic nanoparticles was significantly influenced 

by the application of a magnetic field in the alginate model (Fig. 1). The photo-montage 

shown in Figure 1, obtained using a digital camera over 120 sec. A small permanent 

magnet was placed below the dish (black bar), to which the magnetic nanoparticles were 

drawn (grey mass).  In a control study, where no magnet is present below the sample, 

nanoparticles are confined within the area where they were initially placed (data not 

shown).   

4.4.1. Permeability rates of nanoparticles increase with magnetic field presence 

Though witnessed qualitatively, bulk transport of magnetic nanoparticles was 

further quantified within the alginate solution using a side-by-side diffusion apparatus. To 

quantify magnetic nanoparticle flux across the alginate biofilm into the receptor 
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compartment, iron content of the samples was quantified with a FerroZine assay method. 

Cumulative mass of iron was calculated by from the concentration of iron found within 

the receptor side (fig. 2).  Permeation rate during magnetically enhanced transport and 

control were calculated using the following equation: P = (1/AΔC)(dQ/dt), where A is the 

area in cm2, ΔC is the concentration of the donor side in µg/mL, and dQ/dt is the steady 

state slope of the mass per time graph in µg/min (fig. 3).  The permeability of the 

magnetic nanoparticles through the model alginate biofilm was enhanced 13.6 fold using 

an external magnetic field relative to the control (no magnetic field).    

4.4.2. Single magnetic nanoparticle transport rates are increased in a magnetic 
field 

Once modified transport was witnessed at the bulk level, it was of interest to see if 

there was a concomitant velocity change at the single particle level using particles with 

different surface chemistry but identical core composition.  Fluorescent magnetic 

nanoparticles possessing different surface functional groups (Table 1) were individually 

evaluated for transport behavior in the alginate biofilm model.  As mentioned above, 

transport was evaluated using single particle tracking and quantified with a Matlab 

algorithm producing an MSD plot directed with diffusion and given by the equation: 

 

MSD=(vt)2+4Dt 

 

The velocity coefficients for each of the magnetic nanoparticle types, with or 

without a magnetic field, were graphed against both size and functional groups (Fig 4).  

Increased transport was seen for particles irrespective of size or functional group once the 

particles were exposed to a magnetic field.  The 250 nm particles reached velocities of 4 

µm/sec (p≤0.05), while 150 nm particles reached 6 µm/sec (p≤0.05) in the presence of a 
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magnetic field.  For the 150 nm nano-screenMAG-CMX particles the enhancement of 

transport within the biofilm under the magnetic field was approximately 40.5 fold when 

compared to controls.  The 250 nm nano-screenMAG-CMX particles resulted in 

approximately 263.5 fold enhancement of transport compared to controls.  

4.5. DISCUSSION 

Biofilms represent excellent barriers to both the body’s own defenses and anti-

microbial therapeutic agents. This polymeric exopolysaccharides is a defense mechanism 

that can be activated within bacterial colonies making up a chronic infection. The 

function of the biofilm for the inhabiting bacteria is multifaceted but includes the ability 

to reduce optsonization and subsequent phagocytosis by the patient’s immune system 

[4,9], and the ability to limit diffusion of solutes and macromolecules (such as therapeutic 

agents) [10-12]. As a consequence of these highly evolved defense mechanisms, invading 

bacteria can become permanent within the patient and eventually results in severe clinical 

interventions (e.g. removal of an implant) or premature death of the patient (e.g. in CF 

patient). There have been a variety of attempts to modify therapeutics agents or their 

delivery systems to overcome biofilm barriers [1]. However, to our knowledge this is the 

first study that has looked at the potential for magnetic nanoparticle to penetrate biofilms 

as carriers for drugs.  

 Significant increases in transport rates of iron oxide nanoparticles through 

alginate biofilm were observed in the presence of a magnetic field. On a bulk-scale, 

particles had a enhanced permeabilities on the order of 13.6 fold relative to no magnetic 

fields. On the nanoscale enhancement of transport was greater than 40 fold. These 

magnitudes of transport increases in the presence of an external magnetic field represent 

significant opportunities to increase drug transport into previously unnavigable areas of 



 72 

infection. We have also recently shown that we can drug load these magnetic 

nanoparticles and cause triggered drug release from the nanoparticle surface [18]. 

Antibiotic penetration of P. aeurginosa biofilm can be achieved, although eradication of 

the bacteria is limited [20] .  Thicker biofilms will decrease the diffusion of antibiotics, in 

turn exposing the antibiotics to depleted oxygen or enzymes that destroy or limit their 

effectiveness [20, 21].  Walters et al. reported that Tobramycin reached 45 % 

concentration after 36 hr of exposure[21].  Additionally, while tobramycin was able to 

lyse cells at the surface of the biofilm, it displayed limited efficacy within the distal 

regions of the biofilm [21].  In contrast, we were able to achieve increased permeation 

through the biofilm, resulting in 3.3 ug/mL concentration of accumulated iron particles 

60 minutes following treatment.  

 In our studies, we saw direct evidence that both particle size and surface 

charge were important for navigating through the alginate biofilm successfully. The 

exopolysaccharides secreted by bacteria forming biofilms vary widely in their 

composition, structure and properties. Most microbial polysaccharides are either 

homopolysaccharides composed of a single sugar unit, or heteropolysaccharides in which 

regular repeat units are formed from 2–8 monosaccharides [19]. Bacterial polymers 

contain hexoses or methylpentoses with uronic acids (D-glucuronic acid is commonest) 

[19]. Importantly, the polysaccharides may be either neutral or polyanionic. The anionic 

nature is due to uronic acids, inorganic substituents, or to pyruvate ketals or succinyl half-

esters [19]. Bacterial alginates, such as the biofilms secreted by mucoid Pseudomonas 

aeruginosa, are formed from irregular sequences of D-mannuronic acid and L-guluronic 

acid residues and are generally highly anionic. Thus, in our studies using single particle 

tracking of a cationic nanoparticles (chitosan coated), anionic nano-particles (CMX, or 

carboxylic coated), and neutral particles (lipid coated) we saw statistically significant 
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differences between particle transport rates depending on the particle coating and size. 

When the smaller nanoparticles were used (150 nm), as expected, the cationic 

nanoparticles were generally more hindered than either the uncharged or the anionic 

particles. Clearly less attractive electrostatic interactions between the nanoparticles and 

the biofilms leads to improved transport rates. However, at the larger nanoparticle sizes 

(250 nm) these differences in transport were not as obvious. Variability of the velocities 

of the nanoparticles was higher for the 250 nm nanoparticle regardless of their surface 

charge. Moreover, we unexpected observed higher transport rates for the cationic 

nanoparticle (chitosan) for the larger particle size compared to the smaller chitosan 

particles. Finally, the 250 nm cationic nanoparticle also had faster transport rates than the 

neutral nanoparticles in the presence of a magnetic field. We currently do not have 

evidence to explain these unexpected differences but follow-up studies are underway to 

probe the zeta-potential of the various particles and the extent of functional group surface 

coverage for the respective particle types. Surface electrical charge can also influence the 

diffusivity of particles through another type of biofilm: mucin.  Accordingly, amine-

modified particles, along with PEGylated particles, undergo rapid transport through 

mucus compared with carboxylated particles, due to the reduced attraction and adhesion 

stemming from a neutral charge [22].   

 The primary focus for enhancing transport through viscoelastic biogels has 

been on improving diffusion rates.  A study in cervicovaginal mucus by Lai et al. 

revealed that nanoparticles up to 500 nm in diameter, coated with 2-kDa PEG, exhibited 

transport rates three orders of magnitude higher relative to polystyrene nanoparticles of 

similar size [23].  By coating with an uncharged, hydrophilic polymer, nanoparticles were 

able to slip through the meshwork of the mucin and increase their diffusion rate. This 

enhanced transport of coated particles was observed in our studies, where CMX 
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functionalized particles exhibited velocities 40-fold greater in the presence of a magnetic 

field. These first studies using magnetic nanoparticles in biofilms show much higher 

enhancement of transport rates than previous studies. Follow up studies are underway 

investigating these drug loaded nanoparticles in more complex models of bacterial 

biofilms.  

4.6. CONCULSION 

These proof-of-concept studies demonstrate the potential of magnetic 

nanoparticles to enhance the drug delivery in a directed motion through biofilms.  We 

show that magnetic nanoparticles can be pulled through a biofilm and could potentially 

deliver therapeutics to the site of the bacterial cells.   Additionally, we demonstrate on the 

nanoscale that these particles can attain considerable transport enhancement ratios.  These 

data strongly support the need for further investigation of the potential of magnetic 

nanoparticles to promote directed drug delivery through biofilms. 
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Figure 4.1. Time series of magnetic nanoparticles (light grey) transport in alginate over a period of 120 seconds with a 
magnet present (black) visualized using light microscopy 
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Figure 4.2. Cumulative mass (µg) of fluidMAG-CMX nanoparticles found within the 
receptor side of a side-by-side diffusion cell over time (min) the presence 
(open squares) and absence (black diamonds) of a magnetic field 
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Figure 4.3. Permeability (cm/min) of fluidMAG-CMX nanoparticles through alginate 
biofilm 
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Name Size  
(nm) 

Concentration 
 (mg/mL) 

Matrix Functional 
Group 

nano-
screenMAG-
Chitosan 

150 25 

Polysaccharide, linear 
randomly distributed β-
(1-4)-linked D-
glucosamine and N-
acetyl-D-glucosamine  

Amine 

nano-
screenMAG-
Chitosan 

250 25 

Polysaccharide, linear 
randomly distributed β-
(1-4)-linked D-
glucosamine and N-
acetyl-D-glucosamine 

Amine 

nano-
screenMAG-
CMX 

150 25 Carboxymethyl-dextran, 
sodium 

Sodium 
carboxylate 

nano-
screenMAG-
CMX 

250 25 Carboxymethyl-dextran, 
sodium 

Sodium 
carboxylate 

nano-
screenMAG-
Lipid 

150 25 Phosphatidylcholine Phosphatidylch
oline 

nano-
screenMAG-
Lipid 

250 25 Phosphatidylcholine Phosphatidylch
oline 

 
 

Table 4.1.  Characteristics of magnetic particles used in the single particle transport 
studies
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Figure 4.1. Velocity (µm/sec) of 250 nm (black bars) and 150 nm sized (white bars) 
nanoscreenMAG particles of varying functional groups with or without a 
magnetic field.  P-values are listed below were suitable. 
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CHAPTER 5  

5. Evaluating Magnetic Nanoparticle Permeation Rates in 
Extracellular Barriers 

5.1. ABSTRACT 

The development of extracellular barriers, primarily viscoelastic mucus layer and 

the evolution of mucoid Pseudomonas aeruginosa colonies have greatly reduced the 

efficacy and permeation of inhaled antibiotics and particle systems in cystic fibrosis (CF) 

patients. Within this article we focus on the use of magnetic nanoparticles to increase 

transport through in vitro models of these barriers. Both models used for diffusion studies 

were created based on literature information to mimic the composition of in vivo and ex 

vivo samples of sputum and P. aeruginosa biofilm. Permeation rates of magnetic 

nanoparticles exposed to a static magnetic field (0.237 tesla) through these models were 

compared to controls. Nanoparticle interactions with both models were assessed and in 

most cases found to have little influence on the enhanced transport rates, indicating the 

significance of magnetic pull. The findings supplied in this article provide further 

implications for improved delivery through these formidable barriers using magnetic 

nanoparticles. 

5.2. INTRODUCTION 

The presence of extracellular barriers within cystic fibrosis (CF) patients airways 

lead to formidable barriers to the delivery of therapeutics [1-5]. One primarily noted 

barrier in this population is the abnormal mucus layer. Even in health, the mucus layer is 

a protective layer that traps exogenous substances for removal from the body via 

clearance mechanisms like the ciliary movement within the lung. However, in CF 

patients it has been widely noted that this mucus layer has increased viscosity limiting its 
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removal from the body as well as providing a more robust barrier [1, 4, 6]. Many studies 

have shown the inhibited transport of a variety of drugs through normal and CF mucus 

[6-8]. For viral gene therapy vectors, the presence of mucus has significantly restricted 

the overall delivery, slowing the potential for gene therapy [6, 9].  

Further impeding therapeutic effectiveness of therapeutics in CF is the 

development of microbiological biofilms, a shield of extracellular polymeric substance 

that prevents opsonization and phagocytosis of the invading bacteria [10-12]. In CF, 

initially multiple microbial species will colonize the lung due to the above mentioned 

defective clearance mechanisms of the mucus. Of the species, chronic infections by 

gram-negative Pseudeomons aeruginosa will dominate and has been correlated to the 

disease severity. As the bacteria proliferates and begins to convert from a non-muciod to 

a mucoid phenotype, a more persistent state of bacterial development, the development of 

an alginate biolfim layer is noted [10, 11]. Such development is strongly correlated to 

antibiotic resistance by the bacteria, accelerated pulmonary decline, poor prognosis and 

higher mortality rates in CF patients [11, 12].  

 Recently, the use of micro and nanoparticle systems to facilitate in drug delivery 

through these barriers has been studied [13-15]. Primarily the focus of these published 

studies has been the use of polymeric nanoparticles and investigation of the effect on 

transport by manipulation of the surface functional groups on the particles. Generally, 

these nanoparticles tend to either become entrapped within the mucus layer or can 

passively slip through the barrier matrix. In contrast the potential for nanoparticles that 

can be actively directed to a given site has begun to find interest. One such nanoparticle 

system that in the past two decades has become of interest are magnetic nanoparticles, 

which have been noted in the literature for enhancing drug delivery in pharmaceutical 

applications [16-19]. The primary use of these particles has been as contrast agents in 
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magnetic resonance imaging (MRI) and for cell sorting and immunoassays, but 

experimental work has previously described the use of magnetic particles for the 

treatment and targeting of tumors [20-23].  

Several in vitro and in vivo studies have shown the promise of localizing 

chemotherapeutic agents to tumor sites or to regions of the lung by exploiting the 

superparamgnetic properties of these nanoparticles, with a strong attraction to static 

external magnetic fields (dames, ally). To our knowledge, no studies have investigated 

the potential for these particles to overcome biological barriers like those found in CF 

lung disease.  

In the previous chapter it was determined that in a biofilm model magnetic 

nanoparticles could be transport at increased velocities at the single particle level. Here 

we expand on those studies to investigate how the same magnetic nanoparticles used in 

the previous chapter, under the influence of a static magnetic field, may penetrate through 

in vitro models of both mucus and P. aeruginosa biofilms at a more bulk level. 

Permeation rates were determined for magnetic nanoparticles coated with varying surface 

chemistries in the presence or absence of a magnetic field. Additionally, the effect of iron 

content and size of these particles on the permeation rates were investigated.   

5.3. MATERIALS AND METHODS 

5.3.1. Materials  

Sigma mucin from porcine stomach type 2 was used for the mucus model (type 2 

M2378-100G, batch 019K1222, Sigma Aldrich, St. Louis, MO). Sodium alginate from 

Sigma was used with calcium chloride for the alginate biofilm model (Sigma Aldrich, St. 

Louis, MO). Three types of coated magnetic nanoparticle types of two different sizes 150 

and 250 nm were purchased from Chemicell: fluidMAG-chitosan, fluidMAG-CMX, and 
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fluidmag-lipid (Chemicell Berlin, Germany). Neodynium magnets of 0.237 tesla field 

strength were obtained from K&J Magnetics (D77-N52 Magnets, K&J Magnetics, Inc., 

Jamison, PA). 

5.3.2. Models   

The mucus model was based on what has been previously used in other 

permeability studies [7, 24, 25]. A 20% w/v concentration of type 2 mucin was 

reconstituted with double distilled water with overnight shaking at room temperature.  

Mixing a 2% w/v concentration of sodium alginate with 0.5 mM of calcium 

chloride and double distilled water created alginate biofilm model. This mixture was 

allowed to shake overnight at room temperature. The concentration used was obtained 

from the literature based on the content of alginate biogels that are secreted by in vivo 

samples of Pseudomonas aeruginosa infections [11]. 

5.3.3. Physical Characterization of Particles 

Magnetic nanoparticle hydrodynamic diameters were characterized using a 

Zetasizer Nano ZS (Malvern Instruments Ltd, Worcestershire, UK) dynamic light 

scattering (DLS) instrument operating with a 50mW laser at a wavelength of 633 nm. 

Scattered light was detected at 90° to the incident beam. Each sample was subjected to 

three, two minute measurements. Generally, the nanoparticle solutions used were at a 

concentration of 2 x10-4 mg/mL in PBS and characterized at 25°C. 

Zeta potential measurements were performed using the same Zetasizer Nano ZS, 

that utilizes a laser interferometric technique of phase analysis light scattering. Each 

sample was subjected to three measurements with a 5 second delay between each 

measurement. 
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Iron content for each magnetic nanoparticle was determined by drying stock 

nanoparticles of a known volume. Once the SPIONs were dried they were weighed on a 

microbalance and the percentage of iron was determine mathematically. 

