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Abstract 

 

Inhalable nanoparticles for drug delivery has shown promising results in the 

treatment of lung disease. The impact of these small sized drug carriers on the lungs is 

remains unclear. One of the first barriers that nanoparticles will encounter upon inhalation 

is the lung surfactant that lines each alveolus. This is a single molecule layer of lipids and 

proteins that forms at the air-water interface on top of the alveolar lining fluid. Its main 

role is to lower surface tension preventing the collapse of the alveoli during the breathing 

cycle. Impairing surfactant function results in collapse of the alveolar sacs leading to 

respiratory distress. The aim of the thesis was to use in vitro studies to identify which 

components of lung surfactant that are potentially impacted or influenced by the presence 

of nanoparticles. This was conducted using a model system for lung surfactant made up for 

phosphatidylcholine, phosphatidylglycerol and the neutral lipid cholesterol. This was 

compared to a clinical surfactant BLES that is used in surfactant replacement therapy. 

Surface activity was measured using a Langmuir trough with two Teflon barriers to mimic 

the air-water interface and compress the surfactant monolayer. Imaging of the monolayer 

was conducted with Brewster angle microscopy to visualize changes in the organization of 

the surfactant models. Gelatin and polyisobutylcyanoacrylate nanoparticles are both 

biocompatible materials that have been tested for inhalable drug delivery and are used in 

these experiments. In vitro testing was done to evaluate three different methods of adding 

nanoparticles to the surfactant monolayer to develop a better in vitro model to study 

nanoparticle surfactant interactions. These nanoparticles were either mixed with surfactant 

before application on the trough, added to the subphase or sprayed from the air as dry 
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powder.  Cholesterol was found to play a major role in nanoparticle-surfactant interactions 

by enhancing the formation of spike-like structures from the surfactant monolayer. The 

Langmuir trough was shown to be a useful tool for studying in vitro interactions. Further 

optimization of the spraying dry powder nanoparticles onto the Langmuir trough can 

potentially be a useful tool in vitro tool to predict potentially harmful in vivo effects  
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Chapter One: Introduction  

 

1.1  Nanoparticles as Drug Delivery Vehicles 

The use of nanoparticles as drug carriers has been investigated since the early 

1970s[1]. Initial work focused on creating small carriers (1 to 500nm) with tunable release 

kinetics and the ability to target specific areas of the body[2]. The first aim was to create 

vaccines in nanocapsules or nanoparticles through polymerization of various materials[3]. 

Since then, substantial efforts have been made to optimize existing formulations and to 

create novel nanoparticles for drug delivery. Medical applications of nanoparticles have 

gained significant momentum in the last 20 years[4-6]. Currently newer materials are being 

developed and tested for their use as drug delivery vehicles. As drug carriers, nanoparticles 

offer unique advantages over conventional tablets, gel capsules, or suspensions[7]. Their 

small size enables them to rapidly cross cellular membranes either through passive or active 

transport[6]. Active transport mechanisms include endocytosis and other receptor mediated 

pathways[8, 9]. Having a smaller size also reduces the chances of being detected by the 

immune system and subsequent clearance from the body[10]. This prolongs the circulation 

time leading to a higher probability for the drug carriers to reach target organs and deliver 

the therapeutic directly to the site of disease[11]. A small diameter results in a high surface 

area to volume ratio. Large surface areas maximize the possible area of contact between 

the particle and the target cell membrane. As well, it offers a high capacity for chemical 

attachment or adsorption of various ligands onto the surface[12]. Through the attachment 

of ligands such as antibodies, particles can be made to target specific membrane receptors, 

thus bringing particles into close proximity to the selected cell surface[8, 9]. Nanoparticles 
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in close to a cell surface are more readily internalized into cell. Surface modifications can 

alter the lifetime of nanoparticle drug carriers within the body leading to either shortened 

or prolonged circulation times[11]. Longer in vivo lifetimes are beneficial for sustained 

drug release, especially for treatments which require extended duration of therapeutic 

effects. Research groups around the world have attempted to exploit these advantages of 

nanoparticles to tailor drug carriers for specific applications[13, 14] 

1.2 Composition of Nanomaterials Relevant for Drug Delivery 

Nanomaterials are present as a wide variety both in composition and shape (Figure 

1). These can range from inorganic carbon based (fullerenes, nanotubes), dendrimers 

(complex branched structure) to more metallic quantum dots (ZnSe/CdSe)[15] (Figure 1). 

For drug delivery, biodegradable organic polymers are most commonly used [3, 7, 14]. 

This includes the more organic and biocompatible liposomes, micelles and polymer based 

nanoparticles. A few compatible inorganic materials such as iron and other materials such 

as porous silica have been evaluated for use in the body[16, 17]. 
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Figure 1: Diagram of different nanoparticles that have been tested for medical 

applications.  

Although a material may show low in-vitro toxicity, it is crucial to determine how 

these drug carriers are broken down and cleared from the body after delivering the 

therapeutic[18-21]. A few inorganic nanoparticles such as gold show high levels of 

accumulation in the liver and spleen leading to unintended side effects[22, 23]. Thus, there 

is a strong preference for biocompatible materials that degrade into components which can 

be easily metabolized within the body. Many organic polymers used to generate 

nanoparticles are already used in the medical field but adapted for use in other applications. 

These materials have been well documented and thus fully characterized in-vivo 

degradation profiles are available. Some examples of these are the polylactic acids[24], 

polyalkylcyanoacrylates[25, 26], cellulose[27], chitosan[28] and gelatin[29, 30]. Certain 
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disease treatments may favour particles of a specific size, surface charge or surface 

reactivity, therefore the material of choice largely depends on whether it can fulfill these 

requirements. The size of a nanoparticle mainly determines their ability to cross certain 

membrane barriers[10]. Smaller particles are better at crossing cellular barriers and those 

less than 200 nm are more likely to evade detection by the immune system[10, 31, 32]. 

Another important parameter is surface charge, which determines whether the particles 

remain stable in solution since similarly charged particles repel each other thereby limiting 

aggregation. The particle charge also has a large impact on the interaction of a nanoparticle 

with cells, positively charged drug carriers are attracted to negatively charged 

biomembranes. The last important factor is the degradation kinetics of the specific material 

and its susceptibility to enzymes or other localized factors (pH, ionic strength, and 

temperature) are important for drug release [2, 33]. Degradation of a nanoparticles occurs 

through two different mechanisms, either bulk erosion or surface erosion. In the case of 

bulk erosion, the material degrades simultaneously and equally throughout the entire 

particle. In contrast to surface erosion where the exposed nanoparticle surface is slowly 

broken down while the inner region remains intact. Bulk erosion leads to rapid breakdown 

of the particle and a concomitant drug release in a large burst resulting in a strong short 

term effect[34]. Whereas slow rupturing of the particle with surface erosion can create a 

sustained release as the therapeutic slowly leaks out. 

Due to the wide variety of available materials, the ideal nanoparticle and synthesis 

procedure chosen largely depends on the desired physical characteristic. The synthesis 

procedure affects the core environment of the nanoparticle and consequently which drugs 

can be efficiently encapsulated[35]. This can either be hydrophillic or more hydrophobic 



 

5 

to entrap drugs with a similar chemical nature. Lastly modifications to the surface are also 

limited by the material and an be done though common methods such as covalent 

attachment or adsorption to the surface[36]. Chemical modifications can attach drugs to 

the surface using covalent bonds, thus reducing the potential of premature release from the 

carrier before reaching the target site. This chemical bond is usually made to be sensitive 

to certain environments which can be used to trigger drug release. An example is attaching 

a drug via an ester bond, which can be hydrolyzed by esterases. Either loading method 

affects the release kinetics and thus should be chosen to enhance efficacy for treatment of 

a specific disease[14]. 

1.3 Pulmonary Drug Delivery 

The inhalation of drugs for the treatment of respiratory diseases has been 

commonplace for many years[12, 37, 38]. Pulmonary delivery is an attractive alternative 

to oral and subcutaneous injections, to distribute therapeutics through a non-invasive route. 

This approach allows for the delivery of therapeutic compounds to the circulatory system 

while avoiding first pass metabolism. The breakdown of drugs in the harsh conditions of 

the gastrointestinal tract, characterized by the low pH of the stomach and the variety of 

enzymes in this system, is a major limitation for drug delivery[5]. This can allow for 

peptides and ribonucleic acids which are normally injected to be delivered to the body. As 

well other drugs with low solubility in the bloodstream due to their hydrophobicity and 

those susceptible to degradation like emerging RNA therapy can benefit from pulmonary 

drug delivery[5, 33]. 

The lungs are the site of gas exchange where rapid diffusion of gas molecules across 

cellular barriers is continually occurring. This is aided by a thin layer of water covered by 
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lung surfactant on top of a thin layer of alveolar epithelial layer that separates the air from 

the cells of the capillaries. Only a thin barrier exists for gases to pass through, therefore it 

can be a rapid process. The rate at which therapeutics can cross these barriers and reach 

circulation has been well studied and characterized[39]. A fast adsorption leads to a 

decreases the time required for faster onset of the therapeutic effects. The time required for 

drugs to cross the barrier will depend on the chemical nature of the compound. Small 

hydrophobic molecules migrate into the bloodstream at the fastest rate, with a half-life in 

the lungs of around 60 seconds before crossing into the bloodstream while small 

hydrophilic molecules have a half-life of about 60 minutes[39]. For macromolecules, the 

absorption rate is strongly based on size whereby large molecules such as insulin can take 

up to 90 minutes[39]. Alongside the potential for rapid drug absorption into the lungs, the 

respiratory system also presents a large surface for adsorption of molecules.  It has been 

estimated that there are ~300 million alveoli in an adult lung giving a surface area of up to 

100m2 [5]. By utilizing this large area, a substantial amount of nanoparticle drug carrier 

can deposit and be transported across the alveolar membrane into the bloodstream. Both 

the large area and rapid rate of absorption into the bloodstream make the lungs an attractive 

route for drug delivery[40].  

Alternatively, direct delivery of drugs to the lungs is ideal for pulmonary diseases. 

These are difficult to treat due to the sensitivity of the lungs to invasive procedures. 

Localized delivery limits side effects, which is advantageous for anticancer drugs with high 

cytotoxicity[41]. Thus, the inhalation route has been studied in great detail for the treatment 

of lung cancer[41], tuberculosis[42, 43] and cystic fibrosis[4, 44]. Although inhalable 

delivery provides many advantages, there are unique challenges that must be overcome. 
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Being continuously exposed to the external environment the lungs have developed a very 

efficient mechanism to deal with any inhaled materials. Much of the airborne particulate 

matter that our lungs encounter each day, consists of dust, pollen, industrial pollutants and 

small carbon particles derived from combustion (e.g. exhaust from vehicles)[45]. To deal 

with this large number of particulates, the respiratory airways are coated with mucous to 

trap and removed airborne particles via the mucocilliary clearance pathway[46]. Alveolar 

clearance of particulate materials is done in part by alveolar macrophages and the majority 

are removed by alveolar epithelial cells[47-49]. A common observed side effect is localized 

inflammation upon inhalation of particles and can potentially cause further damage to the 

lungs[50-52].  

Inhalable drug delivery using nanoparticles is a relatively new approach in the field 

of medicine starting in the early 2000s[5] in contrast to intravenous injection of drug loaded 

nano-sized carriers, which has been tested since the 1970s[1]. Inhalable treatments take 

advantage of both the ability to target lung diseases directly and the enhanced ability of 

particles to penetrate cellular barriers. Moreover, nanoparticles show a higher propensity 

to be taken up by tumour cells due to the enhanced permeability and retention effect[53]. 

The heightened metabolic demand of cancer cells causes increased angiogenesis, resulting 

in the rapid formation of leaking blood vessels. This results in elevated uptake of nutrients 

from the environment and consequently the observed enhanced uptake of nanoparticles in 

the process[53].   

The use of inhalable drug carriers has been tested for treating lung diseases such as 

tuberculosis by loading nanoparticles antimicrobials which has shown promising 

results[42, 43]. The management of cystic fibrosis using inhalable nanoparticles was found 
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to suffer from mucus build-up which traps a large proportion of the nanoparticles[44]. 

Thus, there are still many challenges to overcome before these drug carriers can reach the 

market. Decreases in the volume air inhaled or exhaled into the lungs (tidal volume) and 

the breathing rate have a strong impact on the effectiveness of inhalable therapies[54]. 

These changes are commonly observed for patients suffering from lung diseases and 

present a large issue for inhalable therapies. Currently respiratory drug delivery uses 

metered dosage inhalers where an aerosol propels the drugs into the lungs[54]. This is the 

more commonly used than dry powder inhalers where patient mobilize the powders into 

the lungs from the mouth as they breathe[55]. Consequently, nanoparticles will need to be 

formulated for use in these inhalers. The majority of nanoparticles are prepared either in 

liquid form which can be nebulized for inhalation or as dry powders that can be sprayed or 

inhaled directly. These methods will need to be developed further to find the optimum 

balance between effectiveness and ease of use for patients. The major pitfall for Exubera™ 

the first inhalable insulin to reach the market was that it included an expensive inhaler that 

was also difficult to use[56]. This eventually led to withdrawal from the market due to poor 

sales, however a new and more effective inhalable insulin formulation AFREZZA™ is 

now available on the market.  

Inhalation of nanoparticles into the lungs forces the particles to migrate down the 

complex branched airways of the lungs[57, 58]. The first major airway encountered is the 

trachea and this goes into the first bifurcation where it splits into the two bronchi tubes. 

This continually splits into smaller airways, the bronchioles and additional branching into 

even smaller airways. This splitting into smaller airways occurs about 19 times before 

reaching the alveolar ducts that contain the alveolar sacs which are made up of several 
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individual alveoli[57]. An illustration of the branching is shown in figure 2. Inhaled 

nanoparticles should reach the alveoli and deposit onto their surface. This is required for 

uptake by alveolar epithelial cells before crossing into the bloodstream.  

 

Figure 2: The different airway structures found within the lungs and the pathways 

which particles must flow through before reaching the terminal region the alveoli.  

 

Nanoparticles cannot be used on their own for respiratory delivery, the small size 

below 200nm results in an aerodynamic diameter that shows poor deposition in the alveoli. 

To overcome this, nanoparticles are entrapped into larger micron size matrices to reach the 

ideal aerodynamic diameter of 1-5um[59]. Particles which fall within this size range 

optimally deposits in the alveolar region[5, 39]. This aerodynamic diameter can be 

calculated for a particle whose size and shape are known from equation 1. 
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Equation 1: 𝑑𝑎 = √(
𝑝

𝑝𝑎
) 𝑑𝑔 

Where da is the aerodynamic diameter, p is the mass density which is the density of 

the bulk material used to make the nanoparticles. In this case pa is the unit density, it is the 

product of the standard spherical particle density (1000kg/m3) and a correction factor to 

account for the volume and speed of the non-spherical particle being measured to a 

theoretical spherical particle. The size and movement of this theoretical particle are used 

in the calculation. The last variable is dg which is the geometric diameter of the particle 

being measured. The particle size and shape must be known before the formula can be used 

to calculate the aerodynamic diameter. This can also be measured for a nanoparticle sample 

using a particle fractionator[60]. 

Different forces act on the inhaled particles based on their aerodynamic diameter 

and the respective region of the respiratory tract. Inertial impaction is observed for particles 

larger than 5 µm, where the majority will be lost in the upper airways such as the mouth 

and throat whereas smaller particles (< 1 µm) are mainly controlled by Brownian 

motion[5]. These smaller particles migrate with the inhaled air to reach the deeper region 

of the lungs and a small fraction will deposit within the alveoli. However, the majority will 

remain suspended in the lungs during inhalation and be subsequently exhaled. The optimal 

aerodynamic diameter is between 1-5 µm, which is significantly larger than nanoparticles. 

Thus, the previously mentioned microparticles are created to entrap the smaller nano-sized 

particles. These larger particles usually have a porous matrix to attain the correct 

aerodynamic properties while still being able to release the smaller nanoparticles during 

deposition. These “Trojan-horse like particles” are made of materials including cellulose 
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derivatives to sugars of various lengths (lactose, maltose or different starches that are used 

to create porous microparticles[59]. These materials should be able to dissolve as the 

particles deposit in the alveoli and dissolving in the alveolar lining fluid thereby releasing 

the smaller nanoparticles. Further formulations have been make that are sensitive to water 

and actively break down upon reaching the humid environment of the respiratory tract[61]. 

In this case, the encapsulated smaller nanoparticles are released as the larger microparticles 

migrate deeper into the airways before depositing directly onto the surface of the alveoli. 

Once deposited the nanoparticle carriers can dissolve and release their active ingredients 

or pass through the alveolar epithelium into systemic circulation and reach in-vivo targets. 

1.4 Nanotoxicity 

The inhalation of different nanomaterials has been studied in detail over the last 10 

years due to advances in technology[33]. This has resulted in the detection and 

characterization of different nanomaterials in the environment which were not previously 

known. Furthermore, this has added to our understanding of the clearance mechanisms of 

inhaled materials and pathogens from the lungs. The harmful side effects of nano-sized 

materials have led to significant interest and growth in the field of nanotoxicology. 

Nanoparticle exposure from the environment are mainly due to particles generated by 

combustion engines and industrial processes. Inorganic carbon nanoparticles are the main 

pollutant generated from engines while industry creates metallic nanomaterials as a by-

product. The toxicity is directly correlated to their physical properties, which include size, 

shape, surface area and surface reactivity. Size affects the persistence of the nanomaterial 

within the body since nanoparticles under 200nm in diameter are not efficiently detected 

and cleared by the immune system[62, 63]. The exact threshold size or critical size for 
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efficient particle detection and clearance is still debated, however nanometer sized particles 

have shown significantly slower clearance rates their micron sized counterparts[31]. Shape 

has a large contribution on the toxicity of nanomaterials, this ranges from spherical to long 

fibrous rods with a high aspect ratio (ratio of length to width) and complex structures as 

those observed in dendrimers. For pulmonary delivery, the inhalation of long fibrous 

materials such as carbon nanotubes has shown toxic as those observed for asbestos[4, 64-

66]. Carbon nanotubes have poor clearance due to the inability of macrophages to clear 

these materials and instead triggers localized inflammation[67]. The extensive branching 

of dendrimers causes difficulty in the ability to correlate toxicity with shape and 

experiments have shown varying results[68]. Surface area was proposed to be related to 

toxicity, where the increased surface area presented by nanoparticles directly correlated to 

nanotoxicity[69]. However, further studies examining this showed large variations in the 

results, where an increased surface area did not always result in elevated toxic effects[70, 

71]. Instead toxicity is most likely correlated to the surface reactivity of a nanomaterials 

whereby the increased surface area only enhances this effect. Faster reacting particle 

surfaces can release ions from metallic nanoparticles to the surrounding environment or 

create reactive oxygen species which can induce inflammation and oxidative stress in 

surrounding tissues[72]. Nanomaterials which do not readily react and degrade in vivo can 

accumulate within liver and spleen, as these organs are responsible for the clearance of 

toxic substances[73]. Gold and silver nanoparticles known for their anticancer and 

antimicrobial properties respectively, also accumulate in the liver and impair liver function 

[74, 75]. In pulmonary delivery inhaled inorganic nanomaterials lead to the same problem 

due to their inability to be metabolized and cleared from the body[76, 77].  
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The problems observed for metallic nanoparticles are not applicable to the 

commonly used biodegradable and non-toxic alternatives in medical applications. 

Although unexpected localized inflammation has been shown in mice upon inhalation of 

nanoparticle drug carriers[51]. This is an unexpected observation since these carriers are 

based on biodegradable non-toxic materials, they should not create side effects. This is 

noteworthy, as no response was observed when the same materials are injected suggesting 

that inflammation is unique to pulmonary delivery. This localized inflammation results in 

measurable increases of cytokines that trigger inflammation, amplifying both macrophage 

and dendritic cell activity. These are IL-6, IL-8, and TNFα, leading to a secondary effect 

of increasing the activity of the immune system, thus an enhanced ability to detect and 

remove diseased tissues was observed[51]. A study using mouse lung cancer models 

demonstrated that these immune effects were directly caused by nanoparticles, both drug 

loaded and empty polyisobutylcyanoacrylate particles demonstrated a similar effect[51]. 

The stimulation of the immune system may become a useful therapy by inducing an 

immune response in diseased tissues within the lungs. Further investigation is required as 

the effects of nanoparticles on the lungs are still unclear.  

1.5 Alveoli and Lung Surfactant 

To optimize the delivery of therapeutics to the lungs, it is important to maximize 

the amount that is deposited in the alveoli where the nanoparticles can cross into the 

bloodstream. In addition, the impact of the drug carriers on the alveoli should be minimized 

since these structures are responsible for gas exchange. Before nanoparticles cross the 

alveolar epithelium they interact with lung surfactant, which plays a crucial role in 

respiratory functions (Figure 3). 
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Figure 3: Schematic of an alveolus to highlight the alveolar type I and type II 

pneumocytes. Where the type II pneumocytes produce surfactant as lamellar bodies 

which are secreted to the alveolar aqueous lining before forming a monolayer at the 

air-water interface.  

 

The alveoli consist of two main cell types, the epithelium type I and type II cells. 

Type I cells form the majority of the alveoli and exist as thin cell layers that of 

approximately 0.5 µm across[78]. Whereas type II cells are responsible for the production 

of lung surfactant and can differentiate into type I cells[79]. A thin aqueous layer lines the 

inside of the alveoli on top of the type I cell and forms the air-water interface. At this 

boundary, the surface tension is reduced by lung surfactant to near zero values to ensure 

that the alveolus will not irreversibly collapse during exhalation. Lung surfactant is a single 

molecule thick layer of lipids and proteins produced as lamellar bodies which are excreted 

towards the air-water interface by type II pneumocytes[80, 81]. Upon reaching the interface 

the lamellar body unravels forming the monolayer at the surface while excess surfactant 

forms a reservoir submerged in the aqueous phase. Upon adsorption, the amphiphilic 
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phospholipids orient the hydrophobic fatty acyl chains towards the air whereas the polar 

headgroups face the aqueous layer. During exhalation, the surfactant is compressed and the 

more fluid components are squeezed out of the film by forming multilayers (Figure 4)[82]. 