5.3.4. Permeability Experiments 

Magnetic nanoparticle permeability through barrier models was determined using 

a previously described method (mol pharm). In brief, models were plated onto Snapwell 

inserts at 250 µL with 25 µL of magnetic nanoparticles added. Inserts were placed atop 

wells of a 24 well tissue culture plate containing 3 mL of PBS buffer as the acceptor side 

(Corning Snapwells, CLS3802, Corning, NY; Multiwell Primaria 24 well, Falcon, Becton 

Dickinson Labware, Franklin Lakes, NJ). A magnet was placed under the well plate 

while no magnets were applied for controls. Samples were removed from the acceptor 

side at predetermined time points and analyzed using a ferrozine iron assay (SPIE). The 

ferrozine assay requires the break down of any excess polymers or coatings of the 

nanoparticles with concentrated HCl on a heat block at 80°C for 2.5 hours. Samples were 

then diluted to 5 mL with double-distilled water and rinsed three times. Following the 

digestion step 600 µL of reducing reagent (0.02% ascorbic acid in 0.2 N HCl) was added 

and allowed to sit for 5 minutes before the mixture was centrifuged. Next 280 µL of 

buffer solution (50% ammonium acetate) was added to 700 µL of the supernatant, which 

was subsequently mixed with 70 µL of the FerroZine solution (Hach Co., Cat. No.: 2301-

49). The absorption of the samples were then determined using a spectrophotometer at a 

wavelength of 562 nm. The amount of iron from each sample was determined from a 

linear regression of the absorbance versus iron concentration.  
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5.3.5. Particle-Barrier Binding  

Additional size and zeta potential measurements were performed to ascertain 

extent of bio-polymer binding to the particles. Prior to magnetic nanoparticle 

characterization using dynamic light scattering and zeta potential, particles were added to 

either mucus, alginate models, or buffer (PBS pH 7.4). Particles were then separated from 

the medium by washing using a MACS® separator and columns (µMACSTM Miltenyi 

Biotec, Auburn, CA). Briefly, columns were placed within the column holder that exerts 

a strong permanent magnetic field. Nanoparticles within each given medium were added 

to the columns. Wash liquid from the column was discarded. After a series of washings, 

the columns were taken out of the separator and placed within collecting tubes and  the 

magnetic nanoparticles were collected. These particles were then analyzed as described 

above using DLS and the zeta-sizer. 

5.4. RESULTS 

Magnetic nanoparticles were characterized using dynamic light scattering (DLS) 

and zeta sizing (Table 1). Overall sizes were within the nanometer range, though particles 

were below the reported values from the supplier.  

Magnetic nanoparticle permeation studies were performed using either the mucin 

or alginate biofilm model with or without a static magnetic field present. The effect of 

iron content and surface chemistries of the particles were assessed. Particles with 

functional groups of chitosan, carboxymethyldextran (CMX), or lipid were mixed with 

either model prior to permeation studies. Permeation rates through the alginate biofilm 

model when exposed to a magnetic field exhibited statistically significant (p<0.05) 

increases for all particles, except for the 188 nm chitosan particles compared to controls 

(Figure 1a). Fewer nanoparticle types, specifically the 188 nm chitosan and both sizes of 
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the lipid particles, displayed statistically significant increases in response to the magnetic 

field in the mucus model (Figure 1b).  

To determine if significant particle-barrier interactions were occurring, zeta 

potential measurements were performed on the nanoparticles before and after exposure to 

either of the bio-polymers. Particles were first treated with alginate biofilm, mucus, or 

control (buffer) and then separated using a magnetic separator. Strongly bound alginate 

or mucus molecules on the particle surfaces would then be detected by changes in charge 

from these separated particles. Zeta potentials were found to change to significantly more 

negative values (between -40 to -70 mV) for alginate exposed particles. Similarly, mucus 

exposed particles were shifted to zeta potentials of around -20 to -25 mV regardless of 

the initial charge on the untreated particles (Figure 3a and 3b).  

5.5.  DISCUSSION 

The studies presented in this chapter are a follow up what was presented in 

chapter 4. In chapter 4 influences of an externally applied magnetic field on the 

transportation rates of three different functionalized magnetic nanoparticles 

(carboxymethyldextran, chitosan, and lipid) were observed within an alginate biofilm 

model. To determine the transportation rates a microscopy technique, single particle 

tracking, was utilized. Here we present increased permeation rates for the same types of 

functionalized magnetic nanoparticles upon exposure to a magnetic field through models 

of both alginate and mucus barriers. These studies were conducted on a larger scale than 

the single particle level. Samples were collected from the basolateral side of a diffusion 

cell at various time points and were analyzed for iron content.  
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These studies have demonstrated the potential for magnetic nanoparticles to 

overcome extracellular barriers under the influence of a low magnetic field. In some 

cases an 8-fold increases of transport across these barriers was observed.  

To verify whether the particle manufacturer’s supplied characterizations were 

accurate for the multiple particle systems obtained, different techniques utilized. For 

sizing dynamic light scattering (DLS) was used and revealed that most of the particles 

were not quite what was reported, despite the product information documents noting that 

the particles should be either 150 or 250 nm. The iron content varied per particle type and 

ranged from 11.70 to 3.57 %. The values of the zeta potential of each particle systems 

were determined to be in the range of -6.53 ± 0.95 mV to -32.40 ± 0.10 mV depending on 

particle type.   

In our studies, we see evidence that size, surface chemistry and iron content could 

be important for optimal delivery through alginate biofilms. Surface chemistry appears to 

be the primary factor in permeation rates within the alginate model. Upon exposure to a 

magnetic field chitosan (cationic) coated, lipid (neutral) coated, and 

carboxymethyldextran (anionic) coated nanoparticles had statistically significant (p<0.05) 

differences between their permeation rates. Most likely this is due to the charge of the 

particles, by which the anionic particles (carboxymethyldextran) are less likely to interact 

with the alginate barrier to allow for increased transport. In contrast cationic particles 

(chitosan) had lowered transport rates compared to the anionic particles. Such 

interactions between cationic particles and alginate would be expected due to the 

composition of the exopolysaccharides secreted by bacteria that form biofilms consisting 

of either homopolysaccharides composed of a single sugar unit, or heteropolysaccharides 

with repeated units [11]. These polysaccharides may either be neutral or polyanionic, 

with the anionic nature being attributed to the uronic acids. In the case of bacterial 
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alginates, such as the biofilms secreted by mucoid P. aeruginosa, their formation is from 

the irregular sequences of D-mannuronic and l-guluronic acid residues, which are highly 

anionic.  

When looking at the permeation results where no magnetic field was used, it 

appears the lipid functionalized particles had more hindered passive diffusion through 

alginate. This was not anticipated given that the lipid particles demonstrated the largest 

negative charge as determined via zeta potential and the functional groups attached were 

charge neutral. However the transport of these lipid particles had enhanced permeation 

rates compared to cationic chitosan particles when exposed to a magnetic field. 

Interpreting this data, one might speculate that when no external force is applied, the 

transport of lipid particles was hindered significantly via particle-alginate interactions. 

However, upon the application of an external magnetic driving force these interactions 

were more easily overcome than those observed for the cationic chitosan particles. The 

interactions between the anionic alginate and cationic chitosan appears to be stronger 

than the applied magnetic fields as no transport enhancement was observed with these 

particles.   

 With the mucus model, surface chemistry appeared to play a limited role in 

passive diffusion of the particles across the barrier. However, the larger 

carboxymethyldextran particles had significantly higher passive transport rates through 

the mucin than the other particles. This particle type was determined to have the lowest 

magnitude zeta potential than the other particles.  As previously determined by our group 

and in accordance with other groups such as Dawson and co-workers, it appears that once 

mucin interactions occur, particles become entrapment within the mucin fibers [15]. In 

addition, the coating of the particles with mucin may also occur [14, 15, 25, 26]. This was 

observed in these studies also where all particles showed evidence of mucin binding and 
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coating.  Despite the rather modest transport enhancement within the mucus barrier, 

increases in permeation by magnetic nanoparticles can be seen for some coatings, most 

notably the lipid based particles, similar to that observed with alginate.  

In further investigating the contributing factor to the various permeation rates of 

magnetic nanoparticles through either barrier, the effect of both iron content (%) and 

particle size on permeation rates were determined (figure 2 and 3). Within the alginate 

model it appears that iron content may play a role in facilitating in increased permeation 

rates of particles under a magnetic field, with the exception of the particle system 

containing 6.31% iron (figure 2a). This outlier particle is the carboxylmethyldextran 

particle that exhibited limited interactions with alginate in the previous study (figure 1). 

The effect of particle size on permeation rates through alginate was minimal (figure 3a). 

In figure 2b it appears that iron content may be a contributing factor to increased 

permeation through the mucus model. As the iron content of particles increases the rate 

of permeation through this barrier increases. By having an increased iron content a 

particle would have an increased magnetic force resulting in increased transport through a 

given medium regardless of the strength of the external magnet [27]. Furthermore, a 

slight trend was observed for particle size. An increase in particle size seems to lead to 

increased permeation rates within mucus.  

To further probe if interactions were occurring between magnetic nanoparticles 

and the barriers, analysis of the zeta potentials before and after exposure to the barriers 

was performed (figure 4).  After exposure to the alginate barrier all particles exhibited 

increases in zeta potentials (mV), with the values reaching similar levels indicating that 

there are particle-alginate interactions. A similar effect was observed in mucus.  
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5.6. CONCLUSION  

In these initial studies, we demonstrate the potential for magnetic nanoparticles to 

be utilized for enhancing transport through extracellular barriers under a static magnetic 

field. We provide evidence that these nanoparticles can be pulled through both a biofilm 

and mucus model, regardless of interactions with these models. Yet, the overall 

magnitude of permeation rates is decreased when interactions occur, primarily in 

alginate. Within the mucus model it was determined that iron content plays a significant 

role in particle transport. 
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Particle Coating Hydrodynamic 

Diameter 
(nm) 

Iron 
Content 

(%) 
fluidMAG-Chitosan 
150nm 

Chitosan 188 ± 23.9  4.76 

fluidMAG-Chitosan 
250nm 

Chitosan 223 ± 1.6 10.28 

fluidMAG-CMX 150nm Carboxymethyldextran 125 ± 7.5 6.31 
fluidMAG-CMX 250nm Carboxymethyldextran 247 ± 14.0 11.70 
fluidMAG-Lipid 150nm Lipid 101 ± 5.2 8.41 
fluidMAG-Lipid 250nm Lipid 259 ± 23.7 3.57 

Table 5.1. Magnetic nanoparticle characterization  

Sizing measurements were performed for an n=3 replicate (±standard deviation) 
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Figure 5.1. Permeation rates of magnetic nanoparticles with different surface 
chemistries and reported sizes were determined for the alginate model (a) 
and the mucus model (b) under a magnetic field (black bars) compared to 
controls of no magnetic field (white bars). 
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Figure 5.2. The effect of iron content (%) on permeation rates of magnetic nanoparticles 
under a magnetic field in the two different models, alginate (a) and mucus 
(b). 
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Figure 5.3. The effect particle size (nm) has on the permeation rates of magnetic 
nanoparticles exposed to a magnetic field in either alginate (a) or mucus 
(b). 
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Figure 5.4. Zeta potentials were determined before and after treatment with either 
alginate (a) or mucus (b) (n = 3; error bars are standard deviation of the 
mean). 
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CHAPTER 6  

6. Comprehensive Study on the Varying Surface Chemistries of 
Magnetic Nanoparticles and their affect on Transport through 

Extracellular Barriers 

6.1. ABSTRACT 

The ability to deliver suitable drug amounts to patients with Cystic Fibrosis (CF) 

has been limited due to the presence of viscoelastic mucus layer. Furthermore, the 

delivery of antimicrobial agents to counter P. aeruginosa bacterial strains is hindered by 

the formation of biofilm barriers. In this work, we investigated the influence of surface 

chemistry of superparamagnetic iron oxide nanoparticles (SPIONs) on their transport 

through these extracellular barriers. SPION permeation rates and enhancement ratios 

were determined using models of mucus and alginate biofilms. These models containing 

200nm nanoparticles with various surface chemistries were plated on Transwell® 

membranes and exposed to either a constant magnetic field (0.237 Tesla) or no magnetic 

field. Samples were taken from the basolateral side at various time points (0-360minutes) 

and analyzed using a ferrozine iron assay. Permeation rates of the various SPIONs were 

found to significantly increase under a magnetic field, with up to a 28.4-fold increase 

being observed in mucus and 6-fold increase in alginate. Within the mucus model, 

surface chemistry appeared to play a less significant role with nearly all the SPIONs 

having increased rates when exposed to a magnetic field compared to no magnetic field. 

This may be due to the magnetic susceptibility of the particles enabling them to overcome 

interactions. Permeation rates were affected by the functionality of the SPIONs within the 

alginate model compared to their rates in mucus. Despite the possible interactions of the 

SPIONs with alginate nearly all had increased permeation rates due to the magnetic 

forces on the nanoparticles. The potential for SPIONs for aerosol delivery has been 
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previously investigated. In this presented study, further support for the use of these 

nanoparticles for improvement of transport through extracellular barriers was observed. 

Additionally, it seems that the magnetic properties of these particles yield significantly 

higher transport rates across these barriers, with potential for overcoming any 

nanoparticle barrier interactions. 

6.2. INTRODUCTION 

The primary clinical feature of cystic fibrosis (CF) is the presence of abnormal 

viscolastic mucus within the upper airways and bronchi that coats the submucosal gland 

and epithelial cells, the targets of gene therapy. Normally the mucus layer is a natural 

barrier for these cells by limiting the diffusion of macromolecules including drugs, 

pathogens, and foreign particles. However, in CF the abnormal mucus poses a more 

significant barrier and limits the potential for successful gene therapy or appropriate 

inhaled therapeutic interventions. Additionally, the mucus layer within CF patient 

airways has compromised mucociliary clearance causing prolonged retention of foreign 

matter within the lungs and subsequent chronic infections. It has been demonstrated that 

electrostatic interactions between drugs/particle delivery systems and the mucus layer 

further limit the transport and diffusion of topically applied therapeutics in the airways of 

these patients[1-4].  

Another limitation to drug delivery, specifically antibiotics, is the production of 

microbial biofilms that coat bacteria residing within the lungs. Most notably, a specific 

strain of bacteria, Pseuodomonsa aeruginosa is linked to the mortality and morbidity of 

CF patients when the bacteria convert to a mucoid state. In the mucoid state, P. 

aeruginosa develops an alginate biofilm layer that protects the quiescent bacteria cells 

from antibiotics[5-7]. 
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The exploration of nanoparticle use to penetrate both types of barriers has been 

studied with the primary focus on manipulating polymeric nanoparticle size or stealth to 

increase diffusion. Suitably PEG coated nanoparticles have been shown to passively slip 

through mucus barriers reaching a site of action at faster rates than uncoated particles. 

Although superparmagnetic nanoparticles (SPIONs) have been well studied as potential 

drug delivery carriers/therpaeutics for cancer targeting and hyperthermia, their 

application to overcoming extracellular barriers to drug delivery has been neglected. 

SPIONs have the potential for enhancing drug delivery by actively directing the particles 

to a site of action by an external magnet. Recently studies have investigated increased 

antibacterial delivery of silver coated SPIONs via actively directing them to a site of 

infection [8]. 

In these studies, we further our investigations of increasing particle delivery by 

use of SPIONs and we explore the effect the particle surface functionality on transport 

rates through in vitro models of mucus and alginate biofilms. Rates of permeation for 

eight different functionalized SPIONs were determined under the influence of an 

externally applied magnet to find if any interactions with these models would hinder 

overall transport. To further evaluate the effect of magnetic forces, iron content was 

determined for each particle and the enhancement ratios of transport were determined. 

6.3.  MATERIALS AND METHODS 

6.3.1. Materials 

To produce in vitro models used in these studies the following were purchased: 

sigma mucin from porcine stomach type 2 was used for the mucus model (type 2 M2378-

100G, batch 019K1222, Sigma Aldrich, St. Louis, MO); sodium alginate from Sigma was 

used with calcium chloride for the alginate biofilm model. A 31.2 tesla neodymium 
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magnets were used (D77-N52 Magnets, K&J Magnetics, Inc., Jamison, PA). Eight types 

of coated magnetic nanoparticle types of 200 nm were purchased from Chemicell: 

fluidMAG-Amine (amine), fluidMAG-OS (oleic acid), fluidMAG-PAS (polyacrylic 

acid), fluidMAG-D (starch), fluidMAG-DX (dextran), fluidMAG-Q 

(polydiallyldimethylamine; PDDA), and two fluidMAG-UC either uncoated anionic or 

uncoated cationic (Chemicell Berlin, Germany). Fluorescein sodium salt was 

reconstituted in PBS buffer and used as a model drug for permeation studies. 

6.3.2. Models 

Type 2 mucin obtained from Sigma was reconstituted at a 20% w/v concentration 

with double distilled water and allowed to shake overnight at room temperature (25 

degC). This model was based on literature studies [9, 10] (Donovan, Mol Pharm). 

An alginate model was created based on concentrations found within in vivo 

samples of Pseudomonas aeruginosa [6]. A 2% w/v concentration of sodium alginate 

was allowed to shake overnight at room temperature with 0.5 mM calcicum chloride 

solution and double distilled water. 

6.3.3. Characterization of Magnetic Nanoparticles 

Magnetic nanoparticles were characterized using a Zetasizer Nano ZS dynamic 

light scattering with zeta potential capabilities (Malvern Instruments Ltd, Worcestershire, 

UK). Each sample was added to PBS at a concentration of 2 x10-4 mg/mL and 

characterized at 25 degC for three, two-minute measurements as described previously 

(chapter 5). 

Zeta potential measurements were performed using the samples from the dynamic 

light scattering measurements. Each sample was run for three measurements with a five 

second delay between each measurement. 
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Iron content for each magnetic nanoparticle was determined by drying stock 

nanoparticles of a known volume. Once the SPIONs were dried they were weighed on a 

microbalance and the percentage of iron was determine mathematically.  

6.3.4. Permeability Experiments 

Models were plated onto Transwell inserts with 3 micron mesh at 250 µL with 25 

µL of magnetic nanoparticles added topically to the surface (Corning Transwells, 

CLS3802, Corning, NY). Inserts were then placed within the Transwell plates and 4 mL 

of PBS buffer was added to the acceptor side. Under each well a neodymium magnet was 

placed, while no magnet was applied for controls. At each time point all the volume was 

removed and analyzed for iron content using the ferrozine assay and fluorescence 

analysis for fluorescein content. The ferrozine assay is performed by adding nanoparticles 

to concentrated HCl which are allowed to sit at roughly 80 degC for 2.5 hours. Samples 

were then washed and diluted with 5 mL double distilled water with 600 µL of reducing 

reagent being added. This mixture was allowed to sit for 5 minutes before being 

centrifuged, with 700 µL of supernatant being removed and added to 280 µL of buffer 

and mixed with 70 µL of FerroZine solution (Hach Co., Cat. No.: 2301-49). The 

absorption of each sample was determined using a spectophotometer at 562 nm 

wavelength and the amount of iron was determined via linear regression of the 

absorbance versus iron concentration graphs. 

6.4. RESULTS AND DISCUSSION  

Characterization of the eight magnetic nanoparticles used for these studies are 

represented in table 1. Noted in the table are the nanoparticles product name, functional 

group, charge, hydrodynamic diameter as determined by dynamic light scattering, and 

percent of iron as determined by a ferrozine assay. There was some variability in the 
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determined particle size compared to the 200 nm reported by the manufactures, most 

likely due to aggregation within the PBS solution used for analysis. It was reported from 

the manufactures that these SPIONs were stable in water. Though the presence of 

aggregation may not be favorable for all nanoparticle applications, in these studies it may 

be a contributing factor to SPION permeation. According to Ally et al (2006) particle 

aggregation would allow for increased retention within in vitro and ex vivo models of 

mucus transport due to increasing the magnetic field strength of the particles [4]. With 

enough SPIONs within an aggregate the overall magnetic field strength would increase 

regardless of the field gradient [4, 11, 12].  

Nanoparticle functionalities have previously been observed to have effects on 

transport through extracellular barriers, specifically mucus, limiting overall diffusion of 

such particles [9, 13-15]. To further study the effect of surface chemistries or 

functionalities, magnetic nanoparticles of eight different functional groups mentioned in 

table 1 were topically applied to either an alginate or mucus model. Permeation rates 

were determined based on nanoparticle functionality when either exposed to a magnetic 

field or not (controls), for each model (figure 1). In this study it was shown that 

functionalities of SPIONs do play a role in nanoparticle permeation through both alginate 

and mucus models, but that these interactions do not limit all magnetic nanoparticle 

transport, was seen in the previous two chapters (Chapters 4-5). Though having limited 

interactions with the surrounding milieu resulted in a greater increase on transport as seen 

with starch coated SPIONs having increased rates within alginate, dextran coating for 

mucus, and anionic for both; it does appear that magnetic pull is the primary force for 

permeation rates of SPIONs through at least mucus barriers.  

Furthermore, amine despite the notion that aggregation would be beneficial for 

SPION transport had lower permeation rates in both models compared to the other 
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surface chemistries used. According to Crater et al (2010), amine-functionalized particles 

had decreased transport rates (0.0143 to 0.0167 µm2s-1) within in vitro and ex vivo 

models of pig gastric mucus, due to aggregation and electrostatic adhesion with the 

mucin fibers [15].  

To determine whether functional groups were the key factors in effecting 

permeation rates of magnetic nanoparticles or not, two other factors were looked into, 

percent iron content and particle size. Permeation rates of SPIONs based iron content (%) 

or particle size were reported in figure 2 and 3 for both alginate and mucus models. When 

iron content as a percent and particle size are looked at as separate factors affecting 

permeation rates of SPIONs, it was found that for mucus iron content was a contributing 

factor. While in alginate neither size nor iron content had an affected individually. Iron 

content having a role in transport through mucus has been noted by Ally et al (2006) due 

to the magnetic field strength within the SPION would adding in transport regardless of 

the static field gradient [4]. In the alginate studies presented here it appears that iron 

content and thus magnetic pull cannot overcome surface chemistry interactions.  

When particle size was looked at as a factor for SPION transport (figure 3), no 

concrete trend was observed. For both models the smaller, non-aggregated particles 

displayed increased permeation rates, while the largely aggregated amine particles had 

the weakest rates. The resulting size of the amine aggregates may compromise the 

transport through mucus due to the notion that mucus mesh porosity is around 400 nm, 

wherein larger particles (≥ 500nm) result in limited diffusion rates [1, 13, 14, 16].  

6.5. CONCLUSION 

In this chapter we furthered our exploration into the factors that may affect 

SPION transport through extracellular barriers, by screening an array of surface 
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chemistries, iron content (%), and nanoparticle sizes. It was found that magnetic 

nanoparticle transport through extracellular barriers increased primarily due to magnetic 

forces, though surface functionalities especially in alginate had effect on overall 

permeation rates. Our observations further the potential for magnetic nanoparticles to be 

utilized in increasing delivery of drugs through both mucus and alginate biofilms. 

Additionally, we provide evidence for biofilm interactions with nanoparticles based on 

surface functionality, which has had limited research to date. 
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Product Name Functional Group Overall Charge Hydrodynamic 

Diameter (nm) 

% 

Iron 

fluidMAG-Amine Amine Neutral 803 ± 68* 3.40 

fluidMAG-OS Oleic acid, sodium salt Neutral 

(hydrophilic/hydrophobic) 

151 ± 4 1.76 

fluidMAG-PAS Polyacrylic acid Weak anion 206 ± 1 3.35 

fluidMAG-D Starch Weak cation 321 ± 4 3.60 

fluidMAG-DXS Dextransulfate Strong anion 184 ± 4 6.32 

fluidMAG-Q Poly(dillyldimethylammonium 

chloride) (PDDA) 

Strong cation 209 ± 5 0.66 

fluidMAG-UC/A Uncoated with anionic charge Anionic 231 ± 15  2.11 

fluidMAG-UC/C Uncoated with cationic charge Cationic 145 ± 6 3.86 

*fluidMAG-Amine showed aggregation within the PBS solution. 

Table 6.1. Magnetic nanoparticle characterization 
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Figure 6.1. Permeation rates of SPIONs through either an alginate biofilm (a) or mucus 
model (b) when exposed to either a magnetic field or no magnetic field. 
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Figure 6.2. Permeation rates of percent iron of SPIONs through alginate (a) or mucus 
(b) barrier models 
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Figure 6.3. Permeation rates versus particles size (nm) of SPIONs through either 
alginate (a) or mucus model (b). 
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CHAPTER 7  

7. Disruption of the mucus barrier by topically applied exogenous 
particles 

7.1. ABSTRACT 

The mucus barrier is well established as a formidable barrier to exogenous 

substances and forms the first line of defense for mucosal surfaces. Drugs and particle 

systems are known to be significantly hindered via a variety of interactions with mucus 

and some efforts have been reported that can mitigate these interactions. We investigated 

topically applied particulate systems (nano and micro) for their potential to interact with 

mucus and influence on the diffusion of model drugs across the mucus barrier. 

Functionalized polystyrene nanoparticles and microparticles and diesel particulate matter 

were topically applied to established in vitro mucus models. Particle treated mucus was 

then assessed, compared to controls, for drug permeation rates. The average permeation 

rate of drugs increased 2-fold following the application of particles to mucus compared to 

permeation of the same drug through mucus alone. In some cases permeation 

enhancement of small model drugs was over 5 times that of controls. Assessment of 

particle physicochemical properties also indicated that significant interactions occurred 

between mucus and the particles as determined by zeta potential changes and size 

changes. Collectively this work supports the hypothesis that topically applied particles 

interact with the mucus barrier causing disruption of this barrier allowing for increased 

drug permeation. These findings have implications for improved drug delivery and 

enhanced environmental exposure to exogenous substances.  
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7.2. INTRODUCTION 

Physical barriers such as skin and mucus membranes are the first line of defense 

for the innate immune system1. Mucosal epithelial surfaces such as the nasopharynx, 

lungs, reproductive tissues, and gastrointestinal organs are protected by a layer of mucus 

that can trap exogenous substances until they can be removed by clearance mechanisms 

such as ciliary movement [1]. To successfully perform this role of protection mucus 

maintains a complex molecular composition and structure2. The main component that is 

responsible for its viscous and elastic gel-like properties is the glycoprotein mucin2. 

These mucins are large molecules (0.5 – 20 MDa) that are highly glycosylated. These 

oligosaccharide chains (5-15 monomers) are attached to a protein core to form a so called 

“bottle brush” configuration [2-3]. The chemical composition results in electrostatic, 

hydrophobic, and hydrogen bonding interactions. It is therefore not surprising that many 

different interactions can occur between exogenous substances and the adhesive mucus 

which significantly influence diffusion of solutes through this complex network structure 

[2-3]. 

The importance of the mucus barrier in health and disease is well documented 

[2,4-7].  Several studies have shown that the transport of certain drugs may be 

significantly inhibited through mucus8-10. In the gastrointestinal tract, it is well 

established that the mucus layer is the first line of defense against secreted acid and 

pepsin [6]. This stable unstirred layer forms a diffusion barrier to pepsin, preventing 

proteolysis of the underlying epithelial cells. In peptic ulcer disease the rate of peptic 

degradation of the mucus barrier is increased. Moreover, other damaging agents such as 

ethanol and aspirin can rapidly permeate the mucus barrier, and may induce ulcers by 

damaging the underlying epithelium. Similarly, in the respiratory epithelium, the 

presence of mucus has been shown to significantly limit the effectiveness of viral gene 
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therapy vectors [11-13]. In another example of the functional properties of the mucus 

barrier several groups have studies the entrapment and transport of nanoparticles in 

cervical mucus and cystic fibrosis mucus samples [14-17]. 

Despite this recognition of the formidable barrier and importance of the mucus 

lining on epithelial surfaces for drug delivery and solute diffusion, relatively few studies 

have investigated what external factors may influence its integrity [18,19].  

In the studies reported in this paper, for the first time to our knowledge, we 

demonstrate that topically applied particles can significantly disrupt the mucus barrier. 

We demonstrate this disruption phenomenon in established models of mucus using 

nanoparticles, microparticles, and diesel particulate matter and is diagramed in figure 1. 

The effects of these particles on mucus were assessed using two model drug species. In 

addition, we provide evidence of how the particles may interact with mucus to induce 

such changes in the rate of diffusion of low molecular weight drugs. 

7.3. MATERIALS AND METHODS 

7.3.1. Materials 

Sigma mucin from porcine stomach type 2 and type 3 were used for the models of 

mucus (Type 2 M2378-100G, batch 019K1222, Sigma Aldrich, St. Louis, MO, USA; 

Type 3 M1778-10G, batch 098K7025, Sigma Aldrich, St. Louis, MO, USA). Four 

particle types were purchased from Invitrogen: FluoSpheres carboxylate- and amine-

modified microspheres 1 micron yellow-green fluorescent (F8823, Lot 543029, 

Invitrogen, Eugene, OR, USA; F8765, Lot 434725, Invitrogen, Eugene, OR, USA); 

FluoSpheres carboxylate- and amine-modified microsphere 0.2 um (200nm) red 

fluorescent (F8810, Lot 459418, Invitrogen, Eugene, OR, USA; F8763, Lot 531683, 

Invitrogen, Eugene, OR, USA). Diesel particulate matter was supplied by Jacob 



 117 

McDonald, PhD (Lovelace Respiratory Research Institute, Albuquerque, NM, USA). 

Fluorescein sodium salt (fluorescein; F6377, batch 064K0153, Sigma Aldrich, St. Louis, 

MO, USA) and rhodamine B (R6626, batch 063K3406, Sigma Aldrich, St. Louis, MO, 

USA) were used a model drugs.  

7.3.2. Mucus models 

The mucus models used in these studies have been widely employed in other 

permeability studies [8,20]. A 20% w/v concentration of type 3 (unpurified) was mixed 

with double distilled water in a shaking incubator overnight. A cystic fibrosis sputum 

model was modified from that of Dawson et al [20]. Briefly, using the type 2 (partially 

purified) mucin at 60 mg/mL was mixed with 3.2 mg/mL lecithin, which was used in 

replace of the phosphatidlycholine, and 32 mg/mL BSA in buffer containing 05mM Na+, 

75 mM Cl-, 20 mM Hepes, pH 7.4, for 48 hours [20].  

7.3.3. Rheological Characterization of Mucus Models 

Dynamic oscillatory measurements were performed at controlled deformation 

using a TA Instruments AR-G2 Rheometer (TA Instruments, DE, USA). Storage, loss, 

and complex moduli were measured as a function of both deformation and frequency. 

Linear viscoelastic region was determined with strain sweep under: strain amplitude from 

0.08-10% at a frequency of 10Hz; frequency sweeps were performed over two frequency 

intervals (0.1-50Hz and 0.5-15Hz) at constant strain (0.5). The linear region was the 

region of strain by which no yielding of the substances occurs and the determination of 

the characteristic relations time can occur from the strain sweep test. 

7.3.4. Physical Characterization of Particles 

Prior to characterization of particles using dynamic light scattering and zeta 

potential, particle were either placed within mucus or in buffer (PBS, pH 7.4). For both 
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conditions particles were exposed to centrifugation at 1200 rpm for 30 minutes. Then 

washed at least three times with buffer. After each washing step the particles were 

centrifuged again, to ensure that any non-adhering or interacting mucus was removed.  

Nanoparticle hydrodynamic diameters were characterized using a ZetaPlus Zeta 

Potential Analyzer with a Multi Angle Particle Sizing Option installed (Brookhaven 

Instruments Corporation, Holtsville, NY) operating with a 25 mW laser at a wavelength 

of 635 nm.  Detection of scattered light was at 90° to the incident beam.  Each sample 

was subjected to three two-minute measurements.  Typically, solutions of up to  2x10-4 

mg/mL in 1 mM KCl were used for the characterizations, at a temperature of 25°C.  

ζ-Potential measurements were conducted using electrophoretic light scattering, 

also using the Brookhaven ZetaPlus, on the same samples that were sized.  Scattered light 

was detected at 15° (175° to the incident beam) at a temperature of 25°C.  Each sample 

was subjected to 10 measurements, with a 5 sec delay between each measurement. 

A Supra 40VP (Carl Zeiss SMT AG, Germany) scanning electron microscope 

(SEM) was used to determine the morphology of the synthesized particles.  Samples were 

prepared for imaging by drop drying onto an aluminum stage.  To prevent charging of the 

samples, they were sputter coated with platinum/palladium using a Cressington 208 

benchtop sputter coater (Watford, UK). 

Specific surface area of diesel particulate matter was obtained using the BET 

method on a Quantachrome Monosorb (Quantachrome Instruments, Florida, USA). 

Diesel particulates were degassed at 80 °C for 12 hours under nitrogen gas flow of 20 psi. 

Following degassing particulates were analyzed. Specific surface area of monodisperse 

spheres were determined using calculation of their surface area based on their well 

defined size and known densities.  
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7.3.5. Permeability Experiments 

Permeability of fluorescein or rhodamine B was determined by using a modified 

diffusion cell setup. The diffusion cell setup consisted of Snapwells inserts that have 

surface areas of 1.12 cm2, that act as the donor side, placed atop 24 well tissue culture 

plates containing 3 mL of PBS buffer as the acceptor side (Corning SnapwellsTM, 

CLS3802, Corning, USA; Multiwell Primaria™ 24 well, Falcon™, Becton Dickinson 

Labware Franklin Lakes, NJ, USA). Mucus models were plated onto the SnapwellsTM 

inserts at a volume of 250 µL, which was enough to cover the inserts. Particles were 

applied topically followed by the topical application of the model drugs fluorescein or 

rhodamine B. Samples were removed from the acceptor side at predetermined time points 

and analyzed using a plate reader set up for fluorescence intensity measurements at 

excitations and emissions of 460 nm and 515 nm for fluorescein and 514 nm and 630 nm 

for rhodamine B  (Infinite M200, Tecan Group LTD, Switzerland).  

Permeability rates (cm/sec) were calculated using an Excel spreadsheet 

(Microsoft Office 2008, version 12.25, Microsoft Corp.). For statistical evaluation of the 

data, analysis of variance (one-way) and post-hoc comparisons (Tukey method) were 

performed using StatPlus (StatPlus:Mac2009, AnalystSoft).  

7.4. RESULTS 

 Representative examples of the rheological properties of the two in vitro mucin 

models, unpurified reconstituted and CF sputum buffered mucin, are given in Fig. 2a and 

2b. Elastic (G’) and viscous (G”) moduli of the two mucus models are presented as 

functions of oscillatory frequencies.  

Particles were characterized using SEM (Fig. 3a, 3b). The uniform monodisperse 

size (200 nm and 1 micron) and shape (spherical) as claimed by manufacturers 

specification were confirmed for polystyrene beads. Due to the uniformity of the beads, 
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the specific surface area was calculated using the known density of polystyrene. The 

surface area for the 200 nm particles was 28.6 m2/g and 5.7 m2/g for the 1 micron 

particles. Diesel particulate matter (DPM) was also characterized using SEM (Fig. 3c) 

and dynamic light scattering (mean diameter 287 nm). The specific surface area for the 

DPM was determined to be 45.0±0.5 m2/g as determined by B.E.T. measurements.  

Drug permeability studies were performed using the unpurified mucin model 

using either fluorescein or rhodamine B as model drugs under various experimental 

conditions. When the polystyrene particles (carboxyl functionalization) were topically 

added to the mucus model, fluorescein permeability rates were increased 2.4 fold for 

200nm particles and 1.6 fold for 1 micron particles compared to untreated controls (Fig. 

4a). Rhodamine B exhibited permeability increases of 4.9 fold and 1.6 fold when 

particles of 200 nm and 1 micron, respectively, were added (Fig. 4b), though overall 

rhodamine B permeability was generally less than that of fluorescein.  

The influence of different surface functionalization of the particles on drug 

permeability was also assessed. Particles functionalized with either amine or carboxyl 

groups were used and topically applied to the mucus model prior to drug permeation 

studies. The surface charges of these particles range between 0.1 and 2 mEq/g and 

therefore they remain stable in relatively high concentrations of electrolytes [21]. 

Permeation rate of fluorescein increased through mucus model when treated with either 

amine or carboxyl particles (Fig. 5a). For the study performed using rhodamine B as the 

model drug, overall permeation increases of the drug compared to controls were observed 

but no significant differences in rates from the different particle types were observed 

(Fig. 5b). 