These fluid components either move back into the monolayer during inhalation or restored 

by the surfactant reservoir below the air-water interface.  

 

Figure 4: Diagram of the lung surfactant monolayer as it undergoes compression 

during inhalation to form multilayer stacks of lipids and proteins to maintain low 

surface tension. The multilayer stacks must be reversed during inhalation as the 

area to accommodate for the expanding surface areas.  

 

Lung surfactant is made up of 80% phospholipids, 10% neutral lipids and 5-10% 

proteins[81]. The four main proteins are labeled surfactant proteins (SP) A, B, C and D, 

whereby SP-A and SP-D are hydrophillic and not involved with the function of the lipid 

monolayer. Instead these two surfactant proteins play a role in immune defence[48]. SP-A 

has been shown to bind to inhaled material such as bacteria, viruses and allergen 
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particles[83]. SP-A also plays a role in forming the tubular myelin that is important to 

sustain the surfactant reservoir. SP-D adsorbs to nanoparticles exhibiting a wide variety of 

characteristics and affect the clearance rates of the particles and their fate within the body. 

Binding of surfactant components to inhaled foreign materials aids in the ability of immune 

cells to detect and clear debris from the lungs[84]. This has been demonstrated by 

enhancing macrophage uptake of magnetite nanoparticle due to the binding of either SP-A 

or SP-D to the surface[85]. Surface modification of the magnetite nanoparticles with a 

hydrophilic starch or to with phosphatidylcholine to make them more hydrophobic showed 

different binding to the SP-A and SP-D[85]. SP-A preferentially bound to the more 

hydrophilic particles while SP-D was shown to bind more readily to hydrophobic particles. 

The difference in binding may be important for surfactant to handle inhaled nanoparticles 

of varying surface chemistry. Lung surfactant plays an important role in coating inhaled 

particles which may determine their in vivo destination[86]. This potential role is 

highlighted in the protein corona theory, which suggests that once nanoparticles enter the 

body, different biological molecules such as serum proteins can coat the surface thereby 

altering the in-vivo particle detection required for proper clearance[86, 87]. SP-B and SP-

C are hydrophobic and involved in the dynamic function of lung surfactant[88]. Both 

proteins are involved in the formation of lung surfactant monolayer across the air-water 

interface while the spherical alveoli are rapidly expanding and contracting during 

respiration. During these cycles, surfactant must rapidly transition between the monolayer 

and multilayer to maintain a monolayer across the thin aqueous surface while the surface 

area undergoes large changes. Due to this requirement for a dynamic response, the 

phospholipids that make up surfactant contain both unsaturated and saturated lipid species. 
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The zwitterionic phosphatidylcholines and negatively charged phosphatidylglycerols are 

the two main lipid classes, while others such as phosphatidylethanolamine, 

phosphatidylinositol and phosphatidylserine are minor components. The most common 

phospholipid component is dipalmitoylphosphatidylcholine (DPPC), which contains two 

fully saturated 16 carbon tails. These tails allow DPPC to withstand compression to small 

molecular areas which is the reason for its ability to achieve lower surface tension. 

However, the fully saturated tails do not provide the required fluidity for re-spreading to 

the monolayer. Instead, this role is fulfilled by unsaturated lipids, particularly the partly 

unsaturated palmitoyloleoylphosphatidylglycerol (16:0, 18:1). This is the most abundant 

monounsaturated PG lipid and is responsible for imparting fluidity for lung surfactant to 

allow for rapid re-spreading during inhalation. A fine balance between the content of both 

fluid and rigid lipid species are required to allow surfactant to withstand compressive forces 

and to maintain low surface tension during exhalation as the alveolar surface area is 

decreased. On the other hand, the films need to be sufficiently fluid for a dynamic response 

to the increasing alveolar surface area during inhalation. The last major component is 

cholesterol, this steroid represents the majority of the neutral lipids that make up surfactant. 

Despite being a small proportion of lung surfactant (~2-10%) it plays a crucial role in 

function. The concentration is tightly controlled as small amounts are required for optimal 

surfactant activity while elevated levels of cholesterol can impair respiratory function [89]. 

High levels of cholesterol have been observed in lung injury, and concentrations higher 

than 20% have been demonstrated to inhibit surfactant function[90]. Due to the complexity 

of the individual lipids and proteins in surfactant, any large impact on these components 

due to nanoparticles may have a large impact on respiratory function. Many studies have 



 

18 

examined the impact of nanoparticle on surfactant function to evaluate and test 

nanoparticle drug carriers.  

1.6 In vitro methods for studying nanoparticle lung surfactant interactions 

In vitro tests have been used as a preliminary screen of nanoparticles developed for 

pulmonary drug delivery before moving onto animal models. These assessments include 

testing nanoparticles with different lung cell cultures while monitoring for changes in 

markers for toxicity and cell viability studies[58, 91]. As well, biophysical techniques 

directly measure changes in lung surfactant surface activity and film organization in the 

presence of nanoparticles are being used and further developed. The latter method is 

gaining more attention as it provides both a rapid and low cost alternative to using cell 

lines. Biophysical techniques focus on nanoparticles that reach the alveoli where they 

deposit onto the surface and interact with the lung surfactant film. Changes in surface 

activity can be used as a first screen of the potential impact that nanoparticles may have on 

respiration. A minimal impact on surfactant function is required to maintain breathing. If 

the particles destabilize the film and interfere with the ability to reach low surface tensions, 

the open alveolus will irreversibly collapse impairing respiration. 

Several different experimental techniques can be used to measure changes in the 

surface activity of lung surfactant. The three commonly used are the captive bubble 

surfactometer (CBS) [92-94], the pendant drop tensiometer[95] and the Langmuir 

trough[96-102]. CBS aims to mimic the spherical shape of the alveoli while allowing for 

the expanding and decreasing area. A bubble is trapped within a clear chamber with an 

injection needle and this is closed off with a syringe. The injection needle allows for 

surfactant be added to the trapped bubble where it can adsorb onto the air-water interface. 
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The syringe is mechanically controlled to vary the pressure on the bubble allow for 

dynamic compression and expansion cycles. An image of the bubble is captured with a 

camera and used to calculate the surface tension. Lung surfactant alters the surface tension 

at the interface changing the overall size and shape of the bubble. This is calculated by 

taking measurements of both the height and diameter of the bubble[103]. CBS allows for 

the surface tension to be monitored throughout the entire expansion-compression cycles.  

The pendant drop tensiometer uses a hanging drop of water from a mechanically 

controlled syringe[95]. Surfactant is added to the surface of the drop of water where it once 

again forms a layer on the air-water interface due to the amphipathic nature of the 

phospholipids. The area of the surface is altered by the reduction in the volume of the 

hanging drop. Like with the CBS, the surfactant can be submitted to expansion and 

compression cycles. Instead the volume of the drop is altered rather than applying pressure 

to the bubble. A camera is once again used to take images of the droplet to calculate the 

surface tension[95]. The last commonly used technique is the Langmuir trough which holds 

an aqueous subphase where surfactant can be spread on the surface. Two movable barriers 

on either side of the trough reduce the surface area. This decrease in area forces the 

surfactant into closer proximity leading to an increase in the surface pressure as the 

molecules are packed together. A sensor is used to detect changes using a Wilhelmy plate 

made of filter paper. The plate sits at the surface of the aqueous subphase and records the 

surface pressure which is a sum of the buoyancy, gravity and surface tension forces[104]. 

A high surface pressure recorded here corresponds to a low surface tension. Expansion and 

compression cycles can be achieved by moving the two barriers to change the available 

surface area. 
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Different models have been used to mimic surfactants ranging from simple models 

such as DPPC, to simple lipid mixtures and clinical surfactants[97, 99, 102]. The latter is 

an extract of surfactant from either bovine or porcine sources obtained from washing the 

lungs with saline followed by several purification steps. Clinical surfactants are already in 

use as a replacement therapy for premature infants whose lungs do not produce sufficient 

quantities. These model systems have been used for characterizing nanoparticle and lung 

surfactant interactions, with a focus on their impact on surface activity. Large changes in 

the surface activity observed are used to identify potentially toxic nanoparticles. These 

biophysical measurements can be used as an initial screen for potential inhalable 

nanoparticles. Further supplementing the data with imaging techniques showed large 

changes in surfactant film organization while only showing minor decreases in surface 

activity[96].  The correlation of the measured changes in vitro with surfactant inhibition in 

vivo is not fully understood.  

1.7 Objectives 

The aim of the thesis was to advance the understanding of nanoparticle and lung 

surfactant interactions. A five component synthetic lipid model and BLES, a clinical 

surfactant, was used throughout the study. A synthetic lipid model allows for easier 

separation into its individual lipid components to better study the role of each lipid. The 

clinical surfactant was used for comparison of the synthetic model to the effects observed 

in a more complex physiological model. Two different polymeric nanoparticles composed 

of gelatin (GNPs) or polyisobutylcyanoacrylate (PBCA) were used to carry out the study. 

The first objective was to determine the importance of different lipids found in lung 



 

21 

surfactant, to characterize the role of these components and their involvement in 

nanoparticle lung surfactant interactions.  

A few lipid classes may be involved such as phosphatidylglycerol lipids, which are 

the second largest lipid class found in surfactant and are responsible for the fluidity of lung 

surfactant. The overall negative charge may influence their interaction with charged 

nanoparticles. Moreover, cholesterol was examined to determine if it plays a role in 

nanoparticle interactions. This neutral lipid is crucial for normal surfactant function and 

alterations in its concentration or behaviour due to nanoparticles would have a large effect 

[90]. The last major goal was to examine the different ways in which nanoparticles can be 

applied to the surfactant monolayer for in vitro testing on the Langmuir trough. Currently 

in the literature nanoparticles are either premixed with the surfactant or added to a 

preformed surfactant monolayer before surface activity measurements are made. Spraying 

nanoparticles from the air onto a surfactant monolayer is a better mimic of the 

physiological conditions and has recently gained more attention. The different methods of 

particle application differ in the site of interaction with the lipids whether this is with the 

head groups first when adding nanoparticles to lipids in an aqueous phase. The other point 

in interaction is with the acyl chains when nanoparticles are applied from the air. These 

differences may impact the results gained from the in vitro testing which is also relevant 

since such potential differences are currently not covered in the literature. The first 

experimental set-up examined particle premixing with surfactant, nanoparticles and lipid 

films form a monolayer together. The second method adds particles in the subphase where 

they will interact with the lipid headgroups first. Lastly spraying nanoparticles as dry 
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powders from the air will result in interactions with the tails first and best mimic the in vivo 

situation. 

 From these goals, I hypothesize that certain lipids will play a large role in the 

interaction of lung surfactant with nanoparticles. As well the method of application of 

nanoparticles to the surfactant monolayer will have a large impact on the results generated 

and differences in the results may be found between the different methods. 
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Chapter Two:  Materials and Methods 

 

2.1 Lung Surfactant Models 

Synthetic lipids were purchased as dry powders (Avanti polar lipids, United States) 

and are listed in Table 1. Samples were weighed out using a Sartorius MC 5 microscale 

(Sartorius, Germany) to make 1 mM concentrations by dissolving the powders in a 7:3 v/v 

solution of HPLC grade chloroform: methanol (EMD Millipore, Canada). Lung surfactant 

model systems were prepared by mixing 1 mM solutions of the individual lipids to obtain 

the molar ratios as shown in Table 2. Samples were stored as dry films, the organic solvents 

were removed with a stream of ultra-high purity 5.0 argon (Praxair, Canada). These 

samples were then placed in an Isotemp vacuum oven (ThermoFisher Scientific, Canada) 

overnight at 200 mbar to ensure complete evaporation before storage at -80°C. 

Table 1: List of the lipids and their corresponding fatty acid tail lengths used in the 

lung surfactant model. 

 Abbreviation Chain Length 

Dipalmitoylphosphatidylcholine DPPC 16:0, 16:0 

Palmitoyloleoylphosphtidylcholine POPC 16:0, 18:1 

Dipalmitoylphosphatidylglycerol DPPG 16:0, 16:0 

Palmitoyloleoylphosphtidylglycerol POPG 16:0, 18:1 

Cholesterol Chol - 
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Table 2: Molar ratios of lipids used in the lung surfactant models. 

 DPPC POPC DPPG POPG Cholesterol 

PC Model 56.2 10    

PG Model   5 30  

LSM 67.9 12.1 2.9 17.1  

LSM Chol 67.9 12.1 2.9 17.1 2%* 

*Cholesterol is added at a weight of 2% w/w compared to the total weight of the 

phospholipids.  

 

The lung surfactant model (LSM) consisted of a mixture of synthetic lipids and was 

used to study the impact of nanoparticles on its function. A model system was chosen since 

it allows the tight control of the composition and to assess the contribution of individual 

components to identify which lipids play key roles. LSM was made up of the two major 

lipid components of native surfactant, phosphatidylcholine (PC) and phosphatidylglycerol 

(PG) (Figure 5). The phospholipids were mixed at ratios based on mass spectrometry data 

obtained on the composition of lung surfactant from two different studies[105, 106] (Table 

2). In these experiments, lung surfactant phospholipids were separated by the headgroups 

into PC and PG lipids before fatty acyl chain composition was determined by mass 

spectrometry. Dipalmitoylphosphatidylcholine (DPPC) makes up the majority of natural 

surfactant and is directly responsible for the ability to withstand compression to high 

surface pressures (Figure 5). The two fully saturated acyl tails allow for tight packing of 

this lipid to form rigid monolayers that can reach low surface tensions. A small proportion 

of the PC lipids are unsaturated adding fluidity to the surfactant monolayer and primarily 

is made up of palmitoyloleoylphosphatidylcholine (POPC). The negatively charged PG 
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lipids are responsible for most of the fluidity and the ability of the monolayer to respreads 

after being compressed. The majority of the PGs found in lung surfactant are the partially 

unsaturated palmitoyloleoylphosphatidylglycerol (POPG) followed by the fully saturated 

dipalmitoylphosphatidylglycerol (DPPG) (Figure 5). The charged glycerol head group 

electrostatically repels other PG lipids thus reducing the dense packing of the lipids and 

increases the fluidity in surfactant. Lung surfactant requires a balance between the ability 

to withstand film compression as the alveolar surface area is reduced during exhalation and 

the need for rapid respreading as the area is increased during inhalation. The PC lipids 

provide the rigidity to withstand the reduction in surface area of the alveoli whereas the PG 

lipids are responsible for the respreading of the surfactant as the surface area is increased. 

This dynamic function of surfactant is also mediated by the surfactant proteins although 

these are not used in the model. This is due to the difficulty to obtain these proteins and 

fact that lipid model systems have been used extensively as functional models[82, 104]. 

The complex extract BLES (see 2.2) that contains proteins was used as a comparison to a 

functional surfactant replacement.  The model can be further improved by the incorporation 

of more lipids and the inclusion of surfactant proteins. The last component cholesterol was 

added to the total mass of phospholipid at a 2% w/w to complete the current LSM. This 

neutral lipid is required for proper functions and the low amounts of 2-5% w/w ratio reflect 

the composition of native surfactant[90].  
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Figure 5: Chemical structures of the major lipids used in the lung surfactant model 

 

2.2 Bovine Lung Extract Surfactant (BLES) 

The clinical surfactant BLES was a donation from BLES Biohemicals for research 

purposes (BLES Biochemicals, Canada). BLES in an acronym for bovine lung extract 

surfactant and is used in the treatment of acute respiratory distress syndrome in premature 

infants. The suspension was supplied as a 27 mg/mL aqueous saline solution of 

phospholipids and surfactant proteins SP-B and SP-C. BLES was extracted from the 
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aqueous phase into organic solvents in order to use this surfactant model on the Langmuir 

trough. Organic extractions were performed by adding 1 mL of BLES to 1 mL of 1:1 v/v 

chloroform: methanol solution. The resulting suspensions were vigorously vortexed to mix 

both organic and aqueous layers.  The emulsion was then centrifuged at 500 rpm for 5 

minutes to separate both layers, the denser organic phase on the bottom was collected. The 

extraction was repeated twice and all three organic phases were pooled. Phospholipid 

concentrations in BLES were determined using a total phosphate assay[107] before 

cholesterol was added at a 2% weight ratio to obtain the BLES Chol samples. Extracted 

BLES samples were then divided into smaller aliquots that were dried down to form lipid 

films using argon and stored at -20°C. Dry BLES films were redissolved in 7:3 chloroform: 

methanol solutions before being used for experiments.  

The composition of bovine and human lung surfactant is very similar[105, 106, 

108]. BLES contains surfactant proteins B and C making it a more physiologically 

representative model. SP-A and SP-D are removed from BLES as these proteins do not 

play a role in surfactant film function and formation. BLES was used a model to compare 

against the LSM used throughout this thesis. Although natural levels of cholesterol exist in 

both bovine and human lung surfactant, BLES Biochemicals removed the cholesterol in 

the preparation for researchers. Thus, cholesterol was added back to BLES to return it to 

normal physiological levels before use in experiments. 

Total Phosphate Assay (Ames Phosphate Assay) 

The reaction of phosphate with molybdate creates a blue chromophore 

(phosphomolybdate complex) which can be detected by absorbance at 820 nm[107]. The 

procedure proceeds as follows: 5 µL of lipid samples suspended in organic solutions were 
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added into small 10 mm x 75 mm test tubes before complete evaporation of the solvent 

using a stream of argon. 5 µL of a Tris Buffer (20 mM Tris, 150 mM NaCl pH 7.4) were 

added the dried lipid samples followed by brief sonication to resuspend the lipids. Separate 

test tubes were prepared with 5 µL of phosphate buffer (1 mM phosphate 150 mM NaCl) 

and 5 µL of the Tris buffer used to dissolve the lipids, these served as positive and negative 

controls respectively. To each of the test tubes, 30 µL of a 10% w/v solution of 

MgNO3·6H2O in pure ethanol was added followed by gentle heating over an open flame 

to ash the samples. Once the tubes are cooled, 300 µL of a 0.5 M HCl(aq) solution added to 

dissolve the ashed samples. The tubes were then placed in boiling water for 10 minutes and 

then cooled back down to room temperature. Afterwards 700 µL of a mixture of (6 parts 

0.42% w/v (NH4)6Mo7O24·4H2O in 1 M H2SO4 to 1 part 10% ascorbic acid in water) were 

added to each tube and thoroughly mixed. Finally, incubation of the samples at 37°C for 1 

hour forms the blue color which can be measured at 820nm. An absorbance of 0.240 at 820 

nm corresponds to 0.01 μmol of phosphate. All absorbance measurements were taken on a 

Shimadzu UV-1700 (Mandel Scientific, Canada). The acids used for the assay were 

obtained from EMD Chemicals (EMD Millipore, Canada) and all the remaining reagents 

were purchased from Fisher Sci (Thermofisher Scientific, Canada)  

2.3 Langmuir Trough 

Several different troughs were used to study the different methods in which 

nanoparticles were added to the lung surfactant monolayer. The troughs varied in size to 

minimize the amount of nanoparticle required for the subphase experiments and to ensure 

proper coverage of the surfactant film during the spraying of dry powder nanoparticles. All 

troughs used two Teflon barriers that sit on top of the aqueous subphase and move at a 
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constant speed to limit the surface area in which the surfactant can occupy (Figure 6). The 

position of the barriers is recorded using a potentiometer which can be programmed to 

compress and expand the monolayer in cycles by reducing and expanding the available 

surface area (Figure 6). A pressure sensor PS4 records changes in the surface pressure 

using a Wilhelmy plate made of filter paper (Biolin, Finland). Both the area and pressure 

sensors are connected to an interface processor unit which records the data using Nima 7.8 

software (Biolin, Finland). For all of the experiments, the subphase used was Goerke’s 

buffer (10 mM HEPES, 120 mM NaCl, 0.1 mM CaCl2, pH 6.9). This was created by Dr. 

Jon Goerke who studied lung surfactant and used to mimic the natural alveolar lining fluid. 

This buffer has been used in many studies focused on lung surfactant[81, 89, 101] 

 

Figure 6: Schematic of a Langmuir trough to highlight the essential components 

 

2.3.1 Surfactant Nanoparticle Mixtures 

In these sets of experiments gelatin nanoparticles were added to lung surfactant 

models to observe their effects on surface activity and lateral organization of the film. 

Known volumes of lung surfactant model or BLES were prepared to obtain weight to 

weight ratios of surfactant to nanoparticles of 50:1, 20:1 and 10:1. A 70 x 10 cm Langmuir 
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trough with a subphase volume of 450 mL was used for these experiments. The working 

area was 670 cm2
 to 96 cm2 and compression was performed at a rate of 100 cm2/min. The 

trough was first cleaned using the organic solvents methanol and chloroform before the 

subphase was added to remove any lipid contaminants. The barriers were closed to record 

the first surface pressure-area isotherm to ensure a clean subphase, indicated by no 

observable increase in surface pressure. Samples were then sonicated using a bath sonicator 

FS110H (Thermofisher Scientific, Canada) to ensure that lipids and nanoparticles were 

well mixed. Then 40 µL of the sample was deposited dropwise using a glass micro-syringe 

(Hamilton, United States) at the surface of the subphase and left for 10 minutes to allow 

for the organic solvent to evaporate. After this, surface pressure-area isotherms and 

Brewster Angle Microscopy (BAM) images were recorded.   

2.3.2 Nanoparticles in the Subphase 

Two different experimental setups were used to study the interaction of 

nanoparticles from below the surfactant monolayer. This first used a 7 cm x 15 cm 

Langmuir trough with a working area of 88 cm2 with a subphase volume of 50 mL. The 

smaller size allowed for the reduction in the nanoparticle sample required for each trial. 