To assess the mucus barrier disruption more generally, an additional mucus model 

was selected for comparison. This model, named cystic fibrosis like mucus (or CF 
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mucus) is also derived from literature reports in which researchers have sought to mimic 

mucus in CF by preparing the in vitro mucus that has similar composition to that of CF 

patients’ sputum samples [20]. In Figure 6a and 6b, a comparison of the permeability 

enhancement ratios for mucus models, drugs, particle sizes, and particle types is 

presented. Mucus barrier disruption as measured by the permeation enhancement ratio of 

the hydrophilic model drug, fluorescein was no different when comparing the two mucus 

models. However, significant differences in rhodamine B permeation enhancement ratio 

were detected due to the differences in the mucus model composition.  

The permeation enhancement of each drug as a result of mucus barrier disruption 

by the different particle sizes is shown in Figure 7. For 1 micron particle treatments, 

either amine or carboxyl functionalized, no differences were observed between 

fluorescein or rhodamine b permeation enhancement. Smaller 200 nm particles appear to 

have a more significant effect (statistical differences detected for both rhodamine and 

fluorescein) but the magnitude of enhancement was greater for rhodamine B.  

To probe particle-mucin interactions on the molecular scale, DLS particle size 

measurements and Zeta potential were performed on particles before and after association 

with mucus (Fig. 8). Particles were either treated with mucin or control (buffer) and then 

the particles were washed extensively by repeated centrifugation. Strongly bound mucin 

molecules on the particle surfaces could therefore be detected using both size and charge 

measurements performed on the washed particles. Both amine and carboxyl particles 

treated in mucin had significant increases in particle size compared to particles that were 

only treated in buffer (Fig. 8a). The zeta potentials were also found to significantly 

change (to similar magnitudes) for both particle types after mucin treatment (Fig. 8b). 

To extend our investigations further, mucus models were then topically treated 

with diesel particulate matter (instead of monodisperse polystyrene particles) and 
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permeation of drug was determined as described previously (Fig. 9). Consistent with the 

findings above, statistically significant increases in permeation rates of fluorescein and 

rhodamine were observed following exposure of mucus to topically applied 

nanoparticles. The only combination that did not result in permeation increases due to 

particle treatment was for rhodamine B in the CF-like mucus model (also consistent with 

observations above).  

7.5. DISCUSSION 

To the best of our knowledge these studies are the first to demonstrate that 

exogenous particles topically applied to mucus can disrupt the mucus barrier. This 

disruption was significant, often yielding greater than 2 fold increases in permeation of 

fluorescein (mw = 376) and rhodamine B (mw = 479) through different models of mucus.  

7.5.1. Mucus Barrier Properties 

Reconstituted mucus derived from pig gastric, human cervical, and 

tracheobronchial mucins have similar mucus structures, and have been found to have 

physiological relevant compositions and rheological properties [8,9,20]. As such several 

studies have used these models to investigate drug and nanoparticle permeability through 

these barriers [8,15,19,20]. The microstructure of mucus is condensed and represents a 

highly viscoelastic network that impedes transport of drugs [8,9], macromolecules 

[10,17], nanoparticles [14,16], gene delivery systems [12,13], and viruses [11,17]. In 

some of these studies, the particle interaction with mucus has been explored in more 

detail [15-17,20]. In these reports, nanoparticles intended as drug and/or gene delivery 

carriers were entrapped by mucin interactions limiting their transport and inhibiting 

drug/gene delivery to the target site. These observations are clearly consistent with the 
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intended protective function of mucus, which forms the first and primary barrier on 

mucosal surfaces.  

Using a different approach, we have shown here that particles themselves can 

interact with mucus and can result in the disruption of the mucus barrier. This particle 

mediated disruption of mucus leads to apparent pathways so that exogenous substances 

can pass through the barrier at much faster rates.  

7.5.2. Mucus and Particle Characterization 

7.5.2.1. Mucus rheology 

Rheological properties of the mucus models were characterized by using the 

frequency-dependent elastic (G’) and viscous (G”) moduli. Our studies show that both 

unpurified and cystic fibrosis model mucus have increased viscous modulus at higher 

frequencies, though the unpurified model had relatively high viscous modulus under all 

frequencies. Our ranges of G’ and G” fit within other models of animal mucus, 

specifically canine respiratory mucus (G’=4.7-63 Pa G”=1.0-20 Pa for subglottis; 

G’=2.0-80 Pa G”=0.5-40 Pa for tracheal) [23]. Canine mucus has been used as a model 

for human respiratory mucus since the dog lung is similar to the human lung in anatomy 

and size. Additionally, the tracheal mucus of canine showed similar rigidity to human 

mucus compared to other animal models (ferret, rabbit, and rat). The mucus models used 

here were derived from porcine gastric mucins and generally seemed to have consistent 

ranges of elastic and viscous moduli with those mentioned for pigs (G’=0.18-160 Pa and 

G”=0.05-16 Pa) primarily for the cystic fibrosis model.  It should be mentioned that 

lower shear rates where used since reconstituted mucus tends to deform at lower shear 

rates than natural mucus [24]. Finally, the bulk G’ determined in our studies is in the 

same range as those determined in human mucus rheological studies [18]. In summary, 
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the models selected for use in our studies provide visco-elastic properties that match well 

with literature findings for the physiological mucus.  

7.5.2.2. Diffusion barrier properties 

In addition to rheological characterization of the mucus models, we selected the 

model drug fluorescein due to its prior use in other studies as a marker of the barrier 

properties of mucus. Indeed, in these studies fluorescein exhibited permeability through 

mucus model barriers similar to other literature results [8,9]. Our experimental set up has 

small differences in mucus layer thickness, mucus composition, and source compared to 

other systems described in the literature and therefore small differences in permeability 

values were expected.  

7.5.2.3. Particle characteristics 

To verify that the particle manufacturer’s size and shape specifications were 

accurate for the different particle systems obtained, scanning electron microscopy (SEM) 

and dynamic light scattering (DLS) were used. Both methods showed that the particles 

were close to the size ranges that were described in the product information 

documentation (200nm and 1 micron), though DLS revealed that the particles were 

slightly larger. The values of the zeta potential of the particles were determined 

exerpimentally to be in the range of: -58.74±1.66 mV for carboxyl and -46.03±0.96 mV 

for amine particles.   

Diesel particulate matter generated from combustion can vary according to the 

methods used to generate and collect it. Therefore characerization was performed to more 

clearly define the particle properties. SEM images indicated that the particulate matter 

were highly aggregated clusters of nanoparticles of various shapes and sizes. When BET 

surface area was determined the specific surface area was an average of 45.0±0.5 m2/g 
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(n=3). This relatively high specific surface area was expected for these fine particulates 

given their appearance under the SEM. 

7.5.3. Disruption of mucus barrier induced by topically applied particles 

7.5.3.1.  Influence of particle size 

For the particles chosen for this study two different sizes were used (200 nm and 

1 µm) to assess the potential role of size in mucus disruption. Overall, both particle sizes 

indicated increased transport compared to controls. However, the addition of 

nanoparticles to the mucus membrane was greater in magnitude and statistically 

signficiant. The nanometer sized particles present a larger surface area for mucin polymer 

strand contact and this increased binding areas could result more extensive interactions. 

These increased interactions may be responsible for the higher permeation rates of drug 

through the mucus models presented in our data. Our working hypothesis is that the mesh 

network of mucus is disrupted by the entrapment of particles because the mucin strands 

collapse onto the particle surface, opening adjacent pores in the mesh. We imagine this 

interaction to be similar to that seen when an object becomes stuck in a sticky spider’s 

web and, over time, more and more web strands irreversibly bind to the object’s surface, 

causing larger holes to appear in the overall structure of the web.  

7.5.3.2. Influence of surface chemistry 

Particle surface labeling of either amine or carboxyl groups were used to 

determine any influences these surface groups may have on mucus disruption. Though 

slight differences in drug permeation were seen between the two surface groups, none 

were statistically significant indicating that there was little effect of amine or carboxyl 

groups on mucus disruption. From our data it can be determined that negatively charged 

particles, despite the different functional groups used, have the ability to modify the 
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mucus barrier to allow for increased permeation of the model drugs. Dawson et al and 

Olmsted et al previously found that the same polystyrene particles used in our study 

exhibited significantly hindered transport rates within mucus [17, 20].  

7.5.3.3. Influence of the model drug properties 

The different model drugs had significantly different permeation rates through the 

unpurified mucin model, more so than through the CF-like mucin model. The model 

drugs used were fluorescein sodium salt, a hydrophilic water soluble fluorescent probe, 

and rhodamine B, a highly liphophilic and water soluble probe. Rhodamine B transport 

was the most enhanced when the unpurified mucus barrier was pre-treated with 200nm 

nanoparticles of either functionality. However, in the more surfactant rich CF like mucus 

model (containing lecithin and BSA), rhodamine B permeation was not significantly 

enhanced by particle pretreatment. On the other hand, fluorescein sodium salt showed an 

increase in permeation rates compared to controls for both the unpurified and CF-like 

mucin models. Collectively these observations indicate that drug properties can: (1) 

significantly change permeability rates through mucus, (2) have significantly different 

permeation enhancement following mucus barrier disruption, and (3) this behavior is 

dependent on the composition of the mucus barrier itself. This points to the nature of the 

drug diffusion and partitioning interactions with the molecular structure of the mucin 

molecules. We speculate that the more lipophilic drug encountered significantly more 

hindered transport in mucus with higher mucin content due to partitioning into the 

lipophilic domains of the mucin. In the case of CF like mucus, a model mucus based on 

compositional analysis of CF sputum samples, contains high amounts of surface active 

molecules such as lecithin and BSA. Here the permeability enhancement difference for a 

lipophilic drug was lost, perhaps due to the less defined hydrophilic-lipophilic molecular 
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structure of the barrier in the presence of surfactants. The hydrophilic drug demonstrated 

significant permeation enhancement following particulate disruption of the mucus 

regardless of the mucus model. The relatively large error bars seen in the permeation 

enhancement graphs are due to the mucus model composition. Even though these mucus 

models (CF like and model mucus) were prepared in vitro they retain some heterogeneity 

in composition and uniformity of the mucin polymers. Therefore, in contrast to 

homogeneous systems, the relatively large error bars illustrate variabilities in drug 

diffusion or enhancement within these heterogeneous systems.  

7.5.3.4. Possible Molecular Mechanisms of Disruption 

In these studies we also investigated possible evidence for direct interactions 

between the particles and the mucus. Size and charge characteristics of the particles were 

determined both before and after interaction with mucus using dynamic light scattering 

(DLS) and zeta potential, similar to the method used by Dawson and colleagues [20]. 

Particles that had been incubated in mucus (and centrifuged and extensively washed) 

showed a statistically significant increase in their particle size. Furthermore, following 

mucus incubation carboxylate particles and aminated particles appeared to be coated with 

mucin such that any differences in zeta potentials were eliminated (-36.94±1.57 mV and  

-39.03±0.77 mV respectively). Prior to incubation these particle types had significantly 

different initial zeta potentials (-58.74±1.66 mV for carboxyl particles and -46.03±0.96 

mV for amine particles). These results suggest that particles adsorb mucin to their 

surfaces with strong interactions resistant to centrifugal separation and washing 

procedures, with limited aggregation. Though DLS data showed some differences with 

particles incubated with mucus, this may indicate some aggregation has occurred either 

due to the centrifugation process or mucus interactions with the particles themselves.  
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Considering these changes in particle properties following exposure to mucus 

with the patterns of permeation enhancement described above, we speculate that mucus 

disruption due to topical application of exogenous particles results from direct 

disturbance of the mesh network of the mucus barrier. Specifically, we imagine the 

creation of larger holes and diffusional pathways via collapse of mucin strands onto the 

high surface area of nanoparticles. This scheme is depicted in Figure 1.  

The observation of mucin fibers collapsing onto particles was demonstrated by 

Olmstead and group [17]. They found that herpes simplex virus (HSV) particles would 

adhere to cervical mucin fibers causing the fibers to collapse around the HSV particles 

into dense cable-like structures. Larger porous regions formed around the cable-like 

structures of the mucin. According to Dawson and co-workers particles that were 

formulated with cationic PLGA and dimethyldioctadecylammonium bromide (DDAB) 

were able to be transported faster through mucus compared to COOH-polystyrene 

particles, despite aggregation of the particles within the mucus [20]. They speculated that 

the surface chemistries of the two particle types could affect the transport rates. The 

slightly larger PLGA-DDAB nanoparticles with higher hydrophilicity may predispose 

them to greater transport within hydrophilic mucus pores. It was also mentioned that the 

PLGA-DDAB/DNA nanoparticles may result in the collapse of the mucin fiber strands 

onto the particle surface and thus causing larger pores. This is consistent with our 

findings where these induced pores would promote increased transport through mucus.  

We observed that the surface chemistry of the particles used in this study had little 

effect on the transport rates of either fluorescein or rhodamine B through mucus. As 

demonstrated by zeta potential and particle size measurements, it appears that mucin 

interactions with the particles, despite different surface functionalization, resulted in 

coating of the particles with mucins that eliminates differences in particle charge (while 
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inducing increases in particle size). Though both particle types were found to be 

negatively charged, based on zeta potential, it is therefore not surprising that we observed 

little effect of surface chemistry on drug permeability. Dawson and coworkers also 

observed the adsorption of mucin fibers to the surfaces of different particle types that 

resulted in elimination of the differences in surface chemistry [20]. Therefore, mucin 

appears indiscriminate in its interactions with particles of different surfaces and, can 

entrap exogenous particles regardless of composition differences that would be necessary 

to protect from the potentially diverse environmental exposures organisms may be 

subject to. It must also be noted that Hanes and coworkers have described approaches to 

overcome these interactions using polyethylene glycol of specific molecular weights and 

coating densities [16].  

The impact of these findings extends beyond drug delivery systems. For example, 

environmental particulate matter has significant fractions of material in the size and 

surface area range discussed in this paper. In our initial investigations we selected diesel 

particulate matter. This nanoparticle system also caused a similar mucus barrier 

disruption effect indicating that environmental pollutants may also cause mucus 

modification. This particle induced barrier disruption via inhaled environmental particles 

has, to the best of our knowledge, not been reported in the scientific literature but has 

significant implications for allowing increased exposure to other inhaled substances 

(microbes, carcinogens, etc). Studies investigating these effects are currently underway in 

our laboratory.  

7.6. CONCLUSIONS 

Based on these data, our working hypothesis is that topically applied particles, 

such as inhaled pollutants, environmental aerosols, and drug delivery systems, may 
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compromise the mucus barrier via strong association of the biopolymers with the surfaces 

of the particles leading to the opening of new diffusion pathways through the barrier. 

With this in mind, the potential effects of this compromised barrier may be important in 

infectious disease, nanotoxicology, and drug delivery and warrant further investigation.  
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Figure 7.1. A scheme of particle induced disruption of mucus. A mucus fiber network is 
depicted at left with the introduction of particles (center) leading to an 
entanglement of particles with mucus resulting in a change of the fiber 
network. 
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Figure 7.2. Frequency sweep of the mucus model (a) and cystic fibrosis model (b). G’ 
and G” are plotted against frequency.  
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Figure 7.3. SEM images of carboxyl-modified 200 nm (top) and 1 micron (middle) 
particles, and diesel particulate matter (bottom) were obtained at 50,000 X 
magnifications. 
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Figure 7.4. Figure 4. The effect of carboxylated particle size (200 nm versus 1 micron) 
on permeation rates across a mucus model determined for fluorescein (a) 
and rhodamine B (b).  

For both drugs statistically significant (p<0.05) differences were found for the 

200nm particles when compared to permeation rates of controls and 1 micron particles. 
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Figure 7.5. Permeation rates of fluorescein (a) and rhodamine B (b) were determined for 
mucus model that was treated with 200 nm particles with either amine or 
carboxyl functional groups when compared to control (no treatment).  

Statistical significance (p<0.05) was seen for fluorescein with carboxylated 

particles. 
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Figure 7.6. Enhancement ratios of either fluorescein (a) or rhodamine B (b) that were 
used in two different mucus models (mucus versus cystic fibrosis) were 
compared.  
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Figure 7.7. Fluorescein enhancement ratios were compared to that of rhodamine B 
within the mucus model. 
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Figure 7.8. Effective diameters were determined by dynamic light scattering (DLS; a) 
for 200nm carboxyl and amine functionalized particles before and after 
mucus treatment (n=3; error bars are standard deviation of the mean).  

Zeta potentials (b) were then determined using the same conditions as the DLS 

measurements (n=3; error bars are standard deviation of the mean). 
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Figure 7.9. Fluorescein (a) and rhodamine B (b) permeability were found before and 
after treatment of the mucus model with diesel particulate matter.   

Statistical significances (p<0.05) were found for both fluorescein and rhodamine 

B with diesel treatment. Additionally, fluorescein (p<0.05) and rhodamine B permeation 

rates were determined in the cystic fibrosis mucus model (c). 
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CHAPTER 8  

8. Influence of Topically Applied Nanoparticles of Various Surface 
Chemistries on Disruption of the Mucus Barrier 

8.1. INTRODUCTION 

Upon review of the literature, different nanoparticle chemistries or surface 

functionalities have been shown to effect the overall diffusion of particles through an 

extracellular barrier such as mucus  [1-4].  A neutral or similar charge as the diffusion 

medium can enable nanoparticles to have significantly enhanced diffusion compared with 

other charges.  

In contrast, nanoparticles with significant interactions with the diffusion medium 

are likely to have hindered transport. However, we serendipitously observed, as detailed 

in chapter 6, that nanoparticles that interact with the mucus also can disrupt its barrier 

function. In chapter 6 we saw that particles in the nanoparticle range demonstrated 

differences in barrier disruption, perhaps due to surface chemistry differences, and the 

notion that opposing charges would cause significant interactions, this seemed a vital area 

of exploration. In the following studies, nanoparticles with eight different surface 

chemistries ranging from either weak or strong cations or anions to slightly neutral, were 

selected to determine whether or not particle surface functionality plays a important role 

in diffusion medium barrier properties.  

Therefore the specific aim of this chapter is to evaluate the influence surface 

chemistries, specifically their surface charges, on the disruption of the mucus and alginate 

model barriers.  These studies represent an expansion of the initial findings of Chapter 6 

and an attempt to elucidate the molecular mechanisms of this nanoparticle induced 

permeation enhancer role through barriers to drug diffusion. Eight different coated 

particles were topically applied to in vitro models of mucus and biofilms followed by the 
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addition of a model low molecular weight drug/diffusion probe, fluorescein as a tracker 

for barrier disruption. In these studies, the well characterized superparamagnetic iron 

oxide nanoparticles (SPIONs) used in chapter 5 were utilized.  

8.2. EXPERIMENTAL 

1.6.1. Materials 

Sigma mucin from porcine stomach type 2 was purchased from Sigma Aldrich 

(St. Louis, MO) and reconstituted for use. Sodium alginate from Sigma Aldrich (St. 

Louis, MO) was mixed with calcium chloride to form an alginate biofilm model. Eight 

types of SPIONs were purchased from Chemicell (Berlin, Germany); fluidMAG-Amine 

(amine), fluidMAG-OS (oleic acid), fluidMAG-PAS (polyacrylic acid), fluidMAG-D 

(starch), fluidMAG-DXs (dextransulfate; referred to as dextran), fluidMAG-Q 

(polydiallyldimethylamine; reffered to as PDDA), and two fluidMAG-UC either 

uncoated anionic (UCA) or uncoated cationic (UCC). Fluorescein sodium salt was 

reconstituted in PBS buffer. 

8.2.1. In vitro Models 

The porcine mucin was reconstituted in double-distilled water at a concentration 

of 20% w/v. The mixture was allowed to shake at room temperature (25 degC) overnight. 

Sodium alginate was mixed at a 2% w/v concentration with 0.5 mM calcium 

chloride and double-distilled water. The mixture was shaken overnight at room 

temperature. 

8.2.2. Nanoparticle Characterization 

All eight SPIONs were characterized using a Zetasizer Nano ZS with dynamic 

light scattering and zeta potential capabilities (Malvern Instruments Ltd, Worcestershire, 
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UK). Each sample was added to PBS at a concentration of 2 x10-4 mg/mL and 

characterized via dynamic light scattering at 25 degC for three, two-minute 

measurements. Zeta potentials were determined by using the same samples which were 

analyzed in triplicate with five second delays between each measurement. 

SPIONs were further analyzed using the Zetasizer Nano ZS after incubation with 

the mucus barrier. Nanoparticles were separated from mucus using a magnetic separator 

(MACS Separator, Auburn, CA) that was washed three times with PBS buffer to assure 

enough particles were acquired.  

8.2.3. Rheological Characterization 

Steady state viscosity was determined for both mucus and alginate models with or 

without the addition of the eight SPIONs. This analysis was performed at shear rates 

between 10-2 to 10 rad/sec using a TA Instruments AR-G2 Rheometer (TA Instruments, 

New Castle, DE).  

8.2.4. Permeability Experiment 

To assess the permeation rates of fluorescein a diffusion study was performed as 

described in the previous chapters. In brief the 3 micron mesh Transwells (Corning, 

Corning, NY) were coated with 250 µL of mucus or alginate and placed in the supplied 

plates over 4 mL of PBS buffer. Each type of SPION was topically applied at 25 µL 

followed by the topical application of fluorescein. No magnetic field was applied. 

Samples were removed from the acceptor side at predetermined time points and analyzed 

using a plate reader set up for fluorescence intensity measurements at excitation and 

emissions of 460 and 515 nm.  

Permeability rates (cm/sec) were calculated using an Excel spreadsheet 

(Microsoft Office 2008, version 12.25, Microsoft Corp.). 
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8.3. RESULTS 

The influence of various surface chemistries of magnetic nanoparticles on drug 

permeability was assessed within a mucus model. Particles of eight different chemistries; 

amine, oleic acid, polyacrylic acid, starch, dextransulfate (dextran), 

poly(dillyldimethylammonium chlorde) (PDDA), and uncoated anionic or cationic (UCA 

or UCC), were topically applied to the mucus model before the addition of fluorescein, 

our model drug. Permeation rates increased for fluorescein through the mucus model for 

all particle types (Figure 1).  

The effect of different particle sizes on the permeation of drug through mucus was 

shown in Figure 2. Increases in permeation of fluorescein were observed for the array of 

particle sizes ranging from 145 nm to 803 nm, with little differences in rates being 

observed. 

To further determine the potential for nanoparticles to disrupt extracellular 

barriers other than mucus, an alginate biofilm model was used. Permeation rates of 

fluorescein through alginate after the topical application of the aforementioned SPIONs  

were measured. Increased rates were observed to be similar to that through disrupted 

mucus for fluorescein through alginate, except for dextran (Figure 3). 

To further assess the effect of the particles on alginate, the effect of size on 

permeation rate of fluorescein was plotted (Figure 4). As seen in the mucus model, 

particle size did not appear to be a determinant of permeation rates, since all sizes tested 

resulted in similar increases. 

Using similar techniques as before (Chapter 6) to probe particle-mucin binding, 

DLS sizing measurements and zeta potential were performed on particles before and after 

incubation with mucus or alginate (Figure 5). Particles were mixed with mucin, alginate, 

or buffer (control) and then separated from the associated medium using a magnetic 



 146 

separator. Particles strongly associated or bound with mucin or alginate would ideally be 

detected both in size and charge measurements after washing. Particle size was modified 

primarily for the cationic particles, though oleic acid and polyacrylic acid showed a slight 

increase in mucin (Figure 5a). Alginate sizing was rather skewed, though the cationic 

particles illustrated slight increases (Figure 5b).  The zeta potentials for the particles after 

either mucin or alginate treatment were modified and appeared to converge to similar 

values regardless of the underlying surface chemistry of the different particles (Figure 5 c 

and d respectively). 

 To assess if these particles were causing changes to the mechanical properties of 

the diffusion medium, changes in viscosity (Pa/sec) were determined in both mucus and 

alginate models (Figure 6a and b respectively). Steady state viscosity was analyzed for 

untreated mucus/alginate and the nanoparticle treated samples. The addition of SPIONs 

resulted in increased viscosities before reaching similar steady states for both mucus and 

alginate models. Untreated alginate appeared to be a Newtonian fluid, with limited 

change as a result of shear rate.  

8.4. DISCUSSION 

In these studies we demonstrate that topically applied nanoparticles (SPIONs) can 

disrupt both mucus and alginate barriers to allow for increased permeation rates of 

fluorescein. This disruption yielded, depending on particle surface chemistry, up to 5-fold 

increases in permeation rates of fluorescein through mucus and a 2-fold increase through 

alginate. We were unable to further discern that the disruption is surface chemistry 

dependent, since nearly all particles had no statistical difference between each other. 

Though the increased permeation rates of fluorescein caused by particle influences on 
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both barrier models allowed for statistically significant increases (p<0.05) compared to 

control of just fluorescein alone for nearly all the particles applied.  

The observation of surface chemistry having little influence on barrier disruption 

was further supported by zeta potential and dynamic light scattering (DLS) analysis. In 

looking at the zeta potentials before and after incubation with alginate there seems to be a 

well defined linear relationship, where upon incubation with alginate all particles revert 

to the same mV potential (~15mV). For the mucus model all particles seem to reach a 

similar range of zeta potentials (-30 to -55mV) and show significant changes, with the 

exception of polyacrylic acid as would be expected since this particular particle showed 

no significant changes in fluorescein permeation compared to control. Unfortunately the 

DLS analysis was less defined for both mucus and alginate, this may be due to variability 

in the analysis.  

Similarly, groups such as Lai et al and Sakuma et al have noted that there appears 

to be no clear relationship between surface chemistries of nanoparticle and their behavior 

in mucus [2, 5]. Another group noted that surface-modified nanoparticles with carboxyl, 

sulfate, or amidine groups had slow transport through mucus, despite the hydrophilic 

surface of amide [4].  

In probing the effect nanoparticles may have on the viscosity of mucus, 

nanoparticles were added to either alginate or mucus and the viscosity (Pa sec-1) was 

determined at different shear rates (s-1).  Compared to control all SPIONs caused an 

increase in the overall initial viscosity. The initial increases at low shear rates is similar to 

what is seen with viscoelastic fluids, where the fluid first exhibits shear thickening and 

then progresses to a shear thinning (decreasing viscosity) state at larger shear rates [6, 7]. 

It may be speculated that the addition of SPIONs causes both barrier models to increase 

their overall viscoelastic properties, most likely becoming more elastic initially, which 
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could lead to modifications of the function of the barriers. Furthermore, an increase in 

viscosity compared to steady-state viscosity can be related to cross-linking mechanisms, 

such as complex formations, hydrogen bonding, or Coulomb forces, which may explain 

possible interactions between the particles and the barriers [6]. Though as the shear rates 

increase the viscosity decreases, indicating that any of the effects seen are reversible by 

reaching a point of steady state [7]. Within the regions of physiological shear rates 

exhibited in the lungs (0.91 s-1 for large bronchi to 0.5 s-1 for small bronchi), nanoparticle 

exposed mucus displayed elastic behavior (larger slope) than controls, except for amine 

and polyacrylic acid. In contrast the alginate model control appears to have similar 

viscosity to mucus, but with the addition of SPIONs alginate has a dramatic increase in 

viscosity for all particle treatments showing increased shear-thickening until about 5 s-1 

where the behavior begins to reach a plateau similar to that of control (indicated by 

steady state).  

We further assessed if SPION size may be a factor in allowing for increased 

permeation rates of fluorescein through either mucus or alginate barriers. We believed 

that the smaller the particle the potential for a greater increase in permeation would occur 

based on the information from the previous chapter where particles within the nanometer 

range resulted in increased transport due to the larger surface area allowed to interact 

with the barrier (mol pharm. The enhancement ratios (~ 2-fold for mucus and alginate) 

are also comparable to what was seen previously (chapter 7), but there seems to be very 

little difference between nanoparticle size, compared to before where the difference was 

more distinct when permeation rates were observed between micron and nanometer sized 

particles.   
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8.5. CONCLUSION 

Based on our studies here and previously described in the last chapter, 

nanoparticles added to either barrier type allows for modifications in the protective 

function of the barriers. This has not been previously illustrated in alginate, but has been 

seen before in mucus. SPIONs can compromise the barrier function of either alginate or 

mucus by strong associations to the biopolymers causing new pathways for diffusion. 

This ability for SPIONs to act in a similar manner to polystyrene nanoparticles in 

manipulating the barrier function exhibits another route these nanoparticles have to 

increase drug diffusion; further illustrating the multifunctional capabilities SPIONs can 

offer.  
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Figure 8.1. Permeation rates of fluorescein were determined for mucus model that was 
treated with SPIONs of varying surface chemistries compared to control 
(no SPION treatment). Statistical significance was not seen for fluorescein 
with polyacrylic acid. 
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Figure 8.2. Fluorescein permeation rates were found for mucus treated with eight 
different sized SPIONs and compared to control (no treatment). 
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Figure 8.3. Permeation rates of fluorescein determined for alginate model that was 
treated with eight different types of SPIONs. Statistical significance 
(p<0.05) was found for all but dextran treated alginate. 
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Figure 8.4. Fluorescein permeation rates for alginate treated with eight different sized 
SPIONs as compared to control (no treatment). 
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Figure 8.5. Effective diameters for the eight different SPIONs were determined by dynamic light scattering (DLS) before and 
after treatment with either mucus (a) or alginate (b). Zeta potentials were next determined using the same 
conditions as were used in 
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Figure 8.6. Steady state viscosities of mucus model (a) or alginate (b) samples treated 
with SPIONs. 
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CHAPTER 9  

9. Influence of Magnetic Nanoparticles on Un-associated 
Nanoparticle and Drug Transport  

9.1. INTRODUCTION 

Up to now, magnetic nanoparticles have been used in medicine for magnetic 

separation techniques, as contrast agents in magnetic resonance imaging [1-4], for local 

hyperthermia[5-8], or as magnetic targetable carriers for several drug delivery systems 

[9-13]. They have been used in these applications due to their superparamagnetic 

properties that enable both an attraction to an external magnetic field and the generation 

of heat when exposed to an oscillating magnetic field [14].  These properties have made 

these systems attractive for drug targeting systems.  Several in vitro and in vivo and 

human clinical studies have shown this to be a promising strategy of localizing 

chemotherapy agents to tumor sites or by thermally ablating tumor cells [5, 7, 9, 14-18].  

Such studies provide supportive evidence of the ability of nanoparticles to overcome and 

manipulate CF biological barriers.   

From the previous chapters we have begun to observe new mechanism by which 

superparamagnetic iron oxide nanoparticles (SPIONs) can be utilized to increase drug 

diffusion through known extracellular barriers. In this chapter we extend our 

investigations into the potential mechanisms or influences SPIONs can have on drug 

transport. Specifically we hypothesize that diffusion of drugs through extracellular 

barriers can be influenced by the magnetically driven motion of un-associated SPIONs 

exposed to a magnetic field. It is proposed that the transport enhancement may be via 

advection resulting from the magnetically driven motion of the iron oxide nanoparticles.  
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9.2. MATERIALS AND METHODS 

9.2.1. Materials 

To produce in vitro models used in these studies the following were purchased: 

sigma mucin from porcine stomach type 2 was used for the mucus model (type 2 M2378-

100G, batch 019K1222, Sigma Aldrich, St. Louis, MO); sodium alginate from Sigma was 

used with calcium chloride for the alginate biofilm model. A 0.237 tesla neodymium 

magnets were used (D77-N52 Magnets, K&J Magnetics, Inc., Jamison, PA). Eight types 

of coated magnetic nanoparticle types of 200 nm were purchased from Chemicell: 

fluidMAG-CMX (carboxymethyldextran; CMX), fluidMAG-Amine (amine), fluidMAG-

OS (oleic acid), fluidMAG-PAS (polyacrylic acid), fluidMAG-D (starch), fluidMAG-DX 

(dextran), fluidMAG-Q (polydiallyldimethylamine; PDDA), and two fluidMAG-UC 

either uncoated anionic or uncoated cationic (Chemicell Berlin, Germany). Fluorescein 

sodium salt was reconstituted in PBS buffer and used as a model drug for permeation 

studies (Sigma Aldrich, St. Louis, MO). Quantum dots (Q-dots) of two surface coatings 

(Biotin and PEG) were used for single particle tracking analysis (Qdot 655nm biotin, 

Invitrogen-Molecular Probe, Euguene, OR; Qtracker 655nm, Invitrogen-Molecular 

Probe, Euguene, OR). 

9.2.2. Mucus and Biofilm Models 

Type 2 mucin obtained from Sigma was reconstituted at a 20% w/v concentration 

with double distilled water and allowed to shake overnight at room temperature (25 

degC). This model was based on literature studies [19-21]. 

An alginate model was created based on concentrations found within in vivo 

samples of Pseudomonas aeruginosa [22]. A 2% w/v concentration of sodium alginate 
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was allowed to shake overnight at room temperature with 0.5 mM calcicum chloride 

solution and double distilled water. 

9.2.3. Characterization of Magnetic Nanoparticles 

Magnetic nanoparticles were characterized using a Zetasizer Nano ZS dynamic 

light scattering with zeta potential capabilities (Malvern Instruments Ltd, Worcestershire, 

UK). Each sample was added to PBS at a concentration of 2 x10-4 mg/mL and 

characterized at 25 degC for three, two-minute measurements as described previously 

(chapter 5). 

Zeta potential measurements were performed using the samples from the dynamic 

light scattering measurements. Each sample was run for three measurements with a five 

second delay between each measurement. 

Iron content for each magnetic nanoparticle was determined by drying stock 

nanoparticles of a known volume. Once the SPIONs were dried they were weighed on a 

microbalance and the percentage of iron was determine mathematically.  

9.2.4. Influence of Magnetic Particle Motion on Qdot Transport 

Samples of 200 µL in vitro models were placed in 8-well CultureSlides (BD 

Falcon, Franklin Lakes, NJ) plates with magnetic particles (20µL fluidMAG-CMX 

150nm, Chemicell Berlin, Germany) and either biotin (10 µL Qdot 655nm biotin, 

invitrogen-molecular probe, Eugene, OR) or PEG coated quantum dots (10 µL Qtracker 

655n,. Invitrogen-molecular probe, Eugene, OR).  Videos were taken for single particle 

tracking analysis on the Qdot particles before and during the presence of a magnetic field. 

Wide field imaging for single particle tracking for quantum dots (Qtracker 

655nm, Qdot 655nm Biotin, Invitrogen-Molecular Probes, location) and magnetic 

particles (nano-screenMAG chitosan, cmx, and lipid, Chemicell Berlin, Germany) was 
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performed using an Olympus IX71 inverted microscope equipped with a 100°— oil 

objective. Excitation was provided by a mercury lamp with a 543 nm BP filter. Emission 

collected by an Andor iXon electron multiplying CCD (emCCD) camera. The 

backprojected CCD pixel size is 160 nm and images are acquired at 100 frames/s. 

Typically, a region of interest of 128x128 pixels was selected for imaging. Analysis of 

the acquired image series will be performed as described previously 91. Images will be 

processed using DIPImage (Delft University of Technology) and tracking routines 

written in MATLAB (The MathWorks, Inc.) that calculate the center of intensity in a 

region around the maximum at each time step. These algorithms can explicitly account 

for the intermittent QD fluorescence, or blinking that. From these trajectories, the mean 

square displacement (MSD) as a function of time interval (Δt) will be calculated. The 

resulting MSD plot is fitted to the equation for free diffusion: MSD = offset + 4DΔt, 

where MSD is the mean square displacement, D is the diffusion coefficient, Δt is the time 

interval, and offset is related to the localization accuracy. Other modes of motion can be 

determined from these plots, including velocity. Localization accuracy of the system is 

determined by imaging quantum dots bound to a coverslip for 1,000 frames with 20 ms 

exposure, which typically yields accurate localization of the particle center of mass to 

within 12 nm. 