Solutions of 1 mg/mL or 0.1 mg/mL of nanoparticles in Goerke’s buffer were used as 

subphase in a clean Langmuir trough. Surfactant models in organic solvents were added on 

top of the subphase using a glass micro-syringe (Hamilton, United States); ten minutes was 

allotted for complete solvent evaporation. Surface pressure area isotherms were recorded 

by compressing the monolayer at 20 cm2/min. Isotherm cycles were performed using the 

software to compress the monolayer to an area of 30 cm2 before expanding to 88 cm2 for a 

single cycle and this was repeated until 10 cycles were completed. 
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The second experimental setup aimed to inject nanoparticles into the subphase of a 

preformed surfactant monolayer. In the previous setup, the surfactant monolayer was 

formed in the presence of nanoparticles which could affect film formation. Therefore, a 

preformed monolayer was used as a better mimic of the in vivo situation. A 25 cm x 10 cm 

trough with working area of 235 cm2 was filled with 190mL of Goerke’s buffer as the 

subphase and 20 µL of a 1 mM solution of a lung surfactant mimic were deposited at the 

air-water interface. After 10 minutes the monolayer was submitted to pressure control 

isotherms to reach a target pressure of either 15 mN/m or 30 mN/m. The monolayer was 

held at the target pressure for 2 minutes to allow for lipids to rearrange and maintain a 

stable pressure. During this time a 5mL plastic syringe (BD, Canada) connected with tubing 

to a custom-made needle was underneath the Teflon barrier to inject nanoparticles from 

below the monolayer. Next the barriers were held at their current positions and the surface 

pressure was measured over time using the Nima Software (Biolin, Finland). Before the 

injection of nanoparticles, the monolayer was monitored for 60 seconds to ensure that the 

surface pressure did not rapidly drop off due to unstable monolayers. After this time 1 mL 

of a 19 mg/mL solution of nanoparticles were injected at 1 mL/min using a pump 11 elite 

syringe pump (Harvard apparatus, Canada) to obtain a final subphase concentration of 0.1 

mg/mL. The surface pressure was recorded for an hour or until a maximum final pressure 

was achieved indicated by a plateau. 

2.3.3 Spraying Dry Powder Nanoparticles 

The same small trough used for the previous experiments was also used for the 

spraying experiments.  A smaller working area of 88 cm2 allows for more even coverage 

of the monolayer when dry powder nanoparticles are sprayed. The monolayer was formed 
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by addition 10 µL of a 1 mM solution of surfactant lipids onto a subphase of 50 mL 

Goerke’s buffer. After 10 minutes the monolayer was sprayed with 1 mg of freeze dried 

powder nanoparticles to delivery 20 µg or 167 µg onto the surface of surfactant using a 

DP-M dry powder insufflator™ (Penn Century, United States). A 3mL plastic syringe was 

used to deliver air to force the particles out of sprayer. Surface pressure isotherms were 

recorded by compressing the monolayer at 20 cm2/min. 

2.3.4 Wilhelmy Plate Method for Surface Pressure Measurements  

Surface pressure was measured by using a Wilhelmy plate made of filter paper that 

is wetted by the aqueous subphase. The total forces acting on the plate, are the weight of 

the plate and the surface tension which are pulling down on the sensor while buoyancy acts 

in the opposite direction. The surface tension γ is calculated based on these forces and the 

contact angle as shown in equation 2.  

Equation 2: 𝛾 =
𝐹

2 (𝑤+𝑑) cos 𝜃
 

F is the sum of the forces acting on the Wilhelmy plate in newtons (N), w is the 

width and d is the thickness of the Wilhelmy plate used in meters (m). The contact angle θ 

is usually 0 if the plate is in the correct position which is perpendicular to the water surface 

and thus resulting in cos (0) = 1. Figure 7 diagrams the forces and parameters used to 

calculate surface tension. The Langmuir trough reports the surface pressure rather than 

surface tension and this is determined using equation 3. 

Equation 3: 𝛱 = 𝛾_0 − 𝛾 

Surface pressure is denoted by Π and γ0 is the surface tension of the pure subphase and γ 

is surface tension in the presence of a monolayer.  
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Figure 7: Schematic illustrating the parameters that are used to calculate surface 

tension 

2.3.5 Surface Pressure – Area Isotherms 

 The Langmuir trough records the changes in surface pressure as the area is 

decreased and thus the graphs are read from right to left (Figure 8). As the barriers close 

the molecular area which the lipids can occupy is decreased forcing the lipid monolayer to 

undergo phase transitions[104]. These phases correspond to the lateral organization of lipid 

monolayers and reflect the spatial orientation of the lipid molecules from their interaction 

with neighbouring molecules. Inflections and changes in slope of surface pressure-area 

isotherms denote transitions between different phases (Figure 8). 
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Figure 8: Surface pressure-area isotherm of dipalmitoylphosphatidylcholine 

(DPPC) to highlight the transition between different lipid monolayer phases.  

 

Initially the lipids can occupy a large area before compression starts and thus no 

pressure is observed at 120 A2/molecule (Figure 8). This part of the curved is called “Gas 

phase”, at molecules are in a gas-like state where lipids have unrestricted diffusion and the 

fatty acid tails can adopt random orientations. Further compression of the available 

molecular area forces the lipids to come into contact resulting in the first increase of surface 

pressure. This change indicates the transition into the liquid expanded phase (LE). From 

here the surface pressure will slowly increase as more molecular interactions between 

lipids are occurring. The lipid molecules are forced into increased contact with surrounding 

molecules. Some lipids like DPPC may enter a co-existence phase between both the liquid 

expanded and liquid condensed (LE/LC), which is characterized by a plateau in the isotherm 

whereby the pressure remains constant upon compression (see Figure 8). At this point both 

the more fluid liquid expanded phase exists alongside patches of more rigid liquid 
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condensed phase (LC). Most lipids will transition from the LE phase directly to the liquid 

condensed phase. As we further compress the monolayer, the lipids will adopt the liquid 

condensed phase denoted by another inflection point in the isotherm. In this phase the lipids 

are packed tighter and the fatty acid tails are interacting stronger with their neighbouring 

acyl chains. Additional compression causes the chains to go from a tilted to a perpendicular 

orientation with respect to the aqueous interface (Figures 8 and 9). Once the maximum 

packing density between individual lipid molecules is achieved, further area reduction 

forces the lipids out of plane into either the subphase or towards the air causing the film to 

collapse (Figures 8 and 9). This is denoted by a drop in the surface pressure which is called 

collapse pressure (Figures 8 and 9). This value is used to compare the stability of lipid 

monolayers where high maximum attainable surface pressures before collapse signify 

stable monofilms. Changes in the shape of the isotherm upon addition of nanoparticles 

suggest changes in the organization of the lipids[97]. Shifts in the entire isotherm to the 

right to larger molecular areas correspond to incorporation of particles into the monolayer. 

The opposite shift to the left or smaller areas indicate the loss of material from the surface. 

The transition of lipids through the phases creates domains which can be visualized directly 

at the interface with Brewster angle microscopy or by atomic force microscopy after 

transfer to a solid support. 
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Figure 9: Diagram of the lipid organization at different lipid monolayer phases 

during a surface pressure-area isotherm 

 

2.4 Brewster Angle Microscopy (BAM) 

Imaging of lipids on the Langmuir trough was performed using an EP3 Brewster 

Angle microscope (Accurion, Germany) as shown in Figure 10. A Halyconics active 

vibration isolation table (Accurion, Germany) was used to dampen any vibrations which 

interfere with the imaging (this sits below the Langmuir Trough and cannot be seen in 

figure 10). EP3 V3.20 software was used to operate the microscope and acquire images at 

the air-water interface (Accurion, Germany). 
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Figure 10: Brewster angle microscope shown to highlight the individual components 

and the Langmuir trough used to image the lipid films. 

 

Brewster angle microscopy allows for real time imaging of lipid monolayers on the 

surface of an air-water interface. The technique visualizes lipids at the air-water interface 

without the use of fluorophores thereby eliminating potential artifacts due to the presence 

of these labels. The Brewster angle for an aqueous subphase is approximately 53°C and a 

clean subphase does not reflect light from the surface (Figure 11). With the addition of a 

lipid monolayer the refractive index changes causing the incoming laser light to be 

reflected through the analyzer and into detector (Figure 11)[109].  
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Figure 11: Diagram showing the principle behind Brewster angle microscopy 

 

In the absence of a lipid film the resulting BAM image will be dark (Figure 12 left 

image) while the image of the lipid film shows regions of bright clusters on a background 

of a darker grey (Figure 12 right image). The differences in colour correspond to the 

amount of light being reflected and is due to the height of the lipid clusters, any structure 

that extends from the film is hit first by the laser and will appear brighter. As the monolayer 

is compressed the lipid molecules may arrange to form clusters called lipid domains. The 

formation of these domains occurs for several reasons, this can be to match fatty acyl chain 

lengths to increase van der Waals interactions, by hydrogen bonding between headgroups 

and the separation of a more tightly packed rigid cluster from the more fluid bulk phase. 

Domains appear are bright spots in the BAM images and are the tightly packed LC phase 

where lipids are more organized and protrude from the subphase (Figure 12 red arrow). 

Whereas the darker regions show the LE phase as their packing density is much lower and 

the film is lower than the domains (Figure 12 blue arrow). In many cases, domains will 

coalesce upon further compression to form a uniform film that in BAM as an even light 

grey image (Not shown in Figure 12). 
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Figure 12: Comparison of Brewster Angle microscopy images of the aqueous 

subphase of water in a Langmuir trough (left image) and the presence of a DPPC 

monolayer (right image). The red arrow indicates lipids in the liquid condensed 

phase and the blue arrow of the lipids in the liquid expanded phase. 

 

The BAM software can construct a 3D images based on the intensity of the reflected 

light to show the relative heights of the monolayer being investigated (Figure 13)[110, 

111]. Interpreting the height of the monolayer from the images must be done with caution 

as these do not represent actual heights but as a relative height that can be used for 

comparison of the lateral architecture, e.g. for samples in the absence and presence of 

nanoparticles. Instead the heights should be compared within a single image to illustrate 

the lipid clusters that project further from the monolayer surface. 
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Figure 13: Relative 3D height map (right image) generated from an image of DPPC 

domains obtained by Brewster Angle microscopy (left image).  

 

2.5 Nanoparticle Synthesis 

2.5.1 Synthesis of Gelatin Nanoparticles 

For a single batch synthesis of gelatin nanoparticles (GNPs), 1.25 g of type B 

gelatin obtained from bovine skin type B with a bloom of 225 was added to 25 mL of 

ddH2O in a 125 mL Erlenmeyer flask[29]. A Millipore Synergy 185 water purifier was 

used to produce water with a resistance of 18.2 MΩ·cm (EMD Millipore, Canada) and the 

solution was heated to 40ºC using a hotplate (Thermo Fisher, Canada) to dissolve the 

gelatin. To precipitate out the high molecular weight fraction of gelatin, 21 mL of acetone 

was added dropwise while stirring at 600 rpm until small grains were visible at the bottom 

of the Erlenmeyer flask. This solution was left standing for 20 minutes to allow for the high 

molecular weight precipitate to collect and form a disc on the bottom of the flask. The 

supernatant with low molecular weight gelatin was discarded and the precipitate was gently 

washed with ddH2O. This was redissolved in 25 mL of water at 40ºC and 1 M hydrochloric 

acid (EMD Millipore, Canada) was added dropwise to lower pH to 2.5. Formation of the 
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nanoparticles was done by dropwise addition of the acetone (~65 mL) until a slightly 

cloudy solution with an optical density at 600 nm was between 0.08 and 0.1. The optical 

density was measured using a Shimadzu UV-1700 (Mandel Scientific, Canada) using 1 cm 

by 1 cm open top quartz cuvettes (Starna Cells, United States). Crosslinking of the 

nanoparticles was achieved by adding 250 µL of a 25% v/v grade II glutaraldehyde (Sigma 

Aldrich, Canada) and the solution was left stirring at 600 rpm for 16 hours. A R-200 rotary 

evaporator (Büchi, Switzerland) was used to remove acetone during the synthesis of gelatin 

nanoparticles. The solution was heated to 40°C and the atmospheric pressure was reduced 

to 320 mbar or lower to remove excess acetone. The concentration was determined by 

measuring the mass remaining after evaporating a known volume of the particle 

suspension. With a mass and known volume, the concentration in mg/mL can be calculated. 

After wards suspensions were stored at 4 ºC before being used for Langmuir trough 

experiments. 

To mix gelatin nanoparticle directly into the surfactant lipids, the NPs must be in 

chloroform and methanol solutions. Thus 1 mL gelatin nanoparticles were centrifuged at 

20 000 x g to pellet the particles before resuspension in a 7:3 v/v ratio of chloroform to 

methanol. The concentration was obtained using the previously mentioned procedure.  

Labeling of gelatin nanoparticles with fluorophores was achieved by adding 250 

µL of a 1 mg/mL solution of sulforhodamine 101 acid chloride (Sigma Aldrich, Canada) 

in acetonitrile (EMD Millipore, Canada)[29]. The solution was stirred for 1 hour at 600 

rpm then 250 µL of glutaraldehyde was added to crosslink the nanoparticles. Excess 

acetone was once again removed before storage 4 ºC before being used for experiments. 

Unbound fluorophore was removed by passing the labeled gelatin nanoparticles through a 
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12 x 1 cm Sephadex G-25 size exclusion column twice before being used for dissolution 

studies.  

Scaling up of gelatin synthesis used the same procedure was mentioned previously 

with minor modifications. Instead two flasks with 1.25 g of gelatin was used for the 

precipitation of high molecular weight gelatin. The resulting precipitate was collected and 

combined into a single flask and redissolved in 30 mL water. The gelatin nanoparticles by 

dropwise addition of acetone and crosslinked with 400 µL of 25% v/v glutaraldehyde.  

2.5.2 Synthesis of Polyisobutylcyanoacrylate Nanoparticles 

0.1 g of Dextran 70 Leuconstoc spp. (Sigma Aldrich, Canada) was dissolved in a 

10 mL solution of 0.1M hydrochloric acid. This solution was stirred at 400 rpm and 100 

µL of isobutylcyanoacrylate monomer (Loctite, Ireland) was added. The monomer initiates 

the polymerization of the nanoparticles[26]. After 4 hours, the solution was filtered through 

a Filtropur syringe filter (Sarstedt, Germany) to remove large polymer aggregates. 

Concentrations were determined after evaporating a known volume of the nanoparticle 

suspension, the remaining mass was once again used to calculate the concentration in 

mg/mL. Suspensions were stored at 4 ºC before being used for Langmuir trough 

experiments.  

Labeling of PBCA was achieved by adsorbing fluorophores to the surface[112]. 

Rhodamine 6G (Sigma Aldrich, Canada) was added to a suspension of PBCA nanoparticles 

to reach a final dye concentration 4.4 µg/mL. This solution was left stirring for 24 hours to 

ensure that the majority of the free dye has bound to the surface. Labeled PBCA was used 

without further purification for dissolution experiments.  
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2.5.3 Freeze Drying Nanoparticles 

Nanoparticle freeze drying was performed to obtain dry powders to spray onto a 

surfactant monolayer. Nanoparticles suspensions were diluted to 10 or 1 mg/mL in ddH2O 

before mixing at a 1 to 1 ratio with mannitol. A 5% w/v mannitol (Sigma Aldrich, Canada) 

solution was added at a 1:1 v/v ratio and followed by vigorous mixing with a vortex. Dry 

ice was used to rapidly freeze the samples while preventing the formation of ice crystals 

and then dried using a vacuum freeze dryer (Labconco, USA). After freeze drying, the 

dried crystals were ground to a fine powder using a mortar and pestle before use. At this 

ratio mannitol is an isotonic solution and acts as a cryoprotectant for the nanoparticles 

allowing them to retain their size and ensure rapid dissolution once they are returned to an 

aqueous environment. The mass of nanoparticles used in the freeze drying with mannitol 

was calculated as of the total mass of both NP and mannitol. Once this was known the mass 

of NP in the amount of dry powder used was calculated. 

2.6 Dynamic Light Scattering (DLS) 

Nanoparticle sizes were measured using a Zetasizer ZS (Malvern, USA) with a 633 

nm laser. Before measurements were taken, nanoparticle suspensions were diluted 50X in 

double distilled water before each measurement (20 µL of NPs into 980 µL of water). 

Samples were placed into a FS110H ultrasonic bath for 5 minutes to ensure that 

nanoparticles were properly dispersed. 1 mL of the diluted nanoparticles were added to 

SuperUV cuvettes (ThermoFisher Scientific, Canada) for size measurements. Each sample 

was measured 3 times and each trial is an average of 20 separate runs.  

Dynamic light scattering measures the hydrodynamic radius of the nanoparticle and 

is obtained from their Brownian motion in solution[113]. Light is directed onto the sample 



 

44 

and the scattered light is recorded by the detector. As the particles moves in the solution 

the scattered light undergoes fluctuations in intensity which are slower for larger particles 

as they move slowly than smaller ones. This change is used to calculate the diffusion 

coefficient and then the hydrodynamic radius (rh) using the Stokes-Einstein equation.  

Equation 4: 𝑟ℎ =
𝑘𝑇

6𝜋𝜂𝐷
 

Where k is Boltzmann's constant, T is the temperature in K, η is the solvent viscosity and 

D is the diffusion coefficient.  

2.7 Zeta Potential (ζ-potential) 

The surface charge of the nanoparticles was determined using a Zetasizer-ZS using 

small volume folding capillary cells (Malvern, Canada). These cells have two electrodes 

for application of an electric field and a clear window to measure the diffusion coefficient 

by using light scattering. Samples were diluted 50X in 10 mM NaCl solutions and the pH 

was adjusted to 6.9 using 0.1M NaOH to match that of Goerke’s Buffer before 

measurements were recorded. The salt solution provides the conductivity required for zeta 

potential measurements to counteracts the change in ionic strength as the pH was adjusted 

with sodium hydroxide. All samples were all measured with an applied electric field of 150 

mV at ambient room temperature of 22°C and an average of three different samples was 

recorded. 
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Figure 14: Diagram of the electric double layer of ions that surround a negatively 

charged nanoparticle used for determining zeta potential.  

 

Although zeta potential is not a direct measurement of surface charge, but instead 

is calculated based on the diffusion of the particle and its surrounding ion shell. A charged 

particle in solution will be surrounded by an electric double layer of ions. For a negatively 

charged particle, a layer of oppositely charged positive ions are attracted to the particle and 

interact directly with the surface (Figure 14). These ions are closely attached to the surface 

of the particle and form what is called the Stern layer. Surrounding this is a second shell of 

positive charged ions that are still attracted to the negative particle but are repelled by the 

first layer. This coating of positive charge and a few negatively charged ions form a loosely 

attached shell and is called the diffuse layer. These ions exist in equilibrium between being 

attracted and repelled to the stern layer. At the interface between the charged particle, the 

stern layer surrounding it and the associated diffuse layer is the slipping plane. It is here 

where the particle will migrate as a single entity and is where zeta potential is measured. 

As an electric field is applied, the charged particle will migrate towards the oppositely 
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charged pole. The diffusion of the particle along with its Brownian motion are used to 

calculate the electrophoretic mobility at a known electric field. This is then used to 

determine the zeta potential through using Smulochowski’s equation. Zeta-potential is 

useful for determining stability of nanoparticles in solution as a larger layer of ions prevents 

aggregation between individual particles. A strong potential infers long term stability in 

solution by electrostatic repulsion. 

2.8 Fluorescence Spectroscopy 

Fluorescence measurements on the degradation of labeled nanoparticles were 

performed in superUV cuvettes using a Cary Eclipse fluorescence spectrophotometer 

(Agilent Technologies). All measurements were performed on three separate samples 

which were three times. The parameters use on the spectrofluorimeter were slit widths of 

5 nm and a PMT detector voltage set at 600 mV. For gelatin nanoparticles, the 

sulforhodamine 101 acid chloride fluorophore was excited at 605 nm and the emission was 

scanned from 615 to 700 nm. The PBCA nanoparticles were labelled with Rhodamine 6G 

were excited at 488 nm and measured from 500 to 650 nm. 

Fluorescence occurs when the absorption of a photon of sufficient energy excites a 

molecule promoting an electron from the ground state S0 to an excited state S1 or S2 (Figure 

15 red arrow). As this electron relaxes from the excited state back to the ground state it will 

lose a portion of its energy to non-radiative pathways such as heat to the surrounding 

environment (Figure 15 green arrow) before releasing the remaining energy as an emitted 

photon (Figure 15 blue arrow). Due to the loss of energy the emitted photon is generally of 

lower energy or higher wavelength than the original photon absorbed and this difference is 

known as the stokes shift. 



 

47 

 

Figure 15: Jablonski diagram showing the promotion of an electron to higher 

vibrational energy levels before the loss of energy through an emission of a photon.  

 

2.9 Fluorescence Correlation Spectroscopy (FCS) 

The hydrodynamic radius of both the labeled gelatin and PBCA nanoparticles were 

measured using fluorescence correlation spectroscopy to determine if proper labeling was 

achieved[114]. The diffusion rates of these fluorescent particles were measured using an 

Alba FCS spectrometer and analyzed using the Vista Vision software (ISS, United States). 

Before measurements were conducted the focal volume was determined by measuring the 

diffusion of a known concentration of rhodamine 6G. 400 µL of a 5 nM solution of R6G 

in methanol was added to a Nunc 8-chamber glass slide (Thermo Fisher Scientific, 

Canada). The dye was excited at 488 nm and the resulting autocorrelation function was fit 

using the known concentration, diffusion rate and flow rate of R6G to determine the size 

of the focal volume. Table 3 shows these parameters including W0 is the radius of the focal 

volume in the XY direction and Z0 is length of the focal volume the z-direction. Gelatin 

nanoparticles were diluted by 20X in ddH2O for measurements while PBCA required a 
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dilution of 800X. The hydrodynamic radius of the labeled nanoparticles was obtained by 

fitting autocorrelation function with the determined focal volume. 