9.2.5. Permeability Experiments 

Models were plated onto Transwell inserts with 3 micron mesh at 250 µL with 25 

µL of magnetic nanoparticles added topically to the surface (Corning Transwells, 

CLS3802, Corning, NY), followed by the addition of fluorescein. Inserts were then 

placed within the Transwell plates and 4 mL of PBS buffer was added to the acceptor 

side. Under wells that were exposed to a magnetic field a neodymium magnet was placed 
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under each well, while no magnet was applied for controls. At each time point all the 

volume was removed and analyzed for fluorescein content using a fluorescence assay. 

9.3. RESULTS AND DISCUSSION 

Characterization of the eight magnetic nanoparticles used for these studies are 

represented in table 1. Noted in the table are the nanoparticles product name, functional 

group, charge, hydrodynamic diameter as determined by dynamic light scattering, and 

percent of iron as determined by a ferrozine assay. 

During preliminary exploration of magnetic nanoparticle use in transport through 

models of extracellular barriers it was observed (figure 1) that the magnetic nanoparticles 

formed channels or pathways in response to a static magnetic field. Magnetic 

nanoparticles were added at an arbitrary amount to the center of a petri-dish containing 

the alginate model, with a magnet placed on the lower right side of the dish. The SPIONs 

were pulled through the alginate to reach the magnetic, resulting in visualized channels 

containing the SPIONs. From this initial exploratory study it was suggested there may be 

potential for these channels to provide additional pathways across the mucus and biofilm 

barriers for enhanced drug delivery. This phenomena has not mentioned in any of the 

previous chapters nor could any literature report be found describing this phenomena for 

drug delivery. 

To investigate the effect of channel formation by SPIONs on drug delivery we 

used single particle tracking on biotin and PEG functionalized quantum dots in both a 

mucin and alginate model.  Magnetic nanoparticles and quantum dots (each type was 

added separately) were added to either mucin or alginate model and the quantum dots 

were tracked using the single particle tracking method with or without a magnetic field.  

Velocity coefficients were compared and graphed (figure 2).  PEG coated quantum dots 
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were found to have roughly twice the passive movement as quantum dots functionalized 

with biotin, indicating an influence of functional groups on movement in alginate, though 

this was not seen in mucin. Magnetic nanoparticles were pulled under a magnetic field 

and were shown to positively influence the motion or passive diffusion of the quantum 

dot nanoparticles compared to controls that were quantum dot with SPIONs without a 

magnetic field present.  Such motion was found to be statistically relevant in the alginate 

models for both types of quantum dots (p≤0.05). However, despite the increased quantum 

dot velocities in mucin models the variability resulted in the absence of any statistical 

differences being detected. The magnetic nanoparticle-influenced-nanoparticle transport 

enhancement of quantum dot motion through both models reached up to an average of 

17-fold. PEG-coated quantum dots were observed to have greater increases in permeation 

and enhancement in both models (37-fold in alginate and 10-fold in mucin) compared to 

the biotin quantum dots (16-fold in alginate and 4.5-fold in mucin). The increased 

velocities of PEG-coated nanoparticles has been explored by previous groups as having 

the ability, at least in mucin, to slip through at increased diffusion rates with limited 

hindrance due to the overall neutral net charge of PEG [23, 24]. This affect appears to 

support the ability of PEG particles to move more readily through mucus as well as 

alginate, while biotin most likely is interacting with the biopolymers of the barriers 

allowing for more hindered movement. 

To further investigate SPION-influenced drug transport enhancement, we 

topically applied free fluorescein and SPIONs to either mucus or biofilm models. 

Fluorescein was not bound to the SPIONs prior to addition. A control was used for 

comparison where only fluorescein was added to each diffusion barrier model. 

Fluorescein permeation rates were determined for samples exposed to a static magnetic 

field for both alginate and mucus models and investigated across a range of different 
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surface functionalized SPIONs (figure 3).  Permeation rates for seen to increase in both 

mucus and biofilm resulting in enhancement increases of up to 4-fold in alginate and 2-

fold in mucin. In the alginate model there appears to be an affect of surface chemistry of 

SPIONs. Specifically the lack of a functional group (i.e. uncoated SPION types), showed 

maximal permeation enhancement of the model drug. Within the alignate model the 

uncoated SPIONs have been shown (chapter 8) to interact with alginate biopolymers. 

Having an interaction with the barrier polymers with SPIONs may result in multiple 

polymer strands being dragged along with the moving SPIONs under a magnetic field, 

thereby creating an advection for the fluorescein to diffuse with. In the mucin model it 

appears that regardless of surface chemistry similar permeation rates were observed, This 

observation is supported by the evidence seen previously (chapter 7 and 8) that mucus 

has appeared to have more ubiquitous interactions with nanoparticles of different 

surfaces. Thus any differences in advective transport are minimal despite particle 

coatings and appear to rely on SPION interactions with the biopolymers. 

With observance of fluorescein permeation increases observed in both models, we 

further inquired about the effect of iron content of SPIONs on permeation rates of 

fluorescein within each model (figure 4 and 5).  Iron content was thought to have an 

affect on the motion of SPIONs through barriers and could result in increased convection 

of drug leading to increased permeation rates. Despite this hypothesis iron content had 

limited influence on fluorescein through both models.  

It was next thought that SPION size may influence fluorescein permeation rates 

through model barriers, since a larger particle may result in wider pathways or channels 

for more drug to diffuse through (figure 5). Though our SPIONs used varied in size there 

appeared to be little effect of size on drug diffusion. It may be that the channels and 
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advection resulting from magnetic nanoparticle transport result from aggregated or chains 

of nanoparticles rather than via the motion of single nanoparticles.  

9.4. CONCLUSION 

In this chapter the influence of SPION motion on un-associated drug diffusion 

was explored in both barrier models. Observed increased velocities and permeation rates 

were determined with little influence by SPION characteristics. It appears that SPIONs 

can create new pathways for a drug to permeate through when a magnetic field is applied. 

This novel route could allow for a co-delivery formulation or be used in tandem with 

current treatments. These new pathways or channels, as observed in figure 1, will require 

further investigation to further exploit this novel transport enhancement mechanism.  
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Product Name Functional Group Overall Charge Hydrodynamic 

Diameter (nm) 

% Iron 

fluidMAG-CMX Carboxymethyldextran (CMX) Weak Anion 125 ± 7 6.31 

fluidMAG-Amine Amine Neutral 803 ± 68* 3.40 

fluidMAG-OS Oleic acid, sodium salt Neutral 

(hydrophilic/hydrophobe) 

151 ± 4 1.76 

fluidMAG-PAS Polyacrylic acid Weak anion 206 ± 1 3.35 

fluidMAG-D Starch Weak cation 321 ± 4 3.60 

fluidMAG-DXS Dextransulfate Strong anion 184 ± 4 6.32 

fluidMAG-Q Poly(dillyldimethylammonium 

chloride) (PDDA) 

Strong cation 209 ± 5 0.66 

fluidMAG-UC/A Uncoated with anionic charge Anionic 231 ± 15  2.11 

fluidMAG-UC/C Uncoated with cationic charge Cationic 145 ± 6 3.86 

*fluidMAG-Amine showed aggregation within the PBS solution. 

Table 9.1. Magnetic nanoparticle characterization 
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Figure 9.1. Indication of Channel Formation by SPION Transport through Alginate  
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Figure 9.2. Quantum Dot (QDot) Motion through either Alginate (a) or Mucus (b) 
barrier models by the influence of un-associated SPIONs 

Velocities were determined using single particle tracking of n = 6 quantum dots 

(± standard error of the mean).
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Figure 9.3. Permeation rates of fluorescein applied with eight different types of SPIONs 
under a magnetic field through either alginate (a) or mucus (b)  

Permeation rates were determined for fluorescein for a n = 3 (± standard 

deviation) compared to control (no SPIONs) 
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Figure 9.4. Influence of iron content on permeation rates of fluorescein through barrier 
models 

Permeation rates for fluorescein were found based on n = 3 (± standrd deviation) 

and cmpared to control (no SPIONs) either in alginate (a) or mucus (b) 
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Figure 9.5. Influence of SPION size on permeation rates of fluorescein through alginate 
(a) or mucus (b) models 

A n = 3 (± standard deviation) was used for all permeation rate points, which were 

compared to control (no SPIONs) 
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CHAPTER 10  

10. Performance Evaluation of Commercially Available Jet Nebulizers 
for Delivery of Superparamagnetic Iron Oxide Nanoparticles 

10.1. INTRODUCTION 

From the previous chapters we have discerned that superparamagnetic iron oxide 

nanoparticle can be utilized for multiple drug delivery applications. In chapter 3 it was 

observed that magnetic nanoparticles could break apart biopolymers when an oscillating 

magnetic field was applied. These same particles were found to be pulled through barriers 

such as mucus and alginate under a static magnetic field (Chapter 4-6). Finally, we saw 

that both polystyrene and magnetic nanoparticles could disrupt the barrier function of 

either mucus or alginate allowing for increased drug permeation. In this chapter we begin 

to determine a suitable formulation for delivery of these nanoparticles, specifically we 

evaluate five commercially available nebulizers.   

Nebulizers are not as well accepted by most patients due to their inconvenience, 

poor portability and need for cleaning compared to metered-dose inhalers (MDI) and dry 

powder inhalers (DPI). However, nebulizers have ubiquitous use in cystic fibrosis (CF) 

patients [1-3] and many CF related therapeutics are formulated solely for use in 

nebulizers [4-6]. Since only a tidal breathing maneuver is required for inhalation aerosol 

delivery via nebulizers, a greater population of patients, including those with 

compromised lung function, can utilize these devices [5]. Moreover nebulizers may 

generate smaller particles with a lower percentage of large particles in comparison to 

MDIs or DPIs allowing for more distal region deposition of particles within the lung. 

This particle size output is engineered via nebulizer design, where  large particles are 

impacted on the baffles of jet nebulizers thus reducing their presence in the emitted 

aerosol [3, 5]. The use of nebulizers for nanoaprticle delivery has gained interest, and 
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according to Dailey et al (2003) nanoparticles can be easily incorporated into the 

aerosolized droplets though care must be taken in selecting the appropriate nebulizer [3]. 

In these studies, several commercially available jet nebulizers were investigated 

for their ability to deliver aerosols to the target regions in the lung (via in vitro cascade 

impaction studies) and then assessed in the presence of a magnetic nanoparticle 

formulation.  

10.2. MATERIALS AND METHODS 

10.2.1. Materials 

Fluorescein sodium salt was purchased from Sigma Aldrich (St. Louis, MO) and 

reconstituted in PBS buffer. Five commercially available nebulizers were screened for 

this study; Micro Mist, Misty Max 10, Aerotech II, Up Mist, and Pari LC. 

10.2.2. Nebulized Formulations 

Fluorescein was mixed in PBS buffer at a concentration of 0.5 mg/mL. Each of 

the five nebulizers were filled with 4 mL of the fluorescein solution and operated at five 

different pressures ranging from 2 to 25 psig using an industrial air gas tank (Air Gas, 

Austin, TX). The pressures were used for size distribution analysis and mass output 

studies. For in vitro aerosol performance specific pressures that yield appropriate size 

distributions were selected for each nebulizers. Generally, 2 psig was selected for all 

nebulizers except for the Pari LC which was operated at 5 psig. 

An additional two formulations were made using a mixture of the above 

fluorescein solution and either 200 nm carboxyl-labeled polysytrene particles or 150 nm 

carboxymethyldextran (CMX) labeled magnetic iron oxide particles. Each nanoparticle 

was added at a concentration of either 0.01% w/v or 0.03% w/v.  
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10.2.3. Characterization of Nebulized Droplets 

The size distributions of nebulized droplets were examined via laser diffractions 

using a Sympatec HELOS (Sympatec GmbH, Germany) apparatus equipped with an 

aerosol disperser. The aerosol disperser was operated at 15 Lmin-1 flow rate with six 10 

second measurements were collected after 2 seconds of initial dispersion to acquire more 

uniform droplets. The span of the droplets was obtained based on the following formula: 

€ 

Span =
d50

d90 − d10
 

Mass loss for each nebulizer was determined after 5 minutes of nebulization. Each 

nebulizer was weighed empty, before nebulization, and after 5 minutes of nebulization. 

The calculated mass loss was used to determine the amount of mass delivered. 

10.2.4. In vitro Aerosol Performance 

4 mL of fluorescein solution was added to each of the nebulizers and dispersed 

into a next generation cascade impactor (NGI; MSP Corporation, MN, USA) at a 

volumetric flow rate of 15 Lmin-1, which was equipped with an internal filter at stage 8. 

The dispersing time was for 2 minutes, since mass differences were found to be linear 

over a 15minute time frame. To limit evaporation of droplets NGI stages were 

refrigerated at 4 degC for 90 minutes before each impaction. No pre-separator was used 

for these studies, which were performed in accordance with literature studies (Marble,).  

Droplets deposited in the mouthpiece adaptor, and induction port were collected by 

rinsing each component with 10 mL of sample solvent (PBS), while NGI stages were 

each rinsed with 5 mL.  

Fluorescein content collected following the rinsing of each NGI component was 

evaluated using fluorescence intensity analysis at 460 nm excitation and 515 nm 

emissions wavelengths. The fine particle dose (FPD) was the total mass of fluorescein 
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depositing on stages 4 to 8, corresponding to aerodynamic diameters less than 3.18 

micron. The fine particle fractions (FPF) of each dose was the ratio of the fluorescein 

mass depositing on stages 4 to 8 of the impactor over the emitted dose, or the mass 

depositing on the induction port through stage 7. Additionally, mass median aerodynamic 

diameter (MMAD) and geometric standard deviation (GSD) were calculated using an 

online calculator (www.mmadcalculator.com).  

10.3. RESULTS AND DISCUSSION 

A summary of droplet sizing at different pressures for the five nebulizers used for 

the initial studies present here are shown in Figure 1.  The median droplet sizes from all 

the nebulizers ranged between 2 to 8 microns under the different operating pressure 

conditions. Depending on the desired output, it was observed that different combinations 

of nebulizer and operating pressure could be combined to achieve a diverse range of 

output particle sizes spanning the accepted range for airway deposition. The Pari LC 

nebulizer generated the largest particle sizes compared to the other four systems when 

operated across the different pressures. The other four nebulizers generally resulted in 

similar sizes. Though despite the slight variation in particle sizes based on the nebulizer 

used, particle size appears to be able to be adjusted by near one-micron increments by 

varying the gas pressure by 5 psig. The particle size distribution spans, (a measure of the 

polydispersity of the sizes distributions) were also determined. In most cases the spans 

were found to be lower (more narrow distributions) for higher flow rates that generated 

lower particle sizes compared to the spans generated from lower flow fates resulting in 

larger aerosol sizes (Table 1). Though with larger particle sizes (above 1 micron) the 

potential for impaction and sedimentation within the upper and lower bronchial airways 
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is increased (Heyder). According to Anderson et al and Zeman et al deposition of larger 

particles can be increased by requiring the patient breath at a slower rate [7-9].  

The overall mass loss/ aerosol output was determined gravimetrically by weighing 

the nebulizers empty, prior and after 5 minutes of nebulization, varied from 2.6 to 0.8 g 

(figure 2). The varied range in the mass delivered was dependent on the operation 

pressures and the nebulizer design. 

After consideration of the particle size analysis data, pressures were selected for 

follow up studies to allow for the potential for more droplet deposition in the central 

airways with the goal of targeting the nanoparticles to the mucus locations of the small 

bronchi, but still retaining some peripheral deposition. The overall size goal was around 5 

microns. The pressure operations that yield such size ranges were selected for each 

nebulizer for analysis of in vitro performance.  Nebulizer performance values as 

determined by fine particle fraction (FPF) and fine particle dose (FPD) using the next 

generation impactor are reported in Table 2. Different nebulizers exhibited differences in 

aerosol efficiency as measured by FPF. The Pari LC, for example had only around 50% 

FPF but generated aerosol at higher mass output rates such that the fine particle dose was 

much higher than the comparison nebulizers used in the study. Generally, the greater the 

FPF the lower the FPD (except for the Misty Max). This indicates the majority of energy 

input was expended on generating fine droplets rather than optimizing mass output rates.  

A comparison of the MMAD and GSD for all five nebulizers (Table 3), verified 

that the aerodynamic diameter of the droplets was smaller for each nebulizer compared to 

the laser diffractometer data. This is likely due to the dynamic evaporative process that 

fine aqueous droplets experience and the differences in the timescales of measurement 

between the two techniques (rapid and immediate measurement via laser diffraction 

compared to cascade impaction studies). Additionally, the differences in nebulizer type 
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also influenced the MMAD and values ranging from 2.5 to 5.3 microns were observed.  

Thus, the determined MMADs fell within the so-called respirable range where droplets 

should be smaller than 5 microns.  

Upon the initial in vitro performance mentioned in the previous paragraph, a 

single nebulizer was then selected to carry out the remaining studies. The Up Mist was 

selected due to its high FPF and smaller MMAD, compared to the other four nebulizers. 

Next, an analysis of the in vitro performance of a nanosuspension containing either 

carboxyl-modified polystyrene nanoparticles or CMX magnetic iron oxide nanoparticles 

was performed. Either nanoparticle type was added at 0.01% or 0.03% to a solution of 

fluorescein (as a probe and model drug for future permeation studies) of the same 

concentration used in the earlier studies of this chapter, and 4 mL of the suspension was 

added the Up Mist nebulizer. The performance values of FPF and FPD were determined 

(Table 4) for these suspensions and a control (fluorescein solution alone). These 

observations indicated that there was an increase in both FPF and FPD after the addition 

of nanoparticles. Variability was also observed to increase with the addition of 

nanoparticles. When a comparison of the MMAD and GSD was done (Table 5). There 

were no statistical differences (p<0.05) for the aerodynamic diameters, of about 2 

microns, despite modifications in concentration of nanoparticles, type of nanoparticle 

used. It appears that the addition of nanoparticles at either concentration does not 

dramatically influence the overall aerodynamic diameter compared to a control, though it 

can affect the performance  (and therefore particle size distributions) as seen in the slight 

elevation of the FPF and FPD. It may be beneficial to investigate other surface 

chemistries of the nanoparticles to see if such consistencies remain.  