Table 3: Parameters of rhodamine 6G (diffusion rate, concentration and flow rate) 

used to determine the size of the focal volume (W0 and Z0)  

Diffusion 

Rate (μm2/s) 

Concentration 

(nM) 

Flow Rate 

(μm/s) 

W0 (μm) Z0 (μm) 

435 5 0 0.333892 8.81023 

 

Fluorescence correlation spectroscopy tracks the diffusion of fluorescent molecules 

across the ellipsoid focal volume excited by the laser. As the fluorescent molecule passes 

through the focal volume an increase in the light intensity is detected. Fluctuations in the 

intensity were fitted to an autocorrelation function to calculate the size of the particles. 

Larger particles diffuse more slowly compared to particles with smaller diameters and are 

reflected in the autocorrelation functions generated. Dilute solutions are required to ensure 

that a single fluorescent molecule or particle passes through the focal volume at a given 

time. Once the focal volume is known the diffusion rate can be calculated by fitting the 

autocorrelation curves of a fluorescent particle using the software. The diffusion rate can 

then be used to find the hydrodynamic radius using equation 5.  

Equation 5: 𝐷 =
𝑘𝑇

6𝜋𝜂𝑟ℎ
 

D refers to the diffusion coefficient and T is the temperature in Kelvins. η is the dynamic 

viscosity, rh is the hydrodynamic radius of the particle being measured and k is the 

Boltzmann constant.  
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2.10 Dissolution Studies 

The degradation rate of the fluorescently labeled nanoparticles were tested using a 

USP (United States Pharmacopeia) dissolution apparatus (Agilent, Germany) with a 

modified cylinder[115]. A custom made plastic cylinder with an open end was covered by 

an 8 kDa cellulose dialysis membrane to allow the fluorophores to diffuse through as the 

nanoparticles degrade (Figure 16). To start the dissolution study 5mL of a 2.5 mg/mL 

solution of labeled nanoparticles in Goerke’s buffer were added to the cylinder. A cap was 

used to seal the cylinder and a stirring rod was attached to the top of the cylinder and 

connected to the dissolution apparatus. The cylinder was then lowered into 100 mL 

Goerke’s buffer which acted as the dissolution medium (Figure 16). The attached rod and 

cylinder were rotated at 100 rpm and dissolution medium was held at 37 ºC throughout the 

study. The time after the initial set-up was set as starting point of the study or time = 0. 

 

Figure 16: Diagram of the modified cylinder and UPS dissolution apparatus used to 

evaluate the breakdown of fluorescently labeled nanoparticles.  
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1 mL aliquots from the dissolution medium were collected at 0, 0.5 hrs, 1 hr, 1.5 

hrs, 2 hrs, 4 hrs, 6 hrs, 12 hrs, 24 hrs for PBCA nanoparticles. For gelatin nanoparticles the 

time points used were 0, 0.5 hr, 1 hr, 1.5 hr, 2 hrs, 2.5 hrs, 3 hrs, 3.5 hrs, 4 hrs, 8 hrs, 10 

hrs, 12 hrs, 24 hrs, 36 hrs, 48 hrs, 60 hrs and 72 hrs. PBCA was shown to degrade must 

more rapidly and fewer time points were required[115]. The concentration of the released 

dye into the dissolution medium was recorded by using a spectrofluorimeter and 

experiments were performed with at least 3 individual samples.   

Labeled gelatin nanoparticles at the same concentration and volumes used for the 

study were incubated with trypsin (BD, United States) for 8 hours at 37 ºC to fully degrade 

the gelatin protein. PBCA was incubated at 37 ºC for 72 hours to allow the nanoparticle to 

fully degrade. Both suspensions were diluted by a factor of 20 to match the same conditions 

of the degrading nanoparticle into the dissolution medium before being measured using a 

spectrofluorimeter. The fluorescence intensity obtained from these samples was chosen as 

the 100% degraded value. These values were used to calculate the percent degraded at the 

different time points.  
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Chapter Three: Nanoparticle Synthesis and Characterization  

 

3.1 Background 

3.1.1 Gelatin Nanoparticles (GNPs) 

Gelatin is obtained from collagen through either acid hydrolysis to form type A or 

base hydrolysis to form type B. This material is attractive for drug delivery because of its 

low antigenicity, non-toxicity and biodegradable properties[7, 116]. Using a protein 

increases the number of modifications that can be made due to the variety of amino acid 

side chains that be modified chemically to change its properties and these modifications 

will have an impact on the drug loading process[116]. Further variations to the nanoparticle 

properties include exploiting the charge by altering the pH to move above or below the pI. 

Gelatin has been approved for medical use since it does not present any toxic side effects 

and it is established as an additive in pharmaceutical preparations.  The low antigenicity 

mentioned previously is ideal for the delivery of drugs while avoid detection by the 

immune system, this is key to minimizing side effects.  

Drug delivery applications aim to take advantage of the protonation state of gelatin 

for the electrostatic attraction of oppositely charged molecules. One example is to attract 

negatively charged nucleic acids (DNA or RNA), the loading efficiency can be enhanced 

through electrostatic interactions with the easily protonated protein. Gelatin nanoparticles 

have gained consistent interest for a wide variety of applications. Such particles have 

demonstrated strong potential for the treatment of tuberculosis by reducing the number of 

bacteria present within the lungs[24, 42]. Efficacy has been demonstrated by loading 

rifampicin into gelatin nanoparticles for inhalable therapies[43]. Gelatin nanoparticles have 
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also been evaluated for the delivery of anticancer drugs, gene therapy and 

vaccinations[116].  

3.1.2 Polyisobutylcyanoacrylate Nanoparticles (PBCA) 

Polyalkylcyanoacrylate nanoparticles are one of the first polymeric nanoparticle 

synthesized for drug delivery and their use in humans is nearing approval ([1, 117]). A 

simple procedure of radical polymerization of the monomer with dextran in an acidic 

aqueous medium formed nanosized particles. Since then improvements to the formulation 

for drug delivery have been studied. These include varying different carbon chains lengths 

as well as increasing or decreasing the branching of the cyanoacrylate monomer[25]. Not 

only is the polymer highly biocompatible, the surface of these nanoparticles allows for 

simple adsorption of different compounds. Selected drugs, fluorescent dyes and targeting 

ligands can be readily adsorbed to the surface simply by adding these molecules to a 

solution of PBCA nanoparticles[112]. These modifications greatly alter the ability of these 

particles to cross different cellular barriers found within the body to delivery drugs. Simple 

modifications such as adsorbing polysorbate 80 to the surface allowed these PBCA 

nanoparticles to cross blood-brain barrier to deliver antinociceptive drugs[118]. Pulmonary 

delivery of PBCA nanoparticles loaded with doxorubicin was performed in mice to target 

alveolar lung carcinoma. Inhalation of these particles demonstrated a better response 

treating lung cancer than systemic injections of the identical formulation[41]. Moreover, 

polyisohexylcyanoacrylate nanoparticles loaded with doxorubicin are in phase 3 clinical 

trials for the treatment of advanced hepatocellular carcinoma.  
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3.1.3 Considerations for Inhalable Drug Delivery 

The previous mentioned characteristics show the advantages to both gelatin and 

PBCA for drug delivery. Despite these advantages there are several challenges that must 

be considered for effective drug delivery drugs to the lungs. The pulmonary system is one 

of the few organs that are continually exposed to the environment and thus the lungs have 

effective mechanisms for clearing inhaled particulates. The larger airways (bronchi and 

bronchioles) are coated with an aqueous mucous layer which traps any inhaled foreign 

debris, while cilia that sits below moves the mucous layer for clearance thus preventing 

inhaled particles from reaching the alveoli.  Nanoparticles deposited in these regions are 

not expected to have a large impact due to the effectiveness of these barriers. Immune cells 

are also found throughout the airways and contribute to removal of inhaled particulate 

matter and pathogens. Nanomaterials have the potential to trigger increased immune cell 

activity and may lead to localized inflammation in the lungs[50]. This is a potential side 

effect that may decrease the effectiveness of drug delivery using nanoparticles. Interactions 

with the immune system depend on the materials used for creating of the drug carriers[70, 

119]. Although organic materials are more readily degraded, they may still strongly interact 

with immune cells. In addition, different compounds or surface active materials can impair 

lung surfactant. Increased levels of fibrinogen and serum proteins found during lung injury 

has been shown to impair lung surfactant function[89]. These proteins adsorb 

competitively to the air water interface thereby reducing the function of lung surfactant. 

Thus, competitive adsorption and concomitant interference also must be considered as 

possible effects of either gelatin or PBCA nanoparticles on surfactant function. 
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3.2 Synthesis of Nanoparticles 

3.2.1 Synthesis of Gelatin Nanoparticles 

Gelatin nanoparticles were synthesized by dissolving the protein polymer in an 

aqueous solvent followed by the addition of an organic solution in which the protein is 

immiscible. This is typically acetone or ethanol, which mixes well with the bulk aqueous 

phase but higher concentrations lead to protein aggregation. The precise and controlled 

addition of the organic solvent maintains the size of these aggregates to stay within the 

nanometer range. Nanoparticles generated here are added directly to surfactant models and 

therefore micro sized particles that have the optimal aerodynamic diameter for alveolar 

deposition were not required. The original procedure was reported by Coester et al in 

2000[30] and further optimized by our collaborators at the University of Alberta[29]. The 

latter protocol was slightly modified in this thesis to overcome two main challenges. The 

first was to reproducibly obtain 90-120 nm sized nanoparticles for both materials. This is 

essential to allow for the comparison of the impact of both nanoparticles on lung surfactant 

based on material rather than size. Initially, the procedure resulted in nanoparticles ranging 

from 100 nm to upwards of over 400 nm. The mean size also varied greatly between 

separate preparations. The second obstacle was to reproducibly scale-up the procedure 

while maintaining a narrow size distribution. 

Several modifications to each step of the procedure were implemented to control 

size variations between batches. These alterations include changing the volume of acetone 

added during the first desolvation step and during the last addition for the formation of 

nanoparticles. Further alterations include the pH of the gelatin solution before the 

formation of nanoparticles, which was tested at low pH values of 2 to 6 and higher values 
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between 8 to 10. Lastly, the incubation time after addition of glutaraldehyde for cross-

linking was tested from 12 to 20 hours. The results of changing these variables are 

highlighted in the next section.  

The first desolvation step originally stated 25 mL of acetone to precipitate the high 

molecular weight gelatin. It was determined that less acetone was sufficient but the 

required volume also depended on the amount of gelatin used where increasing solvent 

needs are required for more gelatin. The higher molecular weight gelatin precipitates first 

but further addition of acetone also causes the undesired low molecular weight fraction to 

fall out of solution causing the large increase in size distribution. To avoid this, acetone 

was added dropwise until small grains of precipitated gelatin were visible. For this step, 

19-22mL of acetone was required and the grain of gelatin will increase in diameter with 

the low molecular weight fraction if more acetone is added. This suspension was then left 

for 10-15 minutes, allowing time for the small fragments of gelatin to form a layer on the 

bottom of the Erlenmeyer flask. Next the supernatant was discarded and the precipitate was 

gently rinsed three times with ddH2O. The high molecular weight gelatin was redissolved 

in 25mL of water at 40⁰C and the pH was adjusted to 2.5 by dropwise addition of either 

1M hydrochloric acid or to a pH of 8 with 1M sodium hydroxide. Nanoparticles 

synthesized at low pHs are more reproducible between separate preparations and have a 

lower polydispersity. For this reason, all the gelatin particles used in the experiments are 

synthesized at a pH of 2.5. Adjusting the pH to these low values ensures that the gelatin 

(pI ~5.5) is fully protonated or deprotonated. This charge is necessary for electrostatic 

repulsion to prevent aggregation during cross-linking. The formation of nanoparticles 

occurs as acetone is added drop-wise and the volume of acetone determines the final size. 
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Controlling the size was achieved by measuring optical density during the formation of 

gelatin nanoparticles. Acetone was added until the solution became turbid indicating the 

formation of particles and an aliquot was taken for optical density measurements at 600 

nm. An optical density between 0.09-0.100 results in nanoparticles with a diameter 

between 90-120 nm (Figure 17).  

Approximately 65 mL of acetone was required to reach the desired optical density 

to yield the 90-120 nm nanoparticles. This volume varies slightly and optical density 

should be used rather than volume of acetone added. After this 250 µL of a 25% v/v 

solution glutaraldehyde was added to cross-link the free amino groups on the surface. The 

crosslinking time was found to be optimal at 16 hours[29]. Most the acetone was removed 

using a rotary evaporator to obtain a final solution volume of ~50 mL. The solution still 

contains small amounts of acetone to help maintain the stability of the gelatin 

nanoparticles. Further removing more acetone only causes aggregation of the particles. The 

resulting solution has a concentration of approximately 22 mg/mL as determined by 

weighing after drying down a known volume as mentioned previously. 

This correlation between OD and size is based on light scattering due to larger 

particles causes stronger changes in light intensity than smaller ones. Correlating size to 

optical density was determined by comparing the resulting gelatin nanoparticles sizes with 

the optical density as the volume of acetone added was increased. 1 mL aliquots were taken 

during the formation of gelatin nanoparticles at different volumes of added acetone. The 

absorbance of these 1 mL samples was measured at 600 nm and then crosslinked using 25 

µL of glutaraldehyde for 16 hours at room temperature. Subsequently, sizes were measured 

by dynamic light scattering after a dilution of the sample by a factor of 50 (20 µL of 
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nanoparticle suspension into 980 µL of water). The optical densities due to different 

volumes of acetone were compared to the sizes measured by dynamic light scattering 

(Figure 17). Only the size range for OD600 values between 0.088 to 0.196 are shown in 

Figure 17. Adding more acetone to increase the OD600 values above 0.200 only further 

increased the average diameter and size distribution. 

 

Figure 17: The resulting gelatin nanoparticle sizes measured by dynamic light 

scattering as the optical density at 600 nm is increased with more volumes of 

acetone.  

 

Scaling up the synthesis procedure was done through minor modifications such as 

increasing the concentration of gelatin, reducing the volume of water to redissolve the high 

molecular weight fraction and combining individual high molecular weight fractions 

before the particles were formed. Increasing the initial amount of gelatin from 1.25 g to at 

least 3 times (4.75 g) led to the formation of larger particles above 120 nm. The volume of 
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water used to redissolve the height molecular weight fraction was reduced to concentrate 

the gelatin and resulted in poor size control. Higher concentrations led to larger particles 

likely due to increased number of gelatin that can aggregate. Combining different batches 

of high molecular weight gelatin from individual preparations led to a reproducible scale 

up of the process with a few minor changes. Approximately 19-22 mL of acetone was used 

to precipitate the high molecular weight fraction in each flask. These were then combined 

and redissolved in 30 mL of ddH2O. This was done to reduce the volume of acetone for the 

formation of nanoparticles, when 50 mL of ddH2O was used the volume of acetone required 

increased to upwards of 200 mL. By using 30 mL total for the combined synthesis, only 

~100 mL was necessary for the final formation of nanoparticles.   

3.2.2 Synthesis of PBCA Nanoparticles 

Size is controlled by the pH of the solution and the molecular weight of the 

stabilizer (such as dextran) used[120]. Lower pH values of 1 are optimal for smaller 

particles between 100-120 nm whereas raising the pH was found to increase the average 

particle size to 250 nm and above. Changing the concentration of the dextran used or the 

average molecular weight alters the resulting sizes[120]. No large modifications were made 

to the procedure[121].  

3.3 Fluorescent Labeling of Nanoparticles 

3.3.1 Labeling of Gelatin Nanoparticles 

The labeling of gelatin nanoparticles was performed after being formed by the 

second addition of acetone but before cross-linking with glutaraldehyde[29]. 

Sulforhodamine 101 acid chloride bound by cross-linking the sulfonyl chloride group with 

the amino group of gelatin protein. This reaction was left for an hour in the dark to allow 
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for the crosslinking to occur and is a rapid process due to the highly reactive 

glutaraldehyde. The suspension was then passed through a size exclusion column to 

remove the free unbound dye.   

3.3.2 Fluorescent Labeling of PBCA Nanoparticles 

The polyisobutylcyanoacrylate nanoparticles were labeled with R6G through direct 

dye adsorption to the surface of the particles[112]. Rhodamine slowly adsorbed to the 

surface and after 24 hours, most the dye was bound as confirmed by fluorescence 

correlation spectroscopy. 

3.4 Characterization of Nanoparticles 

3.4.1 Dynamic Light Scattering 

The hydrodynamic radius of the nanoparticles was measured with a Zetasizer-ZS 

(Malvern) using disposable plastic UV-Cuvettes. All nanoparticle solutions were taken 

directly after synthesis and diluted by a factor 50 (20 µL of NPs suspension into 980 µL 

distilled water or buffer) followed by immersion in a bath sonicator to ensure that particles 

are dispersed in the solution and have not formed aggregates prior to analysis. The DLS 

results presented are from the measurements of the same sample to show the narrow size 

distribution and to ensure the small 100-120 nm size range that was created for use 

throughout the thesis. 

Gelatin nanoparticles synthesized by using the optimized procedure had a size 

range between 100-110 nm and a narrow polydispersity index (PDI) of ~0.112. An example 

of a single batch synthesized where the size distribution shows a Gaussian curve with the 

average size of around 102nm and a PDI of 0.107 (Figure 18). A PDI below 0.1 suggests 

a monodisperse sample[113]. 
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Figure 18: Average size measurements using dynamic light scattering of gelatin 

nanoparticles. The curve is an average of three separate runs from the same batch 

of nanoparticles.  

 

PBCA nanoparticles generated with this procedure had an average diameter of 

100nm. Representative data are shown in figure 19, indicating a size of 103 nm and a PDI 

of 0.077. This method resulted in very consistent nanoparticle sizes of around 100nm and 

the PDI values below 0.1.  
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Figure 19: Size measurement of PBCA nanoparticles using dynamic light scattering. 

The curve is an average of three individual measurements from the same batch of 

synthesized PBCA nanoparticles.  

 

Freeze drying of both nanoparticles did not increase the average size however the 

PDI almost doubled (Table 4). The increased polydispersity is most likely due to the 

formation of larger aggregates during the freeze-drying process. The size distribution curve 

obtained using DLS for both freeze dried GNPs and PBCA curve was no longer Gaussian. 

There was a pronounced tailing of the curve of towards larger particle sizes. Overall the 

1:1 w/w ratio of 5% mannitol to nanoparticles was mostly successful in maintaining the 

average size of the nanoparticles. Increasing the ratio of the of 5% mannitol to 

nanoparticles towards 2:1 or 5:1 also prevented increases in the average sizes. A 1:1 ratio 

was chosen for spraying dry powder nanoparticles to reduce the concentration of mannitol 

that would be present during the Langmuir trough studies. 
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Table 4: Sizes of nanoparticles before and after freeze-drying measured using 

dynamic light scattering 

 Before Freeze Drying PDI After Freeze Drying PDI 

Gelatin  106 nm 0.135 108 nm 0.212 

PBCA  109 nm 0.094 112 nm 0.259 

 

3.4.2 Zeta Potential 

The surface charge or zeta potential of the nanoparticles was analyzed by using a 

Zetasizer-ZS (Malvern, United States). Gelatin nanoparticles were diluted by a factor 40 

upon the addition of 100 µL of nanoparticle suspension to 3900 µL of 10 mM NaCl. The 

pH was varied by a drop-wise addition of 0.1 M HCl or 0.1 M NaOH between pH values 

of 2.5 to 11 in increments of 1 to protonate or deprotonate the protein to change the surface 

charge. A 10 mM sodium chloride solution was used to balance the change in ionic strength 

during the pH adjustment. 1mL of the NPs suspension was used to fill the folded capillary 

zeta cells (DTS1060 from Malvern, United States). Zeta potential was recorded at an 

applied voltage of 150mV and three separate samples were prepared and measured at room 

temperature.  
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Figure 20: Zeta potential of gelatin nanoparticles from a pH of 2.5 to 11.5 in 10 mM 

NaCl.  

 

At pH 2.5 the zeta potential of the gelatin nanoparticles was +16.5 mV (Figure 20). 

A high zeta potential is responsible for stability after the synthesis preventing the 

aggregation of individual particles. As the pH is increased the zeta potential decreases from 

+16.5 and reaches 0 mV at pH 4.6 before the trend becomes reversed and reaches -18.4 

mV at pH 11.5 matching previous data[29]. The surface charge of gelatin is controlled by 

the protonation state of the protein. Gelatin type B has a pI between 4.8-5 (Sigma Aldrich 

Product Information Sheet) and a rapid drop in charge occurring around a pH of 4.8 (Figure 

20). As the pH is increased from 2.5 towards the pI of gelatin the charge is decreased until 

it reaches the pI where it is neutral. Above the pI towards higher pH values results in the 

overall charge becoming negative. This is due to the protonation state of the amino acids 

at low pH which are positive and full deprotonation of the amino acids at high pH.  
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A similar curve was not feasible for PBCA nanoparticles since they rapidly degrade 

at pH’s above 8 and formed large visible aggregates. The zeta potential was measured right 

after synthesis at ~pH 2-2.4 and after adjustment to a pH 6.9 using a 0.1 mM NaOH 

solution. Samples were diluted by adding 400 µL of nanoparticle suspension into 3600 µL 

of 10mM NaCl.  

Table 5: Zeta Potential of PBCA Nanoparticles 

pH Zeta Potential (mV) ± σ 

2.5 -1.28 ±9.9 

6.9 -1.96 ±8.1 

 

Determining the zeta potential of PBCA nanoparticles was difficult due to particle 

instability and aggregation during the experiment as determined when the first and last 

measurement were compared. The diffusion changed and different zeta potentials were 

recorded, as well a large standard deviation was observed. Although the mean surface 

charge determined matched previous studies who achieved a surface charge of around 2 

mV after neutralization[112]. Several variables were changed in attempts to improve the 

zeta potential measurements including increasing or decreasing the salt concentrations and 

varying the applied voltage. Overall this did not result in improvements to the standard 

deviations.  

3.4.3 Fluorescence Correlation Spectroscopy 

Fluorescence correlation spectroscopy was used to ensure both nanoparticle types 

were properly labeled with dyes. The diffusion coefficient observed for the fluorescent 

species should match the diameter of the nanoparticle. DLS was performed on the labeled 
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particles to compare the sizes between the two separate techniques. The 633 nm DLS laser 

used for the measurements may be absorbed by the sulforhodamine 101 acid chloride dye 

interfering with the observed sizes.  