Jet nebulizers have the potential to be modified based on the input pressures 

exerted from the compressed gas source that creates the aerosol. The use of pressure can 
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therefore be used to modulate droplet sizes perhaps for changes in the site of deposition 

in the respiratory tract. For our work it may be beneficial to deliver our nanoparticle 

containing droplets to the small conducting airways where the defect in the CFTR gene 

within the epithelial cells is located [8]. Furthermore, being able to target delivery of 

these nanoparticles me result in requiring lower concentration of particles and limit 

unwanted side effects [5, 8, 10, 11].  Though in another study reported that in CF patients 

a one-micron size droplet was able to achieve targeted delivery in comparison to a 3.68 

micron droplet, while breathing at a slower inspiratory flow rate as recommended in other 

studies. Though targeted deliver based on modifying size is debatable it may be of further 

interest to explore, especially for specific delivery for gene therapy [12, 13].  

10.4. CONCLUSION 

The data in this chapter suggests that gas pressure can be used to adjust the size of 

nebulizer droplets by as little as one-micron increments. The ability to obtain different 

size ranges from various nebulizers may allow for delivery of drugs and nanoparticles to 

specific regions of the lung, without the need of modified breathing patterns for patients.  

Additionally, two types of nanoparticle systems used in this dissertation were able 

to be successfully incorporated into a suitable delivery system for lung delivery, without 

modifying the aerodynamic diameters. 
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Figure 10.1. Droplet Size Data for Five Nebulizers under Five Pressures (n = 5; error bars are standard deviation)
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Nebulizer Pressure (psig) 
 2 5 10 15 25 
Micro Mist 1.9 1.9 1.8 1.6 1.6 
Misty Max 1.7 1.7 1.7 1.6 1.6 
Aerotech II 3.2 1.8 1.8 1.7 1.6 
Up Mist 3.2 2.9 2.6 2.2 2.0 
Pari LC 2.5 2.2 2.0 1.8 1.7 

Table 10.1. Span for Droplet Size Data for Five Nebulizers under Five Pressures
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Figure 10.2. Mass Loss from Nebulizers under Different Gas Pressures 

Data points are means (± standard deviation) of n = 3 replicates
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Nebulizer FPF FPD 

Micro Mist 64.82 ± 4.3 43.40 ± 16.7 

Misty Max 49.21 ± 2.5 48.59 ± 15.9 

Aerotech II 67.37 ± 4.8 59.82 ± 5.5 

Up Mist 80.59 ± 2.1 44.13 ± 11.7 

Pari LC 53.85 ± 0.5 140.356 ± 1.9 

Table 10.2. Aerosol Performance for Five Commercially Available Nebulizers at 15 L 
min-1 

In vitro drug deposition results for fluorescein formulations. Values are given as 

the mean (± standard deviation) for N=3 replicates. All nebulizers were operated at 2 psig 

except for the Pari LC which was operated at 5 psig. Each replicate had a sampling time 

of 2 minutes. 
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Nebulizer MMAD (µm) GSD (µm) 

Micro Mist 4.0 ± 0.3 2.2 ± 0.1 

Misty Max 5.3 ± 0.3 2.1 ± 0.1 

Aerotech II 3.6 ± 0.4 2.5 ± 0.2  

Up Mist 2.5 ± 0.1 2.3 ± 0.1 

Pari LC 4.8 ± 0.1 2.6 ± 0.1 

Table 10.3. MMAD and GSD Values of Fluorescein Droplet Dispersed from Nebulizers 

 Mass median aerodynamic diameters (MMAD) and geometric standard deviation 

(GSD) were determined by in vitro drug deposition. Values stated as mean (± standard 

deviation) of replicates n = 3 
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Formulation FPF FPD 

Fluorescein 93.2 ± 3.8 53.6 ± 14.4 

0.01% COOH 83.2 ± 20.5 72.4 ± 9.0 

0.01% CMX 94.5 ± 26.0 71.7 ± 10.4 

0.03% COOH 104.9 ± 32.5 75.5 ± 15.1 

0.03% CMX 120.2 ± 51.3 76.6 ± 20.1 

Table 10.4. Aerosol Performance for Up Mist Nebulizer containing Nanoparticle 
Formulations  

In vitro drug deposition results for fluorescein, 0.01% or 0.03% w/v carboxyl-

modified polystyrene nanoparticle with fluorescein (COOH), or 0.01% or 0.03% w/v 

carboxymethyldextran magnetic nanoparticles with fluorescein (CMX) formulations. 

Values are given as the mean (± standard deviation) for N=3 replicates. Up Mist 

nebulizers was operated at 2 psig.  
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Formulation MMAD (µm) GSD (µm) 

Fluorescein 2.5 ± 0.1 2.3 ± 0.1 

0.01% COOH 2.9 ± 1.9 3.2 ± 0.7 

0.01% CMX 2.2 ± 0.8 3.2 ± 1.0 

0.03% COOH 1.9 ± 0.6 2.7 ± 0.5 

0.03% CMX 1.8 ± 0.8 2.6 ± 0.9 

Table 10.5. MMAD and GSD for Up Mist Nebulizer Nanoparticle containing 
Formulations 

 Mass median aerodynamic diameters (MMAD) and geometric standard deviation 

(GSD) were determined by in vitro drug deposition for the formulations mentioned in 

Table 4. Values stated as mean (± standard deviation) of replicates n = 3 
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CHAPTER 11  

11. Development of a Dry Powder Formulation of Superparamagnetic 
Nanoparticles 

11.1. INTRODUCTION 

The delivery of therapeutics to the respiratory tract is generally performed by the 

use of nebulizers (chapter 10), metered dose inhalers, or dry powder inhalers. The interest 

in delivery therapeutics to the lung for this thesis is to have local delivery for pulmonary 

diseases, while limiting systemic side effects [1-3]. 

Regardless of the method used to delivery and produce aerosols for drug delivery, 

several barriers must be overcome before a drug can reach the site of action. These 

barriers have been previously mentioned in the earlier chapters of this dissertation and 

include aerodynamic barriers, clearance mechanisms, and extracellular barriers such as 

mucus. The use of nanoparticles to be able to improve the way drugs are delivered and 

overcome drug delivery barriers has been of recent interest to respiratory drug delivery 

scientists. Most current attempts for nanoparticle aerosol formulations have been 

developed for nebulizers as the nanoparticles may be simply incorporated into 

microparticle, and respirable droplets for efficient lung delivery [4-6].  Accordingly, the 

ability to develop a nebulized formulation of our nanoparticle system of interest in this 

work was presented in Chapter 10.   

To further expand formulation flexibility and enable additional applications of 

superparamagnetic nanoparticles suitable for pulmonary delivery, a dry powder 

formulation was designed in the following studies.  

Spray drying was used to produce a respirable dry powder of a lactose carrier, a 

model drug, and the magnetic nanoparticles. Spray-drying is a common method for 
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preparation of powders for a range of drug formulations including inhalation aerosols [1, 

2, 7-13]. For example, this technique has been used by Finlay et al, to produce dry 

powders of containing synthetic or protein-based nanoparticles within a carrier, lactose, 

matrix [1, 2]. Most spray dried particles being formulated for aerosol delivery, yielding 

high efficiencies (up to 60%) are large particle (~3 microns) with low densities [7, 8, 10]. 

Some limitations in spray drying are humidity and yield, both of which are affected by 

solution concentration, drying rate, and feed rate [14]. 

By manipulating operating parameters on a spray dryer the resulting dry powder 

characteristics, such as particle size distribution [14], surface roughness [7, 12], particle 

density [7] can be modified. For the studies presented in this chapter, we are interested in 

forming particles targeted to the tracheo-bronchial region to allow for a higher deposition 

to the targeted mucus layer we have focuse on in our previous studies [15, 16]. The inlet 

air temperature, sample feed rate, and the aspirator partial vacuum can be adjusted to 

obtain larger or smaller powders [2, 7, 14, 17]. 

11.2. MATERIALS AND METHODS 

11.2.1. Materials 

Anhydrous lactose was purchased from Spectrum Chemical (Gardena, CA). 

Fluorescein sodium salt was purchased from Sigma Aldrich (St. Louis, MO). A sample of 

inhalation grade lactose (Respitose® ML006) was obtained from DMV-Fonterra 

(Princeton, NJ). Size 3 gelatin capsules were provided by Capsugel® (Peapack, NJ). 

Chemicell magnetic nanoparticles were used for final formulations (nanoscreenMAG-

CMX; Berlin, Germany). To produce the in vitro extracellular barrier models used in 

these studies the following were purchased: sigma mucin from porcine stomach type 2 

was used for the mucus model (type 2 M2378-100G, batch 019K1222, Sigma Aldrich, St. 
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Louis, MO); sodium alginate from Sigma was used with calcium chloride for the alginate 

biofilm model. 

11.2.2. Spray-drying Formulations 

A Mini-Spray Dryer B-290 manufactured by Buchi Laboratoriums-Technik 

(Flawill. Switzerland) was used. The main principle of operation for the Mini-Spray 

Dryer is the use of a nozzle spraying in a parallel-flow where the sprayed formulation and 

the drying air flow are in the same direction. Adjustable parameters include the inlet and 

outlet temperature, solution pump flow rate, and the aspirator partial vacuum. In this 

chapter these parameters were initially modified to screen multiple potential dry powders 

suitable for a size range of around 5 microns. The inlet air temperature was varied 

between 110 deg to 200 deg C, the pump flow rate was set at 5 mL/min, the aspirator was 

set to either 80 or 100 m3/h, and the atomizing air flow rate was set to either 357, 414, or 

473 L/h with the nitrogen gas tank set at 80 psi. The solution was pumped into the nozzle 

via a feeding tube regulated by a peristaltic pump, the resultant powder was blown 

through the cyclone separator and collected within the collecting vial.  

Either 1% or 5 % w/v of lactose was dissolved with either 0.001% or 0.05% w/v 

fluorescein in double-distilled water and heated up to 40 degC to increase lactose 

solubility. The solution was fed through the spray dryer and the powders were removed 

from the collecting vial and stored in scintillation vials within a desiccator until use. A 

final formulation was made in the same manner as described but also included 20.28 

µg/mL of magnetic nanoparticles (nanoscreenMAG-CMX,) mixed with the solution prior 

to spray drying. 
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11.2.3. Physical Characterization of Spray Dried Powders 

The size distributions of powders were examined via laser diffraction using a 

Sympatec HELOS (Sympatec GmbH, Germany) apparatus equipped with a 50 mL 

cuvette dispersing system. Acetone was used as the dispersing fluid. Powders were 

suspended in acetone and sonicated for 60 seconds to disrupt aggregates. Measurements 

were collected, with the forced stability option selected to ignore limit the signal from 

dust. The span of the particle size was obtained based on the following formula: 

 

The specific surface area of the powders were evaluated by nitrogen adsorption 

using a single-point BET method with a Monosorb® surface area analyzer 

(Quantrachrome Instruments, Boynton Beach, FL). Samples were outgassed under 

nitrogen at 40 degC for 24 hours prior to measurements.  

The true densities of the powders were determined with a helium 

multipycnometer (Quantrachrome Instruments, Boynton Beach, FL). 

11.2.4. Preparation of Spray Dried Powder/Lactose Blends 

Prepared spray dried powders were mixed with Respitose ML006 lactose via 

geometric dilution to obtain 2 g of a 5% binary blend. Each formulation was blended with 

a Turbula® orbital mixer (Glen Mills, Clifton, NJ) for 40 minutes at 46 RPM. Samples 

were then stored in a desiccator at least 3 days prior to use. Blend uniformity was 

determined by randomly selecting eight 20 mg samples from each sample mixture, where 

the fluorescein content in the powder was determined. Formulations were considered well 

blended and ready for use if the coefficient of variation (% CV) for each blend was below 

5 %.  

! 
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11.2.5. In vitro Aerosol Performance 

Blended formulations (20 ± 1 mg) were loaded into size 3 gelatin capsules and 

dispersed through a Handihaler® (Boehringer Ingelheim Inc., CT) dry powder inhaler 

(DPI) into a next generation cascade impactor (NGI; MSP Coroporation, MN) at a 

volumetric flow rate of 39 L/min  (to provide approximately 4 kPa pressure drop across 

the device) with the actuation time adjusted to allow 4 L to flow through the inhaler. 

Before each actuation the pre-separator was filled with 15 mL of PBS buffer, which was 

collected after powder dispersion from each capsule. Drug deposited in the capsule, 

inhaler, induction port, and NGI stages were collected by rinsing with PBS buffer.  

The mass of drug (fluorescein) collected at each component was evaluated using 

fluorescence intensity analysis at 460 nm excitation and 515 nm emissions wavelengths. 

The emitted fraction (EF) was calculated as the ratio of drug mass deposited in the 

induction port, pre-separator, and NGI stages over the cumulative mass or total drug 

deposited in all impactor components as well as the capsule and inhaler, of the drug 

collected following actuation. The fine particle fraction (FPF) of each dose was the ratio 

of drug mass deposited in stage 3 to 8, which corresponded to an aerodynamic diameter 

less than 3.5 microns, over the entire dose that was recovered after each actuation.  The 

respirable fraction (RF) was calculated as the ratio of the drug mass depositing on stages 

3 to 8 of the impactor over the emitted dose for each actuation.  

11.2.6. Evaluation of Formulation within Models of Extracellular Barriers 

Approximately 5 ± 1 mg of blended powder was loaded into a dry powder 

InsufflatorTM (Model DP-4 Rat, PennCentury, Wyndmoor, PA). In vitro mucus and 

biofilm models of either 20% w/v mucin or 2% w/v alginate (mixed as previously 

described in earlier chapters) were plated (250 µL) onto Transwell® inserts. Three inserts 

were placed within a 200 mL glass beaker enclosed with parafilm. A small incision was 
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made in the parafilm to allow for the tip of the insufflator to enter into the beaker. Using 

a small plastic syringe 2 mL of air was puffed into the insufflator releasing the dry 

powder on top of the barrier coated inserts. After exposure to the dry powder a 

permeation study was performed as previously described (chapter 5 to 9). Two 

formulations were used for this study; one containing only fluorescein, the other 

contained the addition of magnetic nanoparticles. Both fluorescein and magnetic 

nanoparticle content were determined for each sample using a fluorescence assay. The 

magnetic nanoparticle that were used (nanoscreenMAG-CMX) were red-fluorescently 

labeled to allow for separate detection outside of the fluorescein emission and excitation 

wavelengths, and analyzed at 578 nm excitation and 613 nm emission wavelengths.  

11.3. RESULTS AND DISCUSSION 

Initial assessment and physical characterization of various spray dried 

formulations were performed to determine the optimal formulation for further studies. 

Two different solutions were made, 1% w/v lactose + 0.001% w/v fluorescein (labeled 

1% w/v lactose) and 5% w/v lactose + 0.001% w/v fluorescein (labeled 5% w/v lactose), 

and spray dried under various parameters (Table 1). The particle size and Span was 

determined for each formulation (Table 1), with sizes ranging from 39 to 1.5 microns 

(D50 or median averages). The 5% w/v lactose solution that yielded the largest particle 

size and persistent aggregation of the particles was observed with this formulation. Even 

after sonication of the particles in acetone to deaggregated the particle, the size 

distributions did not change indicating the particles were irreversibly agglomerated rather 

than loosely aggregated. Upon observation of the collected powder, prior to analysis, 

there seemed to be significant residual moisture in the powder and it was clumped into 
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large masses. The spans for the particle sizing analysis were all narrow, except for the 39 

micron powder, again due to the variability introduced by the powder agglomerates.  

From the initial formulation study three operating parameters were selected based 

on the particle size. For the subsequent studies ~5 micron-sized particles were considered 

appropriate for delivery to the target bronchiole regions of the lung. This size range 

would allow for the delivery of the magnetic nanoparticles to the mucosal barrier of the 

lung.  Two of the parameters selected were utilized for the 5% w/v lactose solution, and 

one was selected for the 1% w/v lactose solution (Table 2). For these subsequent 

formulations the fluorescein concentration was raised to 0.05% w/v from 0.001% w/v to 

allow for improved detection of fluorescein in later studies. Particle size was again 

determined for these formulations, which ranged from 6.8 to 4.8 microns (mean D50). 

The particle sizes observed in this study were different from what was previously seen, 

due to the increase in fluorescein concentration as other parameters were not modified. 

The specific surface areas (SSA) for each of the three powders was measured and 

reported in Table 2 alongside the particle size information.  SSA values were similar for 

the powders (2.1 to 1.5 m2/g). 

To further discern which formulation would be optimal for incorporation of 

magnetic nanoparticles and subsequent feasibility studies, an in vitro aerosol performance 

was conducted following powder blending. Blends were produced and uniformity 

determined, which were considered to be well blended (%CV = 5%).  Performance 

values from these DPI formulations were dispersed at 39 L min-1 and are presented in 

Table 3.  The overall performance of these powders was generally low, with relatively 

poor RF and FPF values. These observations are consistent with other spray dried lactose 

blends and may be due to the relatively large initial particle sizes and high adhesivity of 

spray dried particles resulting in high induction port and pre-separator deposition. Based 
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on these studies the 1% w/v lactose formulation was chosen to progress to subsequent 

investigations since it yielded the highest RF and FPF values out of the three 

formulations tested (13.74 ± 0.89% and 14.93  ± 0.89%). 

Using the 1% w/v lactose solution containing 0.05% w/v fluorescein, 1.2 mL of 

carboxylmethyldextran (CMX) magnetic nanoparticles were added prior to spray drying. 

The CMX nanoparticles were used based on their overall better transport enhancement 

observed in previous studies (chapter 4-5), as well as their capability to induce 

extracellular barrier disruption to allow for increased diffusion of drug (chapter 7). 

Following spray drying, powders were characterized for particle size, SSA, and true 

densities (Table 4). True densities were determined for both CMX containing powders 

and controls (no CMX nanoparticles) to compare if the addition of iron would modify the 

densities. The density of the powders was slightly lowered and statistically different (p < 

0.05) with the addition of magnetic nanoparticles (1.57 g/cm3 ± 0.11) compared to 

control (2.25 g/cm3 ± 0.09). This was unexpected, but the particle sizes were also 

different (3.47 ± 0.01 microns for CMX and 4.84 ± 0.91 microns for control) and 

therefore rates of drying due to the particle size differences may have affected the density 

of the powder.  

Following powder characterization, in vitro aerosol performance of the magnetic 

nanoparticle powder blends were completed (Table 5). Despite the smaller particle size 

range of spray dried powder (3.47 ± 0.007 microns compared to 4.84 ± 0.91 microns for 

controls) the aerosol performance of this powder at 39 Lmin-1 was significantly lowered. 

The FPF was 4.45 ± 0.69% and the RF was 4.02 ± 0.33% compared to control (Table 3) 

which were 13.74 ± 0.89% and 14.93 ± 0.89%, respectively. The poor fluorescein 

performance, which was noted by increased induction port and pre-separator deposition, 

may be due to the formation of larger fluorescein aggregates or by van der Waals forces 
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between the particles causing increased cohesive binding that leads to poor powder flow 

and limited dispersion into primary particle sizes upon inhalation [2, 18, 19]. Though this 

is in contrast to literature studies were nanoparticles incorporated into spray dried 

powders had no affect on FPF [19].  

Lastly, the 1% w/v formulation with or without the addition of magnetic 

nanoparticles was evaluated for transport enhancement behavior as seen in the previous 

chapters. An insufflator was used to disperse the formulations upon the model 

extracellular barriers by impaction. Permeation rates were determined using methods 

similar to those described in earlier chapters. In one study the permeation rate of 

magnetic nanoparticles under a static magnetic field were compared to controls (no 

magnetic field) in either an alginate or mucus barrier model (Figure 1). Next nanoparticle 

disruption of barriers to allow increased drug diffusion, as seen in chapter 7 and 8, was 

evaluated (Figure 2). And lastly, fluorescein permeation was determined when un-

associated magnetic nanoparticles were exposed to a magnetic field, as seen in chapter 9 

(Figure 3). To perform these last two studies, magnetic nanoparticle containing powder 

was first deposited on the barriers followed by the deposition of fluorescein only powder.  

The diffusion rates of magnetic nanoparticle through both barriers were 

comparable to some of the nanoparticles observed in chapter 5, indicating that the 

nanoparticles are not compromised during spray drying. In contrast the permeation rates 

for fluorescein were relatively low compared to what was observed in earlier chapters, 

though noticeable increases were observed compared to controls (without nanoparticles). 

Within the mucin barrier greater enhancement ratios were observed for fluorescein 

diffusion (up to 58.3 ± 8.1 fold increase), regardless of the presence of a magnetic field 

when compared to controls. In alginate the enhancement only reached about 9.7 ± 4.9 

fold. The overall decrease in permeation rates for both fluorescein and magnetic 
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nanoparticles is most likely due to the lower concentration of drug, 3.13 µg/mL added in 

this study compared to 516 µg/mL added in earlier studies (chapter 7-9), and 

nanoparticles, 6.76 µg/mL compared to 38.67 µg/mL added in chapter 5. Another factor 

for lower permeation maybe the change in formulation from a solution to a dry powder, 

though upon deposition of the powder rapidly dissolved onto the model barriers. Further 

studies will need to be conducted by administering similar concentrations of both drug 

and nanoparticles to see if permeation rates become comparable. 

11.4. CONCLUSION 

In this chapter we provide a comprehensive evaluation for formulating and 

selecting a spray dried formulation containing magnetic nanoparticles. Despite a weak 

aerosol performance, permeation studies indicated that magnetic nanoparticles are still 

viable after formulation. Furthermore, earlier observed mechanisms of drug delivery were 

retained in the presented formulation, with enhanced ratios of diffusion rates for either 

fluorescein or magnetic nanoparticles being comparable t to those previously in this 

dissertation. 
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Formulation Operating Parameters D10 (µm) D50 (µm) D90 (µm) SPAN 
5% w/v lactose+0.001% 
Fluorescein 
 

200degC; 15% feed rate; 
30qflow; 60psi 

1.39 ± 0.07 12.12 ± 1.2 32.94 ± 3.34 0.38 ± 
0.006 

 110degC; 15% feed rate; 
40qflow; 80psi 

0.96 ± 0.02 7.40 ± 0.08 8.40 ± 0.33 0.99 ± 
0.032 

 150degC; 15% feed rate; 
40qflow; 80psi 

2.04 ± 0.03 5.00 ± 0.03 10.83 ± 0.28 0.57 ± 
0.017 

 200degC; 15% feed rate; 
40qflow; 80psi 

1.66 ± 0.04 5.64 ± 0.02 12.95 ± 0.15 0.50 ± 
0.004 

 200degC; 6% feed rate; 40qflow; 
80psi 

0.70 ± 0.02 2.03 ± 0.39 21.61 ± 3.63 0.10 ± 
0.006 

 200degC; 6% feed rate; 35qflow; 
80psi 

28.63 ± 
2.19 

39.05 ± 1.34 51.35 ± 3.92 1.79 ± 
0.399 

 200degC; 6% feed rate; 30qflow; 
80psi 

0.61 ± 0.01 1.11 ± 0.09 1.95 ± 0.21 0.84 ± 
0.063 

 200degC; 15% feed rate; 
35qflow; 80psi 

2.29 ± 0.03 8.38 ± 0.34 22.44 ± 0.81 0.42 ± 
0.001 

 200degC; 15% feed rate; 
30qflow; 80psi 

1.00 ± 0.06 5.85 ± 1.33 23.64 ± 
18.77 

0.33 ± 
0.118 

 200degC; 30% feed rate; 
40qflow; 80psi 

0.69 ± 0.02 1.52 ± 0.04 130.33 ± 
4.13 

0.01 ± 
0.001 

 200degC; 30% feed rate; 
35qflow; 80psi 

0.68 ± 0.01 1.69 ± 0.08 8.55 ± 0.57 0.21 ± 
0.005 

 200degC; 30% feed rate; 
30qflow; 80psi 

1.34 ± 0.04 10.90 ± 0.45 28.47 ± 2.33 0.40 ± 
0.008 
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1% w/v lactose+0.001% 
Fluorescein 

110degC; 15% feed rate; 
40qflow; 100aspirator; 80psi 

1.63 ± 0.15 10.20 ± 2.27 34.70 ± 3.51  0.31 ± 
0.048 

 
110degC; 15% feed rate; 
40qflow; 80aspirator; 80psi 

1.11 ± 0.03 4.09 ± 0.10 23.06 ± 2.72 0.19 ± 
0.024 

 
150degC; 15% feed rate; 
40qflow; 80aspirator; 80psi 

1.17 ± 0.13 3.23 ± 0.16 9.85 ± 2.99 0.42 ± 
0.167 

 
200degC; 15% feed rate; 
30qflow; 100aspirator; 80psi 

2.51 ± 0.09 10.82 ± 0.45 29.46 ± 1.39 0.40 ± 
0.008 

Table 11.1. Initial spray drying parameters and their sizing analysis 

Two formulations were used, under different operating parameters. Sizing was performed for n = 6 (± standard deviation)
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Formulation Operating 
Parameters 

D10 
(µm) 

D50 
(µm) 

D90 
(µm) 

SPAN SSA 
(m2/g) 

5% w/v 
lactose+0.05% 
Fluorescein 
 

200degC; 
15% feed 
rate; 
40qflow; 80 
aspirator; 
80psi 

1.556 ± 
0.04 

6.761 ± 
0.53 

14.918 ± 
1.49 

0.51 ± 
0.01 

1.7 

5% w/v 
lactose+0.05% 
Fluorescein 
 

150degC; 
15% feed 
rate; 
40qflow; 80 
aspirator; 
80psi 

0.868 ± 
0.07 

6.159 ± 
1.39 

38.754 ± 
41.01 

0.50 ± 
0.08 

1.5 

1% w/v 
lactose+0.05% 
Fluorescein 

110degC; 
15% feed 
rate; 
40qflow; 80 
aspirator; 
80psi 

0.916 ± 
0.23 

4.839 ± 
0.91 

33.322 ± 
56.32 

0.24 ± 
0.29 

2.1 

Table 11.2. Selected spray drying formulations from Table 1 that yielded the desired 
size ranges characterization 

Two formulations were used, under different operating parameters. Sizing was 

performed for n = 6 (± standard deviation), while SSA analysis was for n = 1. 
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Formulation Operating Parameters % Emitted FPF (%) RF (%) 
5% w/v 
lactose+0.05% 
Fluorescein 
 

200degC; 15% feed 
rate; 40qflow; 80 
aspirator; 80psi 

93.68 ± 0.91 8.28 ± 
0.89 

7.77 ± 
0.91 

5% w/v 
lactose+0.05% 
Fluorescein 
 

150degC; 15% feed 
rate; 40qflow; 80 
aspirator; 80psi 

89.62 ± 2.18  11.51 ± 
0.22 

10.31 ± 
0.25 

1% w/v 
lactose+0.05% 
Fluorescein 

110degC; 15% feed 
rate; 40qflow; 80 
aspirator; 80psi 

92.00 ± 0.50 14.93 ± 
0.89 

13.74 ± 
0.89 

Table 11.3. Aerosol performance values of selected spray drying formulations as seen in 
Table 2 

In vitro drug deposition results are for fluorescein spray dried formulations using 

inhalation grade lactose for carrier particles. Values are given as the mean (± standard 

deviation) for n = 3 
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Formulation Operating 

Parameters 
D10 
(µm) 

D50 
(µm) 

D90 
(µm) 

SPAN SSA 
(m2/g) 

1% w/v 
lactose+0.05% 
Fluorescein+ 
1.2mL 
Nanoparticles 

110degC; 
15% feed 
rate; 
40qflow; 80 
aspirator; 
80psi 

1.79 ± 
0.28 

3.47 ± 
0.007 

6.14 ± 
0.05 

0.8 ± 
0.05 

2.3 ± 
0.02 

Table 11.4. Final spray drying formulation with the addition of CMX magnetic 
nanoparticles powder characterization 

Sizing was performed for n = 6 (± standard deviation) and SSA analysis was n = 2 
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Formulation Operating 

Parameters 
% Emitted FPF (%) RF (%) 

1% w/v 
lactose+ 0.05% 
Fluorescein + 
1.2 mL CMX 

110degC; 15% feed 
rate; 40qflow; 80 
aspirator; 80psi 

91.07 ± 9.18 4.45 ± 0.69 4.02 ± 0.33 

Table 11.5. Aerosol performance values for both the CMX magnetic nanoparticle 
containing formulations 

In vitro drug deposition results are for fluorescein, magnetic nanoparticle 

containing spray dried formulations using inhalation grade lactose for carrier particles. 

Values are given as the mean (± standard deviation) for n = 3 
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Figure 11.1. Permeation rates of CMX magnetic nanoparticles through models of barriers 
exposed to either magnetic field or no magnetic field 

Permeation rates were determined for magnetic nanoparticles through either 

alginate (a) or mucus (b) models with or with a magnetic field (n = 3; error bars are 

standard deviation). 
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Figure 11.2. Permeation rates of fluorescein through models of barriers with or without 
the addition of magnetic nanoparticles 

Permeation rates were determined for fluorescein through either alginate (a) or 

mucus (b) models with the addition of magnetic nanoparticles (n = 3; error bars are 

standard deviation). Rates were compared to control (fluorescein only). 
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Figure 11.3. Permeation rates of fluorescein through models of barriers with un-
associated magnetic nanoparticles exposed to a magnetic field 

Permeation rates were determined for fluorescein through either alginate (a) or 

mucus (b) models with the addition of un-associated magnetic nanoparticles that were 

exposed to an external magnetic field (n = 3; error bars are standard deviation). Rates 

were compared to control (fluorescein only). 
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CHAPTER 12  

12.  Final Conclusions 

This dissertation has examined the potential for nanoparticles to be utilized for 

enhanced drug delivery through extracellular barriers found in lung diseases, such as 

mucus and alginate biofilms. 

In chapter 3 the ability for superparamagnetic nanoparticles (SPIONs) to disrupt 

biopolymers using an externally applied oscillating magnetic field was investigated. The 

application of this specific magnetic field resulted in heat generation by the SPIONs as 

they modify their pole orientation as the field changes. Using DNA as a model 

biopolymer (lambda DNA/Hind III), cleavage of the polymers were observed without an 

increase in bulk temperature of the medium. The magnetic nanoparticle mediated 

breakage of the biopolymer lead to significantly increased diffusion rates of non-

magnetic nanoparticles. From chapter 3 it was theorized that upon the exposure to an 

oscillating magnetic field, magnetic nanoparticles disrupt the biopolymers of extracellular 

barriers (figure 1). And that such disruption may occur due to heat generation, 

mechanical motion whereby the nanoparticles slice apart the polymers, or a combination. 

In chapters 4 through 6, evidence was provided for the effective transport of 

SPIONs through models of extracellular barriers when under the influence of an external 

static magnetic field. Transport rates were found to increase for these particles due to 

their magnetic attraction to the magnetic field, whereby the nanoparticles are pulled 

through the barriers (figure 2). Chapter 4 provides velocity rates for SPIONs within an 

alginate biofilm model with or without the influence of a magnetic field. These 

experiments were performed using single particle tracking. To determine if the observed 
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affect in chapter 4 would apply at a larger, or bulk level, diffusion studies were 

performed in chapters 5 and 6. In both chapters increased SPION permeation through 

both alginate biofilm and mucus models were observed, regardless of surface chemistry, 

size, and iron content. These three chapters provided evidence that SPIONs could 

facilitate in increased permeation rates through barriers. 

An examination of permeation enhancement of unbound drug via nanoparticle 

interactions through model barriers was performed. In chapter 7 and 8 a range of 

nanoparticles were utilized to investigate molecular interactions between particles and the 

biopolymeric barriers and to assess any changes to barrier function after topical 

application with nanoparticles. Chapter 7 provided the initial evidence that polystyrene 

nanoparticles were able to modify barrier function in mucus to facilitate in new routes for 

drugs to diffuse through. This theory was supported by the increased permeation rates of 

drugs through the mucus barrier after the application of nanoparticles. Chapter 8 provided 

further proof of this route of drug delivery and that SPIONs could disrupt these barriers 

similarly to polystyrene nanoparticles.  Additionally, it was observed that molecular 

interactions with nanoparticles to biopolymers leading to increased drug permeation rates 

was not restrict to mucus, but could be applied to alginate biofilms. From these chapters 

it is concluded that nanoparticles interact with model barriers causing the biopolymers of 

the barriers to collapse upon the particles providing new routes for drug to diffuse 

through (figure 3). 

Chapter 9 provided evidence that drug transport could be influenced by 

concomitant transport of un-associated magnetic nanoparticles in a static magnetic field. 

As magnetic nanoparticles are drawn through barriers via a magnetic field un-associated 

drug permeates through at increased rates, due to advection caused by the nanoparticle 

motion and interactions with the biopolymers of the barriers. This chapter provides 
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further verification at the potential for SPIONs to facilitate drug enhancement through 

barriers. 

In chapters 10 and 11, the ability to formulate nanoparticles into microparticles 

suitable for drug delivery to the lung was investigated. Chapter 10 a nebulized 

formulation of a nanoparticle suspension was characterized for delivery performance in 

vitro. Chapter 11, a dry powder formulation of SPIONs was created via spray drying and 

the in vitro delivery performance was assessed. Furthermore, diffusion studies were 

performed using the dry powder formulation to provide proof that the desired traits of 

these nanoparticle systems were not compromised and that enhanced delivery rates for 

either SPIONs or fluorescein were still observed as was previously described. These 

chapters supply the initial support for SPION formulation into suitable microparticles for 

delivery to the lung without modification to nanoparticle behavior. 

In conclusion, this project has demonstrated the use of nanoparticles to overcome 

extracellular barriers found in lung diseases, resulting in increased drug delivery. 

Furthermore, it was found that nanoparticles could be formulated into suitable aerosols 

for delivery to the lung, in vitro. The work presented in this dissertation provides the 

groundwork for future exploration into the multiple uses of magnetic nanoparticles 

(figure 1-3) to allow for effective transport of nanoparticles and drug. 
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Figure 12.1. Magnetic nanoparticle disruption of biopolymer within an extracellular barrier when exposed to an oscillated 
magnetic field 

Magnetic nanoparticles (red spheres) are able to disrupt biopolymer strands (green lines) within an extracellular barrier 

(labeled as mucus) once exposed to an oscillating magnetic field.
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Figure 12.2. Application of an external static magnetic field allows for increased magnetic nanoparticle transport 

Upon application, or activation, of an external static magnetic field magnetic nanoparticles (red spheres) are pulled 

towards the magnet resulting in increased transport through extracellular barriers (illustrated in green) to a site of action. 
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Figure 12.3. Nanoparticle induced disruption of extracellular barriers, by barrier 
entanglement of particles 

Biopolymer network of extracellular barriers, depicted as green strands, collapse around 

added nanoparticles (orange spheres) resulting in entangled particles within the barriers. 

Such entanglement results in a modified biopolymer network allowing for new routes, 

indicated by the larger network opening on the right, for drug to diffuse through.  
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