Sulforhodamine 101 acid chloride dye was added in excess to label the gelatin 

nanoparticles. This excess concentration of the dye overloads the detector with fluorescent 

signal because of dye molecules continually entering the focal volume. This prevents the 

detection of fluctuations in the fluorescence intensity and interferes with the decay rate of 

the autocorrelation function. Unbound free dye was removed by passing the suspension 

through a size exclusion column separating the dye from the much larger nanoparticle 

whereby both Sephadex™ G-75 and G-25 were tested for removing free sulforhodamine 

101 acid chloride dye. These Sephadex beads were packed in a Kontes 1 x 10cm column 

until the length of the gel bed was approximately 8cm. The pore size of these materials 

confines nanoparticles to the void volume and rapidly pass through the column whereas 

the small pores of the Sephadex beads trap dye and slow its diffusion through the column.  

 The nanoparticles were synthesized in an aqueous environment and the columns 

were equilibrated with double distilled water to maintain these conditions. Void volumes 

were calculated using 500 µL of a 1 mg/mL solution of blue dextran. This is a large protein 

with a high molecular weight of 2 000 000 that will also elute in the void volume and its 

color can be used to establish the number of drops required to pass trough the column. This 

was repeated at least 3 times to establish the correct number of drops required to define the 

void volume.  

Gelatin nanoparticles were passed through the column in attempts to remove the 

free dye, but it turned out that one pass was insufficient and the collected fraction was 
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passed through the column again before FCS measurements were recorded. In contrast, 

PBCA nanoparticles labeled with R6G did not require size exclusion chromatography. 

Directly measuring a diluted solution of labeled PBCA nanoparticles showed an 

autocorrelation function, which suggested a single species in solution. Both the 

concentration of dye used and the time allotted for adsorption agreed with previous results 

that most the dye molecules in solution were bound to the nanoparticle surface[112]. 

FCS measurements were conducted using a 488 nm laser to excite the fluorescent 

molecules diffusing into the focal volume. The dimension of the focal volume was 

determined using a R6G with a known concentration (5 nM), diffusion coefficient (435 

µm2/s) and flow rate (0 µm/s). Once the focal volume dimensions are known, the diffusion 

coefficient of the fluorescently labeled nanoparticles can be calculated from the software 

and can be used determine the hydrodynamic radius. 

Table 6: Sizes of labeled nanoparticles determined by fluorescence correlation 

spectroscopy 

 Calculated Size (nm) 

Labeled Gelatin Nanoparticles 61 ± 5.8 

Labeled PBCA Nanoparticles 146 ± 7.4 

 

After passing the labeled GNPs through the size exclusion column twice, the 

collected fraction was then diluted by a factor of 20 before FCS measurements determined 

a hydrodynamic radius of 61 nm (Table 6) compared to DLS data showing a diameter of 

102 nm before labeling. Several reasons account for this difference, the 488 nm laser used 

does not optimally excite sulforhodamine 101 acid chloride (λex 586 nm). The 
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autocorrelation function generated shows the presence of two fluorescent species in 

solution. This accounts for the larger labeled nanoparticle and the much smaller free 

unbound dye. Even after two passes through the column the autocorrelation function still 

shows two fluorescent molecules in solution. The 61 nm size was obtained by fitting the 

autocorrelation function to two species whereas smaller size estimates were obtained for a 

single species. The faster diffusing free dye contributes to much of the fluorescence 

intensity fluctuations and the autocorrelation function generated based on these results 

accounts for the errors observed. Since all the data is globally fit to a function using a 3D 

Gaussian distribution, the resulting data may not ideally fit to the mathematical model. 

Measuring the R6G labelled PBCA nanoparticles suggests an increase in the hydrodynamic 

radius with an average around 146 nm compared to 115 nm determined by using DLS. For 

R6G a 488 nm laser optimally excites the dye molecules after the sample was diluted by a 

factor of 800. This was required to keep the readings below the recommended 500 000 

photon count limit of the detector. Although this size is larger than expected, the FCS data 

showed a decay curve indicative of a single fluorescent species. Fitting the measured 

functions using the software showed a single diffusing species with trace amounts of free 

dye in solution. A small increase in the hydrodynamic radius should occur due to the 

presence of dyes on the surface of PBCA nanoparticles. The difference of 30 nm from the 

value measured in the DLS is much higher than expected for the attachment of a dye 

molecule. 

3.5 Dissolution Testing of Nanoparticles 

The degradation and release of fluorescent dye from the labelled nanoparticles was 

monitored using a modified cylinder method[115]. This technique uses a dialysis 
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membrane the allow free fluorophores released from degraded nanoparticles to pass 

through into the bulk medium. Instead of using a dialysis bag, a custom-made cylinder can 

be used with a USP dissolution apparatus in attempts to comply with standard 

pharmaceutical drug release kinetic studies. 

  The labeled gelatin nanoparticles samples measured at different time points were 

compared to a fully degraded sample. This sample was prepared by submitting the diluted 

gelatin nanoparticle suspension to trypsin incubation for 15 minutes at 37°C to ensure full 

hydrolysis of the protein. This sample was measured using a spectrophotometer and 

arbitrarily used as the completely degraded sample where all the fluorophores are released. 

The value obtained was 512 ±22 a.u. and suggested that after 24 hours less than 50% of 

the sample has degraded (Figure 21). 

 

Figure 21: Fluorescence emission of degrading sulforhodamine acid 101 chloride 

labeled gelatin nanoparticles at different time points over 24 hours. Standard 

deviations are plotted of 3 different samples.  
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The high variation between the fluorescence measurements are likely due to 

different amounts of the dye bound to the degrading fragments. The trend is increasing 

over time suggesting that the particles had not fully degraded compared to previous studies 

by our collaborators[115]. The difference is due to the buffer conditions used here to mimic 

the lung environment compared to the compounds used to represent the stomach conditions 

in a similar study[122]. The slope of the graph shows that the labeled particles are 

continually degrading and has not reached a plateau indicating full degradation. A similar 

study was conducted using PBCA nanoparticles under the same conditions but for 72 hours 

since PBCA was shown to degrade over longer time frames. 

 

Figure 22: Degradation of rhodamine 6G labeled PBCA nanoparticles over 72 

hours. Average and standard deviations are plotted for 3 different samples. 

 

PBCA nanoparticles degrade at a slower rate than gelatin and the process appears 

to increase exponentially after 36 hours. At the endpoint of 72 hours the absorbance reaches 
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560 a.u. but it remains on an upward slope indicating the degradation process was not 

completed. To obtain a fully degraded solution of labelled PBCA nanoparticles, a solution 

was left two weeks in the dark at 37°C. This sample showed a final intensity of 758 ±24 

a.u. at 550 nm. This suggests that 75% of the R6G labeled PBCA nanoparticles had 

degraded after 72 hours (Figure 22). PBCA is more stable and full degradation requires 

hydrolysis at higher pH but this was not conducted as it would likely affect the fluorescence 

dye.  

The completely degraded samples showed visible fragments and a loss of turbidity 

characteristic of nanoparticle solutions resulting in large polydisperse sample. The 

fluorescence values obtained from these samples may be due to dye being released from 

the surface of the nanoparticles or from dye attached to the fragments with. The sample 

was arbitrarily set as a completely degraded sample although some nanoparticles may still 

be intact and partially broken down fragments would be able to pass through the 8 kDa 

filter. These numbers may not be completely accurate but show the relative changes in 

degradation rates.  

Overall, the characterization of nanoparticles in the targeted size range of 90-120 

nm was achieved for both materials. Improvements to the synthesis procedure allowed for 

more reproducible synthesis of nanoparticles with a tight size distribution. The time scale 

of the Langmuir trough experiments are less than 4 hours.  Thus, the nanoparticles used 

here are stable throughout the duration of the biophysical characterization of lung 

surfactant model films studies conducted in this thesis.  
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Chapter Four: Langmuir Trough Studies of Lipid and Nanoparticle Mixtures  

 

4.1 Background 

The lungs are one of the few organs that are constantly exposed to the environment 

due to respiration. Inhalation of nano-sized particulate matter occurs either involuntarily 

from environmental pollutants or on purpose as part of pulmonary drug delivery.  

Nanoparticles found in the environment are mainly composed of various metal oxides 

generated during industrial manufacturing processes and include inorganic carbon based 

nanoparticles created through combustion[45]. Particles deliberately introduced into the 

lungs are made from biodegradable organic polymers although a select few metals which 

can be metabolized have been used[14]. The impact of either of these two different 

materials have been studied through different techniques[21, 58]. Among those, cell 

cultures have been widely utilized for assessing any potential impact that particles may 

have on cellular function or signaling[21]. The distinct cell types from the trachea down 

towards the alveoli are well represented by the established cultures[58]. Differences 

between the cell types include transport rates across the membranes, the morphology of the 

cell type including the ability to produce mucous, the size and thickness of the individual 

cells. Advantages of cell cultures include the ability to control the experimental conditions 

to focus on specific cell types and the feasibility of representative models with multiple 

cell lines to better represent physiological conditions[123]. Furthermore, these cells have 

been well characterized and different cell signaling molecules can be monitored to 

determine changes in metabolites. These markers are usually due to oxidative stress and 

inflammation as these effects are commonly observed in the lungs upon exposure to 
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nanomaterials. The other major testing method involves the use of animals, while most of 

the work has been conducted with mouse models. Nanoparticles are administered to the 

mice by utilizing their natural breathing cycle or delivered with the aid of inhalers[37, 124, 

125]. These models allow for a more direct assessment of the impact that nanosized 

materials will have on lungs in vivo. Although caution must be exercised when 

extrapolating data from mice for comparison with humans. 

Studying interactions of nanoparticles with the lungs by using cell cultures or 

animal models yields physiologically relevant data. Although, the many different 

components found in these models limit the ability to identify key targets involved in the 

interaction. In contrast, in vitro methods can be used to mimic the in vivo situation while 

maintaining a tight control of the composition. Lung surfactant models have been used as 

in vitro tools to screen for potential impact of nanoparticles on the pulmonary system since 

it is one of the first barriers for nanoparticles to interact before they are being taken up by 

the epithelial cells in the lungs. Simple mimics using synthetic lipids to match the 

composition of natural lung surfactant have been used as models to study nanoparticle 

interactions. Lung surfactant must be able to maintain a low surface tension in the lungs 

preventing the collapse of the alveoli during respiration. This ability cannot be diminished 

by the presence of nanoparticles and this parameter is used to assess surfactant stability. 

Biophysical measurements are used to measure if the minimal surface tension can 

be achieved. The commonly used techniques include but are not limited to the captive 

bubble surfactometer, pendant drop tensiometer and Langmuir-Blodgett trough. The first 

two methods measure surface tension based on the size of a captured bubble or a drop of 

suspended liquid. A Langmuir-Blodgett trough instead measures the surface pressure 
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which is the difference in surface tension between pure water and the presence of 

surfactant. To compare the techniques, a high surface pressure corresponds to a low surface 

tension. These methods allow for biophysical characterization of the surfactant function in 

terms of stability but additional information can be obtained with microscopy techniques. 

Visualization can be done by transferring surfactant onto a solid support for topography 

mapping by atomic force microscopy whereas Langmuir-Blodgett troughs can be equipped 

with Brewster angle microscopes to directly image the surfactant monolayer at the air-

water interface. 

 In vitro studies which include cell culture studies and biophysical measurements 

have demonstrated several effects that nanoparticles have on lung surfactant function. 

These inhaled nanoparticles have the potential to reduce the ability of lung surfactant to 

reach low surface tensions. Nanoparticles may incorporate into the surfactant interfering 

with the fluidity of the lipid layer and may also impact the ability to form multi-layered 

stacks required to reach low surface tensions. Decreases in surfactant function were 

observed when nanoparticles with a lipophilic coating were added to DPPC[121]. A similar 

effect was also observed for metallic nanoparticles that can also readily adsorb lipids onto 

their surface[126]. In both cases, the surfactant function is impaired due to the loss of lipids 

from the alveolar interface. Decreases in lipids at the interface impairs the ability of 

surfactant to dynamically respond to the changing alveolar surface area during respiration. 

Both proteins and lipid surfactant components have recently been shown to bind to the 

surface of inhaled nanoparticles altering their physicochemical properties[85, 127]. 

Binding of different materials to the surface can modify the surface charge, shape and 

chemical nature such as hydrophobicity. This changes how the particle can interact with 



 

74 

its intended target or it may lead to unwanted side reactions. This also alters their detection 

by the immune system similar to the opsonisation process where complement proteins bind 

to pathogens and affect their uptake into alveolar epithelial cells[84]. This effect has 

already been observed for the delivery of nanoparticles into the body which shows the 

formation of a protein layer on the surface. This layer has been named the protein corona 

and significantly alters the NP distribution within the body[86]. The coating can affect 

physical NP properties such as size and thus has a large impact on the potential effects it 

may have within the body. Binding of surfactant components to the surface of nanoparticles 

has been shown to enhance uptake by macrophages especially when coated with surfactant 

proteins A and D. These proteins are not directly associated with the lipid monolayer and 

are responsible for immune functions therefore their binding to nanoparticles is not 

unexpected. Preferential binding to nanoparticles based on specific surface chemistry was 

observed with SP-D which preferentially targeted more hydrophilic nanoparticles while 

SP-A targeted more hydrophobic nanoparticles[85]. Although, the difference in surface 

coating by the two proteins did not alter the uptake by macrophages. This highlights that 

binding improved immune recognition but it was independent of the nature of the two 

proteins. Coating with surfactant material has a large impact on the toxicity profile as 

demonstrated by treating carbon nanotubes with the clinical surfactant Curosurf[128]. The 

surfactant coated nanotubes were then exposed to monocyte derived macrophages which 

resulted in an increased production of reactive oxygen species while decreasing the release 

of tumor necrosis factor alpha. Glutathione was depleted while the release of pro-

inflammatory signals was decreased. Testing the same coated nanotubes on a more 

complex triple cell-co culture of monocyte derived macrophages, alveolar type 1 epithelial 
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cells and dendritic cells showed an increased production of interleukin 8 which signals the 

recruitment of immune cells. The results are different compared to uncoated carbon 

nanotubes where the production of interleukin 8 and tumor necrosis factor among other 

pro-inflammatory signalling molecules are increased. The large disparity between the two 

different responses highlights the importance of surfactant for drug delivery applications. 

Moreover, the shape plays a major role in nanomaterial toxicity within the lungs, whereby 

those with a high aspect ratio (length to width ratio) have shown stronger effects than their 

spherical counterparts. Long fibrous material such as carbon nanotubes shows similar 

effects to inhaled asbestos resulting in inflammation of the lungs[129, 130]. These fibers 

cannot be removed by phagocytosis which leads to further recruitment of more immune 

cells and further aggravation of the lungs by increasing the release of pro-inflammatory 

cytokines. 

It is due to the previously mentioned effects of surfactant on nanomaterials that in 

vitro testing methods utilize lung surfactant as a screening tool. Models of surfactants 

attempt to mimic the composition of natural pulmonary surfactant by using 2 to 3 synthetic 

lipids to create models with controlled composition. Simpler models allow for the 

surfactant mimics to identify which individual lipid are affected by the presence of 

nanomaterials. The main component of these models is DPPC along with 

phosphatidylglycerol lipids and cholesterol. Better models with more lipids can provide an 

improved representation of the natural composition. For a rapid screen of different 

nanomaterials, a simple reproducible model that better mimics normal functions are ideal. 

More complex models are obtained from alveolar lavage of bovine or porcine lungs that 

are washed with a saline solution to acquire natural surfactant. This is further purified to 
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form clinical surfactants which are available in the market for use in hospitals as a 

surfactant replacement for premature infants. Clinical surfactants are the most 

representative model of natural surfactant but the hydrophilic surfactant proteins A and D 

are removed. Surfactant proteins B and C are left as they associate directly with the lipid 

monolayer and are required for proper function. Although clinical surfactants are a better 

representation of physiological mixtures, due to their complexity it is harder to identify the 

role of specific components that may be responsible for observed effects. As well there are 

variations in the composition and concentration of the clinical surfactants between the 

different suppliers[131]. Similarities between the different clinical preparations are that 

DPPC is the main component with both surfactant proteins B and C are present. These are 

important to form a functional surfactant alongside less specified components such as the 

phosphatidylglycerol lipid class[131].  

The thesis aims to expand on previous work started by former members of the lab 

on studying the impact of nanoparticles on lung surfactant function and organization. 

Initially simple lipid model systems based on dipalmitoylphosphatidylcholine (DPPC) was 

used to investigate the impact of nanoparticles on respiratory functions[97]. DPPC has two 

fully saturated with 16 carbon fatty acyl chains which enable the formation of tightly 

packed monolayers providing the high stability of lung surfactant during exhalation. The 

compression to small molecular areas results in high surface pressures. These DPPC 

monolayers formed on a Langmuir trough were treated with gelatin nanoparticles that had 

a size range between 100 to 200 nm. The maximum attainable surface pressure of 50-55 

mN/m for pure DPPC was only decreased by 10 mN/m even by NPs at high concentrations 

at a 11 to 1 w/w ratio of DPPC to gelatin nanoparticles. This suggested that nanoparticles 
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did not impair the ability of surfactant to reach low surface tensions required to maintain 

breathing. A follow-up study used surface potential measurements to observe changes in 

the orientation of DPPC molecules in the presence of GNPs[98]. This technique is very 

sensitive and detects changes in the orientation of lipids before increases in the surface 

pressure can be recorded. Briefly, the experiments used two electrodes that act as a 

capacitor to measure the change in potential; one is placed within the subphase and the 

other just above the film. As the orientation of lipids changes during compression, the 

alignment of their dipoles is altered resulting in differences of the surface potential [132, 

133]. A large reduction of 350 mV in the surface potential of DPPC was found in the 

presence of gelatin NPs. This change is directly correlated to the incorporation of GNPs 

into the monolayer interfering with the arrangement of the lipids that was not reflected in 

the minor changes in surface pressure. This was followed by imaging of DPPC and gelatin 

mixed monolayers by using Brewster angle microscopy alongside surface pressure-area 

isotherms[96]. This demonstrated that DPPC could reach high maximum collapse 

pressures at any of the concentrations of gelatin nanoparticles tests using weight ratios of 

lipids to nanoparticles of 10 to 1, 20 to 1 or 30 to 1. Nevertheless, imaging of the 

monolayers by BAM showed that gelatin nanoparticles changed the domains from kidney 

bean shaped into more highly branched structures. Increasing concentrations of gelatin 

nanoparticles had more pronounced effects on the overall size and shape of the DPPC 

domains. The unique bean shaped domains of DPPC observed at low surface pressures of 

6 mN/m slowly grow and form so called "tri-lobed structures" exhibiting three branches 

from the center[134]. In the presence of nanoparticles, DPPC domains were broken down 

into smaller domains and increasing concentrations of nanoparticles were correlated with 



 

78 

a further reduction in the domain sizes. Another interesting finding of this work was the 

fact that the presence of GNPs in DPPC monolayers created spikes which protruded from 

the otherwise relatively flat surface of the DPPC film. It is not well understood how the 

presence of NPs within the lipid domains lead to the formation of these 3D structures.  

DPPC alone lacks both the ability to rapidly spread across the interface that is found 

in native surfactant. PG lipids with more fluid acyl chains were added to improve the model 

in a follow up study[99]. These included DPPG, POPG and the corresponding PC, POPC 

whereby the unsaturated components provide the fluidity required for rapid re-adsorption 

of the film to the expanding area. This model also contains both the zwitterionic 

phosphatidylcholine species and negatively charged phosphatidylglycerols in ratios 

reported for the natural films[105]. The last component that completed the simple mimic 

was the addition of cholesterol as it plays a major role in surfactant function[90]. Once the 

new improved surfactant model was tested, an initial experiment with the individual 

components of the model was started. Once again, GNPs with an average diameter of 100 

nm and a positive surface charge were used. Incorporation of nanoparticles in surfactant 

was done by centrifugation and redispersion of the particles into a mixture of 6:4 

chloroform: methanol, before the addition of the surfactant model at a ratio of 10 to 1 of 

lipids to nanoparticle (w/w). This mixed films were added to the Langmuir trough to 

measure alterations to surface activity. Similar to previously mentioned results reported by 

many other studies on complex surfactant models, no significant decrease in the maximum 

surface pressure was observed. BAM imaging during the film compression once again 

showed large changes to the lateral organization of lipids. The more fluid POPC lipid was 

greatly affected by the presence of GNPs which caused the separation of the homogenous 
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film into two distinct lipid monolayer phases. This separation of a single monolayer into 

two different monolayer phases is called lipid demixing. POPC alone exists as a fluid 

homogenous monolayer throughout the isotherm and the presence gelatin caused the 

formation of bright spots along with liquid condensed domains. 

A binary mixture of DPPC and POPC also showed the formation of spikes which 

appear as bright spots within the domains. The negatively charged PGs were strongly 

affected by the positively charged gelatin nanoparticles. DPPG exhibited minor changes 

and the formation of some bright areas at 30 mN/m compared to a uniform film for the 

pure lipids at this pressure. POPG, which is the more prominent PG lipid in surfactant, 

showed minor demixing as indicated by the formation of small clusters throughout the 

compression isotherm whereas the control experiment showed unstructured homogenous 

films for pure POPG film. The combination of both PG lipids formed domains at high 

pressures due to the mismatch between the fluid POPG and more rigid DPPG. The largest 

changes in domain size and shape are only observed when both lipids are present as GNPs 

break down domains and induced a large number of bright aggregates. This indicates strong 

interaction of GNPs with the PG lipids found in surfactant and is most likely due to the 

attraction between the positively charged GNPs with the negative PG lipids. The model 

with all four PCs and PGs also showed the breakdown of the domains formed at the high 

surface pressures in the presence of GNPs. When cholesterol was added, the formation of 

voids or gaps in the film were observed. Overall, the data showed that fluid lipids found in 

surfactant are involved in interaction with nanoparticles. 

 This chapter will expand the initial work conducted by former members of lab as 

discussed above. The remaining chapters will focus on different approaches to adding 
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nanoparticles to the Langmuir trough. Different ratios of lipids to nanoparticles were used 

to add to the data generated by the previously mentioned study. A 10 to 1 weight ratio of 

surfactant lipids to nanoparticles is on higher end of what the lungs are typically exposed 

to[21]. Instead rations of 20 to 1 and 50 to 1 are more realistic and will be tested in the 

experiments presented in this chapter. In vitro studies were performed on the 4 component 

lung surfactant model (LSM) and LSM + Cholesterol (LSM Chol) and were compared to 

Bovine Lipid Extract Surfactant (BLES) and BLES enriched with Chol (BLES Chol). 

4.2 Surface Pressure-Area Isotherms 

To briefly summarize the experimental conditions, 4 different surfactant models 

were tested, the 4-component Lung Surfactant Model (LSM) and BLES both in the absence 

or presence of 2% w/w cholesterol to mimic the physiological ratio of phospholipids and 

cholesterol found in natural surfactant. Gelatin nanoparticles were transferred to an organic 

solvent to facilitate their addition to the phospholipids. The GNPs were centrifuged to form 

a pellet which was then redispersed in 6:4 chloroform: methanol solvent before addition to 

each of the LSM ±Chol and BLES ±Chol models. Centrifugation and redispersion did not 

influence nanoparticle size or stability. Lipid to NP ratios of 10 to 1, 20 to 1 and 50 to 1 

were prepared and spread on a subphase of Goerke's buffer in a 10 x 70 cm Langmuir 

trough. In this set of experiments, nanoparticles are premixed with surfactant lipids, thus it 

should be emphasized that the monolayer is formed in the presence of gelatin nanoparticles. 

Monolayers form due to the amphipathic natural of the lipids molecules will remain at the 

air-water interface. Although some lipids may be lost due to the migration of the more 

polar NPs to the aqueous subphase. Surface pressure-Area isotherms were recorded to 

assess the impact of varying NP concentrations on the lateral compression of the 
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monolayers. All measurements are recorded at least in triplicate and the resulting isotherms 

were highly reproducible since individual trials almost stack on top of each other. The next 

few figures show at least three trials with a difference of less than 5%. 

 

Figure 23: Surface Pressure Area isotherms of the lung surfactant model (LSM) 

with different weight ratios of gelatin nanoparticles. 

 

The LSM control, shown in the blue line in Figure 23 (blue line), exhibits the first 

transition from gas to the liquid expanded phase indicated by the onset of surface pressure 

at larger areas of around 125 Å2/molecule. As the area is decreased, a deflection in the 

slope of the isotherm at around 80 Å2/molecule and 12 mN/m was observed which starts 

to slowly slope upwards. This is likely due to the high DPPC content of the model since 

pure DPPC isotherms exhibit a characteristic plateau between 8-10 mN/m indicative of the 

coexistence of both liquid-expanded and liquid-condensed phases. Past this deflection, the 

pressure continues to rapidly increase until around 40 mN/m, then at an area of 50 
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Å2/molecule a sharp change in the isotherm is observed followed by a short horizontal 

slope. This is most likely due to the squeeze out of the more fluid lipids of POPC and POPG 

from the monolayer. The subsequent steep increase in pressure continues until the 

monolayer collapses at 54 mN/m and an area of 40 Å2/molecule. At this point, lipids are 

forced out of the plane of the film to form multilayers and material may be lost to the 

subphase. The resulting fast pressure drop was not included in the graphs to highlight the 

maximum collapse pressures. 

At the ratio of 10 LSM to 1 GNPs (red line in Figure 23), there is a shift to smaller 

molecular areas occupied by the lipid molecules. The transition from the gas phase to the 

liquid expanded phase also occurs later at around 95 Å2/molecule. This change is 

unexpected considering that the NPs are much larger than individual lipids, and the area 

occupied should shift to larger areas. The most likely explanation is that the polarity of 

gelatin allows for the particles to diffuse into the aqueous subphase. The positively charged 

surface of the nanoparticles can attract the negatively charged PG lipids and pull them from 

the monolayer into the subphase and the molecular areas occupied are shifted towards those 

observed for pure lipids. Isotherms of each of pure lipids that make up the surfactant model 

show the onset of pressure at around 100 Å2/molecule. At 20 to 1 or 50 to 1 ratios, the shape 

slowly becomes more like that observed for pure DPPC. The loss of more fluid components 

from the monolayer during the compression of the surfactant monolayer at higher pressures 

is proposed by the squeeze out theory[79, 88]. Moreover, the larger gelatin nanoparticles 

cannot be packed tightly against neighbouring lipids, and therefore squeezed out of the 

monolayer contributing to a shift to smaller molecular areas. The loss of more fluid material 

supports the shifts to smaller molecular areas in the monolayer. LSM at a 10 to 1 ratio 
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shows a small plateau which occurs at a slightly higher pressure of 14 mN/m than the 11m 

N/m seen for LSM alone. Once again this indicates a transition from the liquid expanded 

to liquid condensed phases. Another change in slope of the isotherm was observed upon 

further compression at 42 mN/m, this is slightly higher (2 mN/m) than seen for the LSM 

isotherm and is attributed to the squeeze out of more fluid components. The maximum 

collapse pressure reached was around 55mN/m which is only a 1 mN/m difference from 

pure LSM. As the concentration of NPs was decreased to a ratio of 20 LSM to 1 GNPs, the 

isotherm starts to shift back towards similar areas as for pure LSM. Both previously 

mentioned changes in slope also reoccurred while the higher pressure for the first inflection 

seen for 10:1 at 14 mN/m was maintained at 20:1. However, the squeeze out of more fluid 

lipids was observed at 45 mN/m, 5 mN/m higher than for both previous systems. This 

suggests an increased rigidity in the monolayer, this is also evident by the steeper slope of 

the green line compared to LSM alone (blue line). The steeper slope of the NP containing 

systems above 42 mN/m for the 10:1 ratio and 45 mN/m for the 20:1 indicates the formation 

of a more rigid phase. Higher ratios of LSM to GNPs (50:1) were expected to display an 

isotherm more like that of the pure LSM. The slope of the curve was like LSM where both 

deflections occurred at the same pressures of 10 and 40 mN/m. The molecular areas where 

the pressure first increases are still shifted towards lower areas compared to the 20 to 1 

system. Overall the impact of the gelatin nanoparticles with lung surfactant model matched 

well with the literature, also showing no significant decrease in the maximum surface 

pressure. Although this indicates that the LSM film remains stable in the presence of NPs, 

the shifts and changes in shape of the isotherm indicate that the organization of the lipids 

within the monolayer has been altered. 
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Figure 24: Surface Pressure-Area isotherms of lung surfactant model with 2% w/w 

ratio of cholesterol (LSM Chol) in the presence of gelatin nanoparticles at different 

w/w ratios. 

 

The addition of 2% cholesterol to LSM does not significantly alter the overall shape 

of the isotherms and does not affect the maximum surface pressure of the control. The main 

change was the shift of the surface pressure onset to lower areas at 110 Å2/molecule as 

compared to LSM at 125 Å2/molecule in Figure 24. The sterol improved the packing of the 

LSM monolayer as indicated by the increase in the collapse pressure to 58-61 mN/m. DPPC 

forms tightly packed lipid clusters in the presence of cholesterol as reported in the literature 

and a similar effect is likely observed here[135]. Upon sterol addition, the deflection point 

was observed at 40 mN/m, while this is at around 45 mN/m when particles are present. At 

a ratio of 10 LSM Chol to 1 GNPs there is a shift to the left compared to LSM, but this 

shift is much smaller (101 Å2/molecule). Once again, this minor shift reflects a loss of NPs 
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to the subphase along with bound lipids. Deflections at 15 and 45 mN/m occur at similar 

pressures as pure LSM but appear to be reduced in the presence of cholesterol. At lower 

NP ratios, minor shifts of the isotherm to smaller areas were observed and the two 

deflection points occurred at higher pressures of 45 mN/m when compared to the control 

LSM Chol and LSM alone. The slope of the isotherms for the NP containing systems after 

45 mN/m showed a steep increase suggesting a very rigid phase not seen for LSM Chol 

but similar to LSM with higher NP concentration. This rigid phase is due to the previously 

mentioned tight packing of DPPC-cholesterol clusters. The last noticeable trend shows that 

decreasing the concentration of gelatin nanoparticles slowly shifts the isotherm back 

towards that of the control. Cholesterol plays a unique role in surfactant function by 

providing the fluidity required to rapidly spread across the increasing alveolar surface 

during inhalation. As well cholesterol improves the function by improving the ability to 

organize into tightly packed clusters as the surface area is decreased during inhalation. This 

was observed by adding 2% cholesterol to the lung surfactant model where higher surface 

pressures were achieved compared to the LSM alone. The isotherms also suggest that 

cholesterol protects the surfactant model from the presence of gelatin nanoparticles. There 

are smaller shifts in the isotherms compared to those of LSM and nanoparticles. The loss 

of fluid components due to the presence of nanoparticles also appears to be alleviated with 

cholesterol. No large changes in the shape of the isotherms shows that cholesterol can 

compensate and improve the ability to reach high surface pressures. This was the first 

indication of the importance of cholesterol in the interaction with nanoparticles.  
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Figure 25: Surface Pressure-Area isotherms of bovine lung extract surfactant 

(BLES) in the presence of gelatin nanoparticles at different weight to weight ratios. 

 

To test the validity of LSM as a mimic of native surfactant it was compared to the 

clinical surfactant BLES (Figure 25). BLES isotherms show the first increase in surface 

pressure at around 110 Å2/molecule and steadily increased until an area of 55 Å2/molecule 

with a pressure of 45 mN/m. At this point the area is decreased without a large change in 

surface pressure resulting in a plateau until the end of the isotherm. This plateau signifies 

the formation of multi-layers where bilayer stacks are stabilized by the surfactant proteins 

B and C found in this clinical surfactant[136]. These multilayers allow lung surfactant to 

reach near zero surface tension as the alveolar area is decreased during exhalation. 

Formation of these multilayers compensate for the reduction in area below what a 

maximum packed monolayer can occupy at the air-water interface. The isotherm slowly 

rises until the plateau and this gentle slope is presumably due to the complex mixture of 
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both saturated and unsaturated phospholipids. In the presence of gelatin nanoparticles only 

shifts but no large changes in the shape of the isotherm are observed. This is not 

unexpected, native surfactant should be resistant to the presence of foreign materials since 

the lungs are continually exposed to the environment and a variety of particulates. Some 

notable shifts are observed at the 10 to 1 and 20 to 1 ratios where the first increase in 

pressure occurs earlier than seen for BLES alone. This is indicative of NP adsorption to the 

film or partial insertion into the film. Full insertion of a nanoparticle into the film would 

shift the molecular areas to much larger numbers due to 120 nm diameter average of the 

gelatin NPs. A small reduction in the collapse pressure of BLES from 47 mN/m down to 

40 mN/m was seen at a 20 to 1 ratio. Moreover, the area of multilayer formation was 

reduced by ~5 Å2/molecule to 50 Å2/molecule and a lower pressure for multi-layer 

formation was seen at 38 mN/m. The 50:1 systems shows an increase in area occupied at 

lower pressures while the 10:1 ratio showed a minor area increase at lower pressures but 

with no pressure change for the formation of multilayers. These changes do not correlate 

with nanoparticle concentration and may be due to the ratio of lipids to particles. Much like 

LSM alone, the 20 to 1 ratio of surfactant lipids to gelatin nanoparticles did not fit with the 

expected trend as the observed changes to the isotherms should decrease along with 

nanoparticle concentration. There may be a correlation between the number of particles 

and the molecules of lipids in the monolayer that determines the extent of NP effects. A 

similar observation has been reported for mixtures of PC and sphingomyelin[137], for 

significant changes in packing, surface potential and domains formation as a function of 

molecular ratios. This may provide a potential rationale for the observed effect but due to 
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the number of different lipids found in BLES, it is difficult to identify which surfactant 

component is responsible for these variations.   

 

Figure 26: Surface Pressure-Area isotherms of bovine lung extract surfactant with 

cholesterol added at a 2% weight ratio to the phospholipids (BLES Chol) in the 

presence of gelatin nanoparticles at different w/w ratios.  

 

 The presence of cholesterol improved the surface activity of BLES similar to the 

result observed with LSM (Figure 26). A significant shift in the isotherm was observed for 

BLES Chol compared to pure BLES which is indicated by the change in the area of surface 

pressure onset to 145 Å2/molecule compared to 120 Å2/molecule for BLES alone. An 

increase in film fluidity is due to sterol inducing demixing of as cholesterol preferentially 

interacts with saturated lipids and this may result in localized higher concentrations of 

unsaturated lipids resulting in the larger surface areas occupied by each molecule. Also, 

the high maximum collapse pressure achieved by BLES was improved with cholesterol. 



 

89 

The observed increase in surface pressure after formation of multilayers shown by the 

plateau is related to the "squeeze out" hypothesis for lung surfactant. This model suggests 

that fluid components will be squeezed out upon surfactant compression thus enriching the 

monolayer in DPPC, thereby allowing further compression to achieve the near zero values. 

A decrease in the surface pressure start of the multilayer transition was observed and 

appears to be a concentration dependent effect. The multilayer transition of BLES Chol 

was seen at 43 mN/m, decreased to 40 mN/m for 50 to 1, followed by ~ 37 mN/m for both 

20 and 10 to 1 ratios. A shift to lower areas was seen for the highest concentration of 

nanoparticles at the 10 to 1 ratio and this was likely due to the removal of lipids from the 

surfactant monolayer. At the lower ratios, minor shifts to larger molecular areas were 

observed suggesting that gelatin nanoparticles cause slight demixing of the lipids in the 

monolayer or adsorption of particles to the interface. The separation of two phases leads to 

less optimal lipid packing thus resulting in the slight shift to larger areas and the shape of 

the isotherm also changes with increasing concentration of nanoparticles. 

Both the LSM and BLES models show that cholesterol alters the interaction 

between surfactant lipids and gelatin nanoparticles. The increased fluidity due to the sterol 

may lead to regions where gelatin particles may interact with surfactant lipids. This 

indicates the importance of cholesterol in both the function of surfactant and its large role 

in interacting with nanoparticles. Overall, the results shown by the surface pressure-area 

isotherms match similar studies from literature[94, 100, 138]. The shifts to smaller areas 

have also been demonstrated for surfactant mimics interacting with gold, hydroxyapatite 

and polylactide nanoparticles; the effects was attributed to the loss of lipids from the 

interface due to coating of the particles [94, 126, 138]. The bare surface of nanoparticles 
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can adsorb different surfactants either through electrostatic interactions with charged 

particle surfaces or through the formation of a particle “corona”[86]. This was highlighted 

by using a surfactant model made up of DPPC, POPG, phosphatidic acid supplemented 

with SP-B or SP-C interacting with polylactide nanoparticles[136]. Increasing 

concentration of NPs also raises the surface area of nanoparticles resulting in more lipids 

bound to the particle surface[136]. The GNPs particles used for this study are uncoated and 

have a slight positive charge based on zeta potential measurements which may attract the 

PG lipids from the interface. 

Small changes in the maximum attainable surface pressure before collapse has also 

been documented in several studies[94, 99, 138, 139]. The resistance of surfactant to 

particles is essential to for respiratory function as large changes can have significant 

consequences. Most of the biophysical parameters of surfactant measured here and in 

several studies in literature observe minor effects due to the presence of nanoparticles. 

Further information on the organization of the surfactant film can only be obtained through 

visualization of the monolayer using microscopy.  

5.3 Visualization using Brewster Angle Microscopy 

Lipid monolayers formed by the lung surfactant mimics on a Langmuir trough were 

directly visualized using a Brewster angle microscope. This method allows for label-free 

and real-time imaging of the surfactant monolayer at the air water interface[109]. 

Observation of the surfactant monolayer can be conducted at any point during the 

compression or expansion of the surface pressure-area isotherm. As the area available for 

the lipids is gradually reduced, the lipids are forced together leading to increased 

intermolecular interactions and in some cases to the formation of lipid domains, tightly 
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packed clusters facilitated by based on headgroup and fatty acyl chain matching leading to 

increased van der Waals interactions. These domains typically are higher than the 

surrounding lipids thus reflecting more laser light resulting in brighter spots in the image. 

Bright spots correspond to lipids in the liquid condensed phase and the surround darker 

areas are lipids in the liquid expanded phase. BAM images for the four-component LSM 

system at varying pressures are shown in Figure 27. LSM is a mixture of zwitterionic (PC) 

and negatively charged (PG) lipids. Both groups are represented by saturated dipalmitoyl 

(16:0, 16:0) and partly unsaturated palmitoyloleoyl (16:0, 18:1). The dipalmitoyl species 

are more likely to pack with each other to create liquid condensed phases resulting in 

domains. Whereas the more fluid palmitoyloleoyl chains favour forming the liquid 

expanded phases as they cannot tightly pack against neighbouring molecules at lower 

pressures due to the presence of the double bond. All individual BAM images shown have 

dimension of 519 x 418 microns and the inserts in yellow are a 2X magnification of a 

section of the larger image 
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Figure 27: Brewster Angle microscopy of lung surfactant model (LSM) during a 

surface pressure-area isotherm. An insert at 2X magnification are shown in the 

yellow box. 

 

Images of LSM can be taken at any point during the surface pressure area isotherm 

to show changes in the organization of the monolayer (Figure 27). All the BAM images 

presented have had their brightness increased by 15% and contrast by 50% to improve 

image quality for printing. Initially, at large molecular areas the lipids are freely diffusing 

without interacting with neighbouring molecules resulting in the low surface pressures 

(Figure 27 top left). These images appear to be mostly dark corresponding to the surfactant 

monolayer representing the gas phase at 0.3 and 4.0 mN/m. As the surface area is decreased 

by the barriers the lipids will be forced into contact resulting in the increased surface 
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pressure and the appearance of lipid domains at 13.6 mN/m. The 4 lipids that make up 

LSM form small circular domains, which were expected as the favourable domain shape 

of lipid mixtures is controlled by thermodynamics and always circular[140]. As the 

monolayer is compressed further, both the size and frequency of the domains also increased 

as seen at 25.5 mN/m. Further area reductions forced domains closer together as seen at 

26.6 mN/m, eventually leading to domain coalescence and the formation of homogenous 

films (Figure 27, between 36.6 to 56.4 mN/m). It should be emphasized that smaller 

domains are below the detection limit of the BAM which is 1 um. Small patches of domains 

have been proposed for cells but cannot be visualized by BAM or fluorescence microscopy 

techniques[141]. From a BAM perspective, LSM forms a homogenous film that is 

relatively flat based on the overall uniform grey colour. 
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Figure 28: Brewster Angle microscopy of the lung surfactant model with different 

weight ratios (w/w) of gelatin nanoparticles from surface pressures of 0.1 to 15.6 

mN/m. Inserts are shown at 2X magnification  

 

The first differences in the film organization was observed when gelatin 

nanoparticles were added to LSM. Images were compared to controls at the lower surface 

pressures in figure 28, and at higher pressures in figure 29. In figure 28, the surface pressure 

increases from left to right while the concentration of NPs is increasing from the top to the 

bottom. LSM shows visible domains until 13.6 mN/m where only small clusters can be 
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seen in the magnified insert. In contrast, the presence of gelatin nanoparticles induces the 

formation of bright spots (indicated by the pink arrows) at all three ratios in a concentration 

dependent manner, as the higher ratios of 10 to 1 show significantly more bright spots than 

20:1 and they are further decreased at 50:1. The driving force are most likely gelatin 

nanoparticles causing the lipids to demix a small fraction of the surfactant lipids from the 

gas or liquid expanded phases. This leads to the formation of the brighter clusters 

containing lipids and nanoparticles and also the formation of lighter grey spots representing 

lipid domains. The formation of these clusters at very low pressures indicates that 

nanoparticles have a strong effect that is weakened as the surface pressure is increased. 

BAM images in the center column in figure 29 show that these clusters start to disappear 

upon compression which suggests that nanoparticles may be squeezed out the monolayer. 

The contrast between these spots with the background of liquid expanded phase starts to 

decrease as the monolayer undergoes compression until domains reform at surface 

pressures above 10 mN/m. The major distinction here is the formation of lipid domains at 

much lower surface pressures of 8.9 mN/m at 10:1 compared to 13.6 mN/m for LSM alone. 

The domains at 15.4 mN/m in the 10:1 systems are more like those of LSM at 25.5 mN/m 

in figure 27. A similar trend of earlier domain formation was also seen for the 20 to 1 in 

figure 28, although the number of domains at 8.3 mN/m is much less than for 10 to 1. Even 

at 12.4 mN/m more domains are apparent in the 20 to 1 ratio compared to LSM alone. At 

the lowest ratio of 50 to 1, visible spots are also observed at 0.1 mN/m while the majority 

of the monolayer is in the gas phase. Dark areas are observed and are highlighted by the 

blue arrows. Dark regions in the BAM images show the subphase since no film is present 

to reflect light into the camera. Further compression results in the growth of these domains 



 

96 

as seen at 15.6 mN/m which is again more than what was observed for LSM alone (Figure 

27). Gelatin nanoparticles are able to demix the lung surfactant model and cause the 

formation of small bright clusters. At low surface pressures the lipid monolayer is not 

tightly packed and gaps between neighboring molecules allows for gelatin nanoparticles to 

partially insert affecting the lateral organization. Although this impact is reduced upon 

compression when these clusters disappear, likely due to the squeezing out of 

nanoparticles. However, the earlier formation of domains upon compression at ~8 mN/m 

supports the loss of more fluid components to the particle surface. More rigid lipids such 

as DPPC can form domains as their fully saturated acyl chains readily promote liquid 

condensed domains. BAM images for the same samples at higher surface pressures ranges 

are shown in figure 29. At this pressure range, LSM domains above 26.6 mN/m slowly 

coalesced into a continuous phase as shown for 36.6 mN/m (Figure 259). Most of the 

domains at 44.2 mN/m have almost fully merged into a film where features are hard to 

discern from the background. The presence of nanoparticles delays the merging of domains 

at higher surface pressures. This was already evident at the lowest ratio of 50 to 1 whereby 

domains can be clearly visualized at 30.6 mN/m.  
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Figure 29: Brewster Angle microscopy of the lung surfactant model with different 

ratios of gelatin nanoparticles at surface pressures of 23.7 to 44.2 mN/m. Inserts are 

2X magnification  
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Figure (30): Domain sizes of lung surfactant model with gelatin nanoparticles at 

different weight ratios along. 

 

The domain sizes from the BAM images were measured and averaged and are 

shown in Figure 30. Images without discernible domains could not be measured and were 

excluded from Figure 30. LSM does not exhibit domains until the surface pressures reaches 

20 mN/m. Overall, the domain sizes are not largely different at low surface pressures 

however size variability increases at surface pressures above 23.7 mN/m. The most 

noticeable trend was seen for the 10 to 1 ratio where domain sizes increased from 8 – 23 

mN/m but these disappear into the film as the area was further reduced. At the higher 

pressure ranges the variability between domain sizes is much greater in the presence of 

more nanoparticles.  

Additional information can be obtained from the BAM images by using the EP3 

software to generate 3-D maps. These are based on the different intensities of light reflected 
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from the images where the brighter spots correspond to an elevated height. It should be 

noted that relative heights in the z direction; protruding from the plane of the monolayer 

are obtained. These are not actual height measurements from the surface and so only 

qualitative comparisons between images can be made.  

 

Figure 31: 3D maps generated from the Brewster angle microscopy images of the 

lung surfactant model at the different surface pressures. 

 

Surface pressures below 13.6 mN/m were not included in figure 31 for the LSM 

since these films are relatively flat and do not show any features. The first small lipid 

domains can be observed at 13.6 mN/m but they are not very distinct from the background. 

Larger lipid domains were observed at 25.5 and 26.6 mN/m and represent liquid condensed 

clusters that stick out the monolayer. Much like in the BAM images, the domains merging 

can also be seen in the bottom panels of figure 31. As the LSM monolayer is further 
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compressed, the domains disappear by merging into a continuous film. The colour change 

observed from the mostly red background to an orange colour signifies to increased height 

as the monolayer is becoming more tightly packed forming a continuous liquid condensed 

phase.  

 

Figure 32: 3D maps of lung surfactant model with gelatin nanoparticles generated 

from Brewster angle microscopy images at low surface pressures. 

 

The presence of gelatin nanoparticles in the lung surfactant model results in the formation 

of protrusions from the plane of the monolayer. At the 20 to 1 ratios, less protrusions are 

seen (Figure 32). While many spikes are visible at a 10 to 1 ratio and persist even at 8.9 

mN/m. This has been reported several times in the literature and the spikes are thought to 

be a cluster of lipids and nanoparticles[96, 139, 142]. The formation of these clusters only 

occurs in the presence of nanoparticles and they protrude to a greater extent than observed 

for lipid domains. It was assumed that based on their size in the µm range, these structures 

are formed by the clustering of nanoparticles and surfactant. This suggests a large 
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clustering of both the ~100 nm gelatin nanoparticles and the much smaller ~40-60 Å2 

phospholipids. Atomic force microscopy imaging of surfactant mimics with nanoparticles 

have also shown these spikes[139] and this technique quantitatively measures the height in 

the z-direction. Spikes have been previously observed in surfactant without nanoparticles 

at the onset of the monolayer to multilayer transition[143]. This spike was due to a section 

of the bilayer being forced out of plane before folding to form the multilayers which occurs 

at high surface pressures of around 40 to 45 mN/m and in contrast to spikes observed here 

at the lower pressures. 

 

Figure 33: 3D topography images generated from Brewster angle microscopy of 

lung surfactant model with different weight ratios of gelatin nanoparticles at surface 

pressures of 23.7 to 42.0 mN/m. 
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At the higher surface pressures the monolayer displays domains in the BAM image 

and each of those domains appear as a bump in the topography image (Figure 33). There 

are no large differences at this pressure range for GNPs treated samples, spikes were only 

observed at the highest concentration (10 to 1 ratio). The monolayer is tightly packed at 

this pressure range therefore particles should be squeezed out of the monolayer and unable 

to form spikes. 

 

Figure 34: Imaging the lung surfactant model with 2% w/w ratio of cholesterol to 

total phospholipid mass using Brewster angle microscopy. Inserts highlighted are at 

2X magnification of a section of the acquired image. 

 

Adding cholesterol to the LSM reduces the line tension between the domains, 

making it difficult to differentiate between the domains in the liquid condensed phase and 
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those in the liquid expanded. Cholesterol is known to disrupt domain formation by 

improving the mixing between the different lipid phases of the monolayer thereby 

interfering with the ability of lipids to pack into liquid condensed forming lipid 

domains[135]. Thus, there is a reduction in the number of domains visible throughout the 

entire isotherm as highlighted in figure 34. Small circular domains are visible at both 0.1 

and 0.8 mN/m and they start to disappear as the surface pressure is increased to 7.4 mN/m 

(Figure 34). Further reduction of the surface area causes domains to return as observed at 

17.8 mN/m but the contrast is much lower than for LSM alone.  Lipid domains are harder 

to differentiate from the darker liquid expanded phase and this is due to the presence of 

cholesterol. The number of domains in the image is similar to LSM alone at both pressures 

ranges of 20-30 and 30-40 mN/m. Lipid domains have almost completely merged into a 

homogenous film at 40.9 mN/m. 
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Figure 35: Brewster Angle microscopy images of the lung surfactant model with 

cholesterol at different ratios weight ratios of gelatin nanoparticle. Inserts are at 2X 

magnification. 

 

The addition of gelatin nanoparticles to the LSM Chol model caused a significant 

increase in the number of domains formed at all concentrations tested (Figure 35). This 

indicates that gelatin nanoparticles cause a large portion of the surfactant film to demix 
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inducing the formation of lipid clusters.  Lipid domains are observed at low surface 

pressures of 0.2 mN/m whereby the number increases with the concentration of gelatin 

nanoparticle. This early formation of bright spots (indicated by the purple arrows) and lipid 

domains (light grey circular clusters) was enhanced by the presence of cholesterol. In 

comparison to LSM Chol where a few domains present at lower pressures eventually merge 

into a homogenous film as the pressure was increased. While in the presence of gelatin 

nanoparticle the number of domains remains throughout the entire pressure range. A 

concentration dependent effect was observed with fewer domains for 50 to 1, further 

increasing in number at 20 to 1 and again at the 10 to 1 ratio. At surface pressures between 

12–18 mN/m domains are visible in the presence of gelatin nanoparticles, whereas domains 

merged in the LSM Chol system. Above 20 mN/m lipid domains are present for all the 

gelatin nanoparticle treated samples where it once again displayed a concentration 

dependent trend. The lowest ratio of 50 to 1 shows domains merging into the background, 

this is much like the LSM Chol alone. 

At higher surface pressures of 30-42 mN/m the presence of gelatin nanoparticles 

again induced domain formation (Figure 36). LSM Chol at high pressures exist as a mostly 

homogenous film but upon NP addition, small domains are visible at both 30.4 and 40.9 

mN/m. The domains above 20 mN/m shown in figure 35 remain at higher surface pressure 

range and once show a concentration dependant effect. The lowest ratio of 50 to 1 LSM 

Chol:GNPs showed the merging of domains while these are more prominent in the 20 to 1 

and 10 to 1 ratios. The presence of cholesterol appears to play a large role in the interactions 

of gelatin nanoparticles with lung surfactant models. The formation of domains suggests a 
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large impact on the organization of the lipids at the interface as the demixing is much 

stronger than for pure LSM with particle 

 

Figure 36: Images of lung surfactant model with cholesterol at different ratios of 

gelatin nanoparticles at surface pressures of 30.3 to 43.2 mN/m. Inserts are at 2X 

magnification of a region in the image.   
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Figure 37: Domain sizes of lung surfactant model with cholesterol at varying surface 

pressures with different weight ratios of gelatin nanoparticles.  

 

Cholesterol causes domains to form at the low surface pressures of LSM rather than 

above 20 mN/m. This sterol reduces line tension and decreases the domains thus reducing 

the size variation between the different concentrations of GNPs except for the 10 to 1 ratio 

(Figure 37). This creates large domains at high surface pressures and supports the 

involvement of cholesterol in particle surfactant interactions.  
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Figure 38: 3D images generated from the Brewster angle microscopy images of lung 

surfactant model with cholesterol and different concentrations of gelatin 

nanoparticles at low surface pressures. 

 

LSM Chol alone has a relatively flat topography where very few lipid domains 

appear as bright bumps which is expected since cholesterol reduces the line tension 

between domains (Figure 38). At the lowest concentration of nanoparticles (50 to 1 ratio), 

small spikes can be seen at 0.2 mN/m which increase in frequency at 1.2 mN/m. These tall 

spikes collapse and merge with the LSM Chol film as the area is further reduced however 

small spikes are still visible at 26.3 mN/m. The number of these protrusions increased with 

concentration as observed for the 20 to 1 ratio and eventually broke down as the pressure 
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is increased. This trend is also observed at the highest concentration of 10 to 1 ratio and 

domains are once again visible above 20 mN/m. 

The formation of domains was much more apparent at higher surface pressures and 

increased gelatin nanoparticle concentrations (Figure 39). LSM Chol remains a 

homogenous flat film while lipid domains and spikes were still present at both the 20 to 1 

and 10 to 1 ratios. Small domains are visible at 50 to 1 ratio and follow the overall trend 

with increasing gelatin nanoparticle concentrations.   
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Figure 39: 3D images at high surface pressures of lung surfactant model with 

cholesterol in the presence of gelatin nanoparticles at high surface pressures from 

30.4 to 43.2 mN/m. 

 

The presence of cholesterol greatly changed the lateral organization of lipids in 

LSM by inducing the formation of domains. Spikes were observed for both LSM and LSM 

Chol in the presence of gelatin nanoparticles, however the number of domains at lower 

pressures was greatly increased. It appears that cholesterol increases the demixing of the 
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lipid film in the presence of nanoparticles. This is strange as cholesterol decreases line 

tension resulting in the reduction of domains but instead appear to increase the formation 

of domains in the presence of gelatin nanoparticles. The LSM will be compared to BLES 

and BLES Chol with nanoparticles to observe if these changes still occur in more 

physiologically representative samples. The presence of both SP-B and SP-C in BLES may 

influence the film organization in the presence of nanoparticles.  

 

Figure 40: Brewster Angle microscopy images of bovine lung surfactant extract 

(BLES). Inserts are at 2X magnification. 

 

BLES alone displayed bright spots throughout the entire pressure range that was 

imaged (Figure 40). These bright spots may be stabilized by the presence of the proteins; 
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similar structures have been observed for the hydrophobic membrane protein EmrE[111]. 

Small circular lipid domains appear at around 20 mN/m and their size increases with the 

surface pressure. Domains merging to form a continuous film can be observed at 40.3 

mN/m which correlates with the monolayer to multilayer transition. BLES undergoes this 

transition from 45-50 mN/m and bright spots start to disappear most likely being 

incorporated into these folds. At 42 mN/m there are no longer bright spots, although there 

are dark spots throughout suggesting voids in the film.  

BLES exposed to increasing concentrations of GNPs was imaged as shown in 

figure 41. Once again, the presence of GNPs was able to cause significant demixing of the 

film at low surface pressures. Both bright clusters and lipid domains were observed 

between 0-8 mN/m, but disappear with increasing surface pressure. These results are 

similar to those observed for LSM with GNPs as both films show demixing at low surface 

pressures. Bright spots are observed in BLES and are also found at all nanoparticle 

concentrations. A concentration dependent effect is once again observed whereby the 50 

to 1 ratio showed domains similar BLES control at 21.7 mN/m (Figure 40). At the 10 to 1 

and 20 to 1 ratios the formation of domains around 20-25 mN/m was not as strong as seen 

in the domains in the inserts (Figure 41). Moreover, these lipid domains do not show a 

strong contrast against the background. 
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Figure 41: Comparison of BLES with different weight ratios of gelatin nanoparticles 

using Brewster Angle microscopy. Inserts are at a 2X magnification  
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Figure 42: BLES with gelatin nanoparticles at high surface pressures observed 

using by Brewster Angle microscopy. Inserts are at 2X magnification 
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BLES with gelatin nanoparticles films did not show large differences at the higher 

surface pressure range from 27.3 to 40.3 mN/m when compared to BLES alone (Figure 

42). These pressures approach the multilayer transition therefore nanoparticles are likely 

squeezed out as the lipids form these bilayer stacks.  

 

Figure 43: BLES domains sizes with different weight ratios of gelatin nanoparticles. 

 

 No domains are observed for BLES until surface pressures above 20 mN/m and no 

significant differences were found with nanoparticles (Figure 43). BLES domains do not 

greatly change in the presence of GNPs.  
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Figure 44: Relative 3D topography images generated from the Brewster Angle 

microscopy image of BLES with different weight ratios of gelatin nanoparticles. 

 

Spikes were observed for BLES in the absence of nanoparticles which may 

represent clusters of lipids with the hydrophobic surfactant proteins B and C that may 

interact with the hydrophobic tails of the lipids and extend out towards to the air (Figure 

44). Other explanations found in literature suggest the formation of long bilayer spikes 

protruding from out of the surface before multilayer formation. These long bilayer stacks 

form and stick out into the air before they fold and stabilize into multilayer structures[143]. 

Nevertheless, this hypothesis would not explain the formation of the spikes at very low 

lateral pressures that are well below film collapse. These spikes disappear in BLES at 20 
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mN/m (Figure 44) and only re-emerge at higher surface pressures of 27.3 mN/m (Figure 

45). The 3D image analysis is not quantitative and does not allow an assessment of film 

thickness or actual height. Instead relative heights between different areas of the image 

should be compared such as the spikes and domains. The presence of nanoparticles results 

in an increased number of spikes at lower surface pressures but these eventually disappear 

as the area is reduced.  

Domains are observed again at pressures above 20 mN/m and show minor 

differences compared to BLES Chol alone (Figure 45). Small reductions in the domains an 

be seen with increasing nanoparticle concentration, but are still present throughout. At this 

pressure range, spikes are expected due to the multilayer transition, however these spikes 

appear to be smaller with higher concentrations of nanoparticles. Gelatin may interfere 

with the formation of the initial multilayer transition, although it does form due to the 

observable plateau in the isotherms. 
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Figure: 45: 3D images of BLES with different weight ratios of gelatin nanoparticles 

generated from Brewster angle microscopy for surface pressures of 27.3mN/m and 

above 
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Figure 46: BLES with 2% cholesterol imaged using Brewster Angle Microscopy. 

Inserts are at a 2X magnification. 

 

The addition of a physiological amount of cholesterol to BLES changes the domain 

formation at low surface pressures. In contrast to BLES alone, there are now small visible 

domains below 0.1 mN/m that increase in number as the monolayer is compressed (Figure 

46). Bright spots are still visible throughout the entire surface pressure range but are harder 

to discern at 39.3 mN/m. Cholesterol reduces the line tension close to zero, causing the 

brighter liquid condensed and darker liquid expanded phases to merge. The contrast 

between areas of lipid domains and the background decreases making lipid domains harder 

to observe as seen in the inserts for pressures above 18.3 mN/m. Like BLES alone, these 
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domains merge into a film at higher pressures of 39.3 mN/m before undergoing the 

transition to multilayers. The merging of domains may be due to the size reduction of these 

domains in the presence of cholesterol making them harder to observe. Natural lung 

surfactant is believed to still form very small lipid domains which cannot be observed using 

AFM or BAM [141]. More recent evidence using better detection methods suggests that 

similar small domains are observed in cells[141]. 

 The presence of GNPs in BLES Chol showed similar results as BLES alone at the 

low surface pressures (Figure 47). Domains and bright clusters were observed for all 

nanoparticle concentrations tested and the effects were most noticeable at low surface 

pressures. A higher number of lipid clusters and domains are observed compared to BLES 

Chol alone. The trend follows a dose dependant manner where stronger effects were 

observed at the higher concentrations. These clusters dissolve as the pressure is increased 

and return closer to values observed for BLES Chol, although clusters can still be observed 

for the 20 and 50 to 1 ratios. The bright spots are the same as observed in BLES Chol alone 

and persist in the presence of GNPs. This film organization is in strong contrast to figure 

41 which showed a more homogenous film for higher NP concentrations at similar pressure 

ranges. These findings illustrate the importance of cholesterol for the lateral film 

organization in the absence and presence of NPS.  

Images at the higher surface pressure range are displayed in figure 48 and reveal 

very subtle differences in the presence of nanoparticles. Upon close inspection, small 

domains are observed in the left column in the range of 28 -30 mN/m range. This change 

was not observed in BLES Chol alone, where all films appear very similar at the pressure 

range of 39-45 mN/m. At these elevated surface pressure, mostly homogenous films are 
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found with only small domains throughout. These minor changes in the presence of the 

GNPs were observed indicating that cholesterol improved the surfactant organization and 

is mostly unaffected by the presence of nanoparticles. The ability to tolerate the presence 

of inhaled foreign materials is expected and shown the breakdown of bright clusters as the 

monolayer is further compressed to high surface pressures expected for normal respiratory 

function. 
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Figure 47: BLES Chol with different weight ratios of gelatin nanoparticles imaged 

using Brewster angle microscopy. Inserts are at 2X magnification. 
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Figure 48: Brewster angle microscopy of the higher surface pressures of BLES Chol 

with gelatin nanoparticles. Inserts are at 2X magnification.  



 

124 

 

Figure 49: Domain sizes of BLES with cholesterol and different weight ratios of 

gelatin nanoparticles. 

 

 In the presence of cholesterol domains were observed at low surface pressures and 

disappeared as the film was compressed. This matches the demixing shown by the right 

shift in the isotherm (Figure 26) and the domains BAM images (Figure 46). The overall 

domain sizes as shown in figure 49 are not significantly different in the presence of 

nanoparticles however the variability between the ratios is greater than that observed for 

BLES.  
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Figure 50: 3D image generated from Brewster angle microscopy of BLES Chol with 

different weight ratios of gelatin nanoparticles. 

 

Only a few small spikes appear for BLES Chol alone indicating that presence of 

gelatin nanoparticles induced the formation of spikes (Figure 50). BLES Chol (Figure 50 

top panel) shows a relatively flat monolayer throughout this pressure range compared to 

systems with GNPs. Less spikes were observed for the 50 to 1 ratio at pressures of 0 and 

0.2 mN/m. These spikes disappear upon compression as particles are forced out of the 

monolayer into the subphase. The 20:1 ratio shows more spikes that break down as the 

surface area is reduced. More spikes are observed at the 10 to 1 ratio and they remain up 

to 14.3 mN/m. The elevated GNPs concentration shows more spikes and they persist at 
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higher surface pressures. A slight increase in the number of domains can be seen and are 

indicated by the green arrows even when GNPs were present. Comparing these 3D 

topography images to those of BLES, more spikes are formed in the monolayers with GNPs 

when cholesterol is present. This indicates the involvement of cholesterol in the formation 

of the spikes while the sterol also increased the relative height and persistence of these 

protrusions at higher surface pressures.  
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Figure 51: 3D images of BLES Chol in the presence or absence of gelatin 

nanoparticles. 

 

A few small spikes are observed for BLES Chol at the high surface pressure ranges 

(Figure 51). These spikes may be related to the monolayer to bilayer transition as the 

pressures approach the characteristic 45-50 mN/m range. The 50 to 1 ratios show the least 
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number of spike formation but the number of spikes observed increases alongside GNPs 

concentration. A few smaller spikes are observed at 45.1 mN/m for the lowest ratios of 

GNPs and the monolayer shows a few small lipid domains compared to BLES Chol alone. 

Higher concentrations of gelatin nanoparticles increase the number of these spikes seen for 

the 20 to 1 and 10 to 1 ratios. These protrusions persist above 40 mN/m suggesting that not 

all of the particles are squeezed out of the monolayer. NPs may still be within the 

monolayer or still adsorbed to the lipids from the subphase and induce the formation of 

these spikes.  

The in vitro study presented in this chapter used surfactant that was combined with 

nanoparticles prior to deposition at the air-water interface for analysis. This is the most 

common method used for both Langmuir trough and captive bubble surfactometer 

experiments. In this case surfactant monolayers form in the presence of nanoparticles 

which does not reflect physiological conditions. Furthermore, this also allows surfactant 

lipids and proteins to coat the nanoparticle surface. For a ~100 nm GNP the surface area is 

3.14 x10-14 m2 or 31415 nm2 while an individual phospholipid ranges from 0.3 to 0.4 nm2 

thus a large number of lipids may adsorb onto a single particle. The extent of adsorption 

onto the nanoparticles largely depends on its physicochemical properties such as 

hydrophobicity, surface charge and surface topography. Gelatin nanoparticles are polar but 

the polymer contains hydrophobic residues that can accommodate the adsorption of lipids. 

This accounts for the shifts in the isotherms to smaller areas upon treatment with 

nanoparticles observed here agree with other studies using the Langmuir trough [100, 138]. 

PBCA nanoparticles were not used in these experiments, these polymers dissolve 

in both chloroform and methanol in contrast to GNPs that remained intact. Only minor 
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changes in the surface pressure-area isotherms were observed in the presence of gelatin 

nanoparticles based on slight shifts to smaller molecular areas and a minor decrease in the 

maximum collapse pressure. These limited effects due to the presence of nanoparticles 

does not have a negative impact on surfactant function since only large reductions have 

been shown to impair respiration[121]. Although these minor changes are observed in the 

Langmuir trough, CBS reported observable decreases in absorption to the air water 

interface[144]. The rate of adsorption was slowed in the presence of nanoparticles however 

the overall surface activity was not significantly different. In contrast to the limited effects 

reported by biophysical measurements of surface activity, very large changes in lipid 

domain organization were visualized by microscopy. Domain shape alterations and the 

appearance of bright clusters which correspond to spikes from the surface have been 

reported. An early study using DPPC as a model for surfactant showed bright spots which 

protruded from the Langmuir monolayer when GNPs were added. Moreover, the shapes of 

the DPPC domains were greatly affected, the bean shaped and “trilobed” domains changed 

into highly branched structures[96, 134]. Among these domains, large spikes were found 

in the DPPC monolayer and their numbers increased with GNP concentration. A follow up 

study using the individual components and lipid classes of the LSM model showed similar 

results to DPPC. Nevertheless, POPC, POPG and DPPG were all affected by GNPs and 

displayed changes in domain size and shape. Other mimics made of DPPC, DPPG with 

SP-C treated with 136 nm polyalkoxysilane nanoparticles coated with a 

dodecylbenzenesulfonic acid also showed similar results[139]. Another clinical surfactant 

Infasurf™ also showed the formation of spikes with 90 nm hydroxyapatite NPs[138]. The 

size of the nanoparticles has been suggested to be relevant to the formation of these spike 
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structures, whereby 100-150 nm sized particles protrude more readily from surfactant 

compared to their smaller counterpart[139]. Hydrophobicity was also suggested to be 

involved in spike formation. As more hydrophobic NPs are retained in the surfactant where 

it can induce the protrusions due to the propensity to migrate towards the air interface rather 

then the subphase[142]. The results presented here do not agree with this statement, since 

gelatin is a rather polar molecule. These spikes may involve surfactant proteins B and C 

which are found in BLES and it has been reported that these proteins may be lost to the 

surface of nanoparticles[136, 145]. In the absence of nanoparticles, a few spikes are found 

in the monolayer but disappear as the area is reduced. These spikes only appear and remain 

stable at high surface pressures in the presence of nanoparticles. Their height and width are 

in the micron scale range thus requiring require the aggregation of several nanoparticles. 

The tall thin structures formed are peculiar for spherical particles and mainly cylindrical 

lipids. Multilayer transitions where a section bilayer is forced out of plane could account 

for peaks therefore nanoparticles may be squeezed out of the monolayer in a similar fashion 

to form these tall spikes. The exact composition is unknown but their significant 

enhancement by NPs suggest a critical contribution to these structures. The actual heights 

of the spikes cannot be obtained from BAM images, instead relative heights should be 

compared between images. These relative heights are determined from the brightness of 

the reflected light, where objects that stick out to a greater degree from the film reflect 

more light resulting in a brighter spot in the image. The brightness of the signal exhibits a 

quadratic correlation to the film thickness and is calculated for the entire frame of the 

image[110] These spikes are actually tall structures protruding from the film which has 
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been confirmed by atomic force microscopy which allows for actual height 

measurements[146]. 

The LSM and LSM Chol displayed the formation of spikes and bright clusters at 

low pressures due to nanoparticles but still show some differences when compared to 

BLES. A few components such as the surfactant proteins and a few potentially key lipids 

are still required to optimize the model. BLES was more resistant to the presence of 

nanoparticles as expected for a natural surfactant to be able to maintain function. Both 

BLES and BLES Chol control samples showed small spikes in the monolayer which 

disappeared upon compression. On average these spikes were shorter than those found in 

the presence of nanoparticles and most likely due to the hydrophobic proteins SP-B and 

SP-C. As mentioned before, spike formation has been observed for hydrophobic membrane 

proteins. Moreover, other complex mixtures such as polar lipid tear film models[147]  and 

non-polar lipid tear film models also display spikes[148]. These are also lipid monolayers 

at the air-water interface, they are also required to rapidly spread across the interface to 

compensate for expanding and decreasing surface areas. For BLES and BLES Chol 

systems at pressures above 30 mN/m, the appearance of spikes corresponds to lipids being 

squeezed out. This matches the "squeeze out" theory for lung surfactant which claims that 

fluid lipid components such as those with unsaturated fatty acyl tails are forced out of the 

monolayer plane during exhalation as the surface area is decreased. Upon compression, a 

bend in the monolayer forms which is stabilized by the hydrophobic surfactant proteins B 

and C. These bends eventually become bilayers which form stacks, thus creating the 

multilayer structures which allow surfactant to reach near zero surface tensions that would 

be impossible for planar lipids. What remains in the monolayer are the rigid, tighter 
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packing saturated fatty acyl chain lipids such as DPPC. Lipids forced out at these bends 

protrude from the film and forming the observed bright spots at surface pressures of 35-45 

mN/m. This has also been confirmed for clinical surfactants without nanoparticles using 

AFM[102, 143].  

An interesting outcome from the results presented here is the role of cholesterol in 

the formation of the observed spikes. Although the protrusions have been reported in 

several studies this is the first evidence that cholesterol amplifies both their number and 

size. Only the comparison of progressively more complex model systems and BLES 

allowed for the identification of the changes induced by cholesterol. This sterol is important 

for normal surfactant function by improving the fluidity of surfactant by demixing lipids 

into condensed and fluid phases and thus aids in re-spreading of the film during inhalation. 

A strong interaction between DPPC and cholesterol creates very rigid films that allow 

surfactant to attain high surface pressures or low surface tensions. Moreover, the 

concentration of cholesterol is tightly controlled since it is also able to inhibit proper 

surfactant function. Concentrations of 2-10% weight percentage of the total phospholipids 

represent the normal physiological range for cholesterol. The transition between the 

monolayer to multilayer phases relies on specific concentrations of cholesterol and above 

or below this value prevents normal function. Elevated cholesterol above 20% weight 

percentage inhibited function by preventing the multilayer transition[90]. The enhanced 

fluidity due to cholesterol in the monolayer likely allows for nanoparticles to more easily 

adsorb to the air-water interface creating these protrusions at low surface pressures. A 

previous study by colleagues showed a strong effect on partially unsaturated 16:0,18:1 acyl 

chain lipid domains[99]. Thus, increased cholesterol may promote the uptake of gelatin 
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nanoparticles into the more fluid monolayer and consequently large spikes are still 

observed at high surface pressures. A similar effect was also seen at very low surface 

pressures below 1 mN/m in the gas phase where gaps between the lipids can allow GNPs 

to adsorb. Gelatin nanoparticles added directly to the Langmuir trough do not show any 

visible structures using BAM and show minimal surface pressures due to their polarity 

which allows them to remain in the aqueous subphase. Nevertheless, it is still unclear how 

cholesterol enhances the formation of spikes.  
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Chapter Five: Interactions of lung surfactant models with nanoparticles from the 

subphase 

 

5.1 Background 

Inhaled nanoparticles that reach the alveoli will first deposit on the surface of 

pulmonary surfactant. From here, they may pass through the surfactant monolayer and be 

taken up by alveolar epithelial type 1 cells. These cells can either metabolize the particle 

thereby releasing the drugs that can pass into the bloodstream[49]. Nanoparticles can also 

migrate through these cells and deliver therapeutics directly to the intended target site[13, 

36]. The low surface tension of lung surfactant pulls particles that deposit onto the surface 

down into the thin aqueous layer that lines each alveolus[149]. This brings the particles in 

closer proximity to the alveolar epithelial cells thereby increasing the potential uptake rate. 

Entrapping nanoparticles in the aqueous layer may also facilitate the removal by alveolar 

macrophages[84, 150]. Particles pulled into the alveolar aqueous layer are partially 

submerged and therefore may still interact with surfactant from below the monolayer. 

Depending on the physicochemical properties of the nanoparticles will control whether 

they bind surfactant or the density of the particle will determine if they re-adsorb onto the 

air-water interface. Nanoparticles below the monolayer are believed to influence the 

surface activity of the lung surfactant by adsorption to lipid headgroups which affects the 

lateral organization of surfactant[100, 126]. This reabsorption of material to the air-water 

interface in the alveoli is known to impair surfactant function. Competitive adsorption to 

the air-water interface has been observed in lung injury, where fibrin and other serum 
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proteins released competitively adsorb onto the air-water interface and impair low surface 

tensions from being achieved[89, 151].  

The interaction of nanoparticles with surfactant from below the monolayer was 

studied by using a Langmuir trough. This provides an alternative in-vitro method to 

observe changes to surfactant organization and surface activity. A few studies have used 

this experimental set up to observe changes in the surface pressure-area isotherms[152]. 

Shifts in the starting point of the isotherm to larger areas indicates the insertion of the 

nanoparticles into the monolayer. Furthermore, insertion can also be tracked by recording 

changes in surface pressure over time. The different components in surfactant were 

examined to determine if the fluidity of the films affects the insertion into the monolayer. 

Similarly, the effect of nanoparticles on the film was measured using surface pressure-area 

isotherms to observe changes in surface activity. A limitation of this experimental set up is 

the fact that surfactant monolayer is formed in the presence of nanoparticles. Thus, the film 

likely accommodates the presence of particles and may be different from in-vivo situations 

were a fully formed film will encounter particulates as they are inhaled. The addition of 

nanoparticles to the subphase removes the extraction step required for mixing NPs with 

surfactant and allows for the use materials that are not stable in organic solvents. Both 

PBCA and gelatin nanoparticles are examined in the chapter to study their involvement in 

the film behavior at the air-water interface to assess their impact in film stability and lateral 

organization. Initially studies focused on the individual components of the lung surfactant 

model.  
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5.2 Isotherms of Surfactant Lipids with Gelatin nanoparticles in the Subphase  

 

Figure 52: Surface pressure-area isotherms for individual lipids (DPPC, POPC, 

DPPG, POPG) found in the lung surfactant model with Goerke's buffer as the 

subphase.  

 

The Langmuir trough used here has a smaller area of 35 cm2 with rounded edges 

and only a single barrier. The reduced size limits the area for the lipids and therefore causes 

many phospholipids isotherms to start in the liquid expanded phase. This also reduces the 

volumes of nanoparticle required for each trial and it was possible to test the same batch 

with multiple lipids to allow for better comparison. All surface pressure-area isotherms 

presented in figure 52 reached the collapse point and the subsequent drop in surface 

pressure was removed from the graphs for easier visualization. Initially, single lipid 

systems were tested first to observe if any particular characteristic such as headgroup or 

acyl chain composition had a large influence on the interaction before more complex 

models were used. DPPC showed a steady increase in pressure starting from 120 
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Å2/molecule follow by a characteristic plateau at 90 Å2/molecule[134]. This plateau 

corresponds to the coexistence of both the liquid expanded and liquid condensed 

phases[134]. This phase ends at 8 mN/m with a transition into the liquid condensed phase 

before reaching the collapse point at 58 mN/m. POPC displayed a slow increase in pressure 

form the beginning and undergoes a phase transition at around 70 Å2/molecule before 

collapsing at 45 mN/m. The unsaturation found in the oleoyl acyl chain limits packing and 

thus POPC collapses earlier at 40 Å2/molecule. For the PG lipids, DPPG goes directly into 

the liquid expanded phase upon compression at 120 Å2/molecule while slowly increasing 

in pressure until 85 Å2/molecule where the change in slope indicates the transition in the 

liquid condensed phase. At this point the pressure rapidly rises until the collapse point at 

49 mN/m, this lower pressure is presumably due to the negative charge of the PG head 

group. The isotherm for POPG shows a slow increase in pressure where a small plateau 

can be observed from 90 to 65 Å2/molecule. After this point a sharper increase in pressure 

was observed until the collapse point at 43 mN/m. Since Goerke's buffer was used as the 

subphase the presence of the calcium ion has significant impact on the shape of the 

isotherms. The divalent calcium ion neutralizes the charge between two negatively charged 

PG headgroups improving the packing, this effect is most notable in the POPG isotherm 

which packs tighter than POPC and consequently exhibits collapse at smaller areas. Gelatin 

nanoparticles were added into the subphase at 1 mg/mL as an initial screen of nanoparticle 

interactions from beneath the lipid monolayer. The weight ratios used in the previous 

chapter was to ensure that each sample had the sample number of nanoparticles present for 

each lipid mixture. Instead, the addition of a known concentration of nanoparticles to a 

standardized lipid solution allows for easier comparison to values found in literature. 
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Figure 53: Surface Pressure Area isotherms of DPPC, POPC, DPPG an POPG with 

1 mg/mL of gelatin nanoparticles in the subphase. 

 

The presence of gelatin nanoparticles had a large impact on the shape of the 

isotherm as well as a large reduction in the maximum attainable surface pressure before 

collapse (Figure 53). A minor plateau at 18 mN/m was observed for DPPC that rapidly 

increases in pressure up to 37 mN/m which is quite different from that of DPPC alone. This 

change in the initial increase indicates the incorporation of nanoparticles into the 

monolayer from below the film. After this point a change in the slope was observed and 

the pressure rapidly increases before it enters another plateau. This minor change in 

pressure with a significant reduction in area (from 65 to 40 Å2/molecule) suggests that the 

nanoparticles and DPPC are likely moving out of the plane of monolayer allowing it to be 

compressed further before the collapse. POPC showed a similar effect with a large plateau 
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where no change in surface pressure was observed with a decrease in area from 68 to 42 

Å2/molecule before collapsing 17 mN/m lower at 28 mN/m. 

DPPG in the presence of GNPs showed a very gradual increase in surface pressure 

without any plateau from the start of the isotherm at 120 Å2/molecule until reaching a 

collapse at 14 mN/m. This is a substantial decrease from the 49 mN/m obtained for DPPG 

alone, this is likely due to the slightly positive surface charge of gelatin nanoparticle. This 

electrostatic interaction with the negative PG headgroup implies that it has a large impact 

on the lateral packing of DPPG. A large change was also observed with POPG with a steady 

increase in pressure from 120 Å2/molecule before collapsing at 38 mN/m at a larger 

molecular area of 65 Å2/molecule. The reduced packing density in the partly unsaturated 

POPG may facilitate the insertion of the charged NPs resulting in a similar isotherm as 

seen for POPC.  The difference in the headgroup is likely responsible for the earlier 

collapse due to an electrostatic interaction. The extent of this effect was further examined 

in a binary mixture with lipid ratios based on their occurrence in natural lung surfactant 

(Chapter 2, Table 2) 
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Figure 54: Surface Pressure-Area Isotherms on mixtures of DPPC/POPC (56.2/10 

mol ratio) and DPPG/POPG (5/30 mol ratio) with gelatin nanoparticles and a 

subphase of Goerke’s Buffer. 
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The isotherm of the DPPC and POPC mixture displayed a shape more like DPPC as it is 

the major component in this mixture (Figure 54 top image). There is a slow increase in 

pressure until the plateau region starting at 80 Å2/molecule to 60 Å2/molecule and between 

11-14 mN/m. This occurs higher than for DPPC alone and the final collapse pressure 

achieved was 51 mN/m. The addition of gelatin nanoparticles results in a slow rise in 

pressure during compression from 120 to 97 Å2/molecule and undergoes a phase change 

denoted by the change in slope. This gentler change of slope indicates less packing and 

reaches a deflection point at 32 mN/m and a lower collapse pressure of 40 mN/m. The large 

decreases in area from 80 to 40 Å2/molecule occurs with small changes in surface pressures 

indicating that film components are squeezed out. The wavy nature of the pressure data 

near the collapse pressure highlights the rearrangement of the film as nanoparticles or lipids 

bound to nanoparticles are squeezed out of the monolayer. This occurred slowly upon 

compression and the isotherm shows that the film remains stable as components are being 

forced out of the monolayer until the collapse.  

The DPPG and POPG system is mainly based on partly unsaturated lipids in 

contrast to the PC mixture dominated by saturated lipids. This PG film exhibits an isotherm 

with several transitions between different phases as indicated by deflections at 98, 70, 60 

and 48 Å2/molecule (Figure 54). A small plateau can be seen between 12-16 mN/m. After 

the last small plateau at 40 mN/m the film collapsed at 42 mN/m. The first plateau at 12 

mN/m most likely reflects the coexistence of liquid-expanded and liquid-condensed 

phases. The steeper slope above 28 mN/m is likely due to the saturated DPPG component 

allowing for tighter packing leading to higher maximum surface pressures. The addition of 

GNPs to the PG mixture induced a significant reduction in the collapse pressure from 43 
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to 20 mN/m and altered the shape of the isotherm. A slow increase was observed from the 

start of the isotherm up to 10 mN/m where the film undergoes a phase transition into a 

plateau at 16 mN/m. After this point the isotherm shows a more complex shape which 

suggest the loss of components from the film. However, it is difficult to draw definitive 

conclusions from the observed shape.  

 The shape of the trough has an impact on the isotherms that were recorded, most 

likely due to the rounded edge. The resulting isotherms reach collapse at earlier surface 

pressures and the limited area does not allow lipids to start in the monolayer gas phase. 

Thus, a newer 8 by 13 cm Langmuir trough with two barriers Teflon barriers and a working 

area of 90 cm2 was used. The remainder of the isotherms presented in this chapter and the 

next will use this newer Langmuir trough. Isotherms of LSM, LSM Chol, BLES and BLES 

Chol with 0.1 mg/mL GNPs in the subphase were obtained. The total subphase volume 

was 50 mL whereby monolayers were compressed at 50 cm2/min and samples were 

repeated at least in triplicate until isotherms were reproducible.  
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Figure 55: Surface pressure-area isotherms of LSM and LSM Chol in the presence 

of 0.1mg/mL of gelatin nanoparticles dissolved in a Goerke’s buffer subphase. 
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LSM reaches a maximum surface pressure of 54 mN/m versus 47 mN/m in the 

presence of GNPs before collapse (Figure 55). A small plateau can be seen from 14-17 

mN/m for LSM which is due to the large DPPC component in the model. Compared to the 

single and binary PC and PG systems, the four component LSM is much more resistant to 

the presence of the gelatin NPs. The shift in the isotherm suggests that these particles 

remove a fraction of lipids from the monolayer. When nanoparticles are present, a 

deflection at 31 mN/m occurred which is due to the squeeze out of more fluid components. 

The particles also induced a moderate decrease of 8 mN/m in surface pressure which 

indicates that it may not strongly impact surfactant function. In the presence of cholesterol, 

LSM shifts to smaller areas but this change is only limited to the lower pressure ranges 

whereas at higher pressure the isotherms are very close. Moreover, the maximum surface 

pressure is reduced from 54 mN/m for the controls to 47 mN/m upon exposure to NPs. 

When compared to our previously published paper the reduction in surface pressure due to 

nanoparticles in the subphase is minimal[97, 99].  

BLES isotherms match the isotherm shown in chapter 4 with a plateau around 42-

45 mN/m indicated a transition to the multilayers (Figure 25). The presence of gelatin 

nanoparticles does not have a significant impact on the isotherm but lowers this plateau to 

36-38 mN/m (Figure 56). This change is limited and not expected to interfere with lung 

surfactant. BLES with cholesterol showed larger initial areas and a slower rising slope 

before reaching a longer plateau between 29-32 mN/m. Cholesterol significantly reduced 

the collapse pressure from 45 to 32 mN/m. Interestingly, the interactions with gelatin 

returned the isotherm shape to that of sterol free BLES. The pressure is partly restored to 

38 mN/m, still 7 mN/m lower that BLES but 6 mM/m higher than BLES Chol in the 
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absence of gelatin. There may be a potential interaction between gelatin and cholesterol 

that may remove a portion of the sterol from the air-water interface. 

 

Figure 56: BLES and BLES Chol surface pressure-area isotherms with 0.1 mg/mL 

gelatin nanoparticles in a Goerke’s buffer subphase. 
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These results once again imply that cholesterol plays a large role in the interaction 

of nanoparticles with model lung films and are similar to the results reported in chapter 4. 

The data in figures 55and 56 correlate with previous animal studies[121]. A minor 

reduction in maximum surface pressure of ~10mN/m for DPPC did not impair the 

respiratory function in mice. Experiments were conducted with 100nm PBCA 

nanoparticles that were bare or coated with the detergent polysorbate 80. This minimizes 

detection from alveolar macrophages while it enhances the ability of the particle to cross 

cellular membranes. On the other hand, a reduction of approximately 50% of the maximum 

attainable surface pressure for DPPC was observed in experiments with coated PBCA in 

the subphase[121]. Treatment of mice using the same particles showed substantial 

pulmonary toxicity and the respiratory function was severely inhibited through the loss of 

surfactant from the air-water interface leading to alveolar collapse and ultimately animal 

fatality. In contrast, a 10 mN/m reduction recorded for bare PBCA NPs did not interfere 

with the respiratory function in mice. Based on these results, uncoated PBCA in the 

subphase should also show minimal reduction in surface pressure with LSM or BLES. 

However, the resulting isotherms show a large reduction in the maximum attainable surface 

pressure before collapse (Figure 58). These large reductions in surface activity prevented 

isotherms of PBCA from being conducted on the same lipid systems as the gelatin 

nanoparticles shown earlier. Most of these isotherms were unstable and are excluded from 

this chapter. This does however highlight the importance of using a proper model for 

studying nanoparticle surfactant interactions. Surfactant models composed of individual 

phospholipids are unable to predict the large changes in surface activity. A more complex 

model showed large changes in surface activity despite very little in the effects in the mice 
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models in regards to surface activity. Instead, a measurable increase in localized 

inflammation was observed and may be a consequence of the impaired surface activity. It 

is not possible to determine the contribution of surfactant proteins to this effect as both SP-

A and SP-D are not present in BLES but play a major role in immune system interactions. 

Because of the strong effects, the NP concentration was reduced to 0.1 mg/mL to study 

PBCA surfactant interactions and to better mimic lower concentrations encountered in 

vivo. As well, isotherm cycles were applied to counteract the decrease in surface pressure. 

These compression and expansion cycles were aimed to both mimic natural breathing and 

to assess if this process would improve surface activity (Figure 57). Similar trials were not 

conducted with gelatin nanoparticles as they did not cause a significant reduction in surface 

activity. 

 

Figure 57: Sample expansion compression cycle measured on the Langmuir Trough 
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Isotherm cycles are presented by comparing the changing surface pressure over 

time rather than molecular area to more clearly present the data. A single cycle consists of 

a compression phase where the monolayer area is reduced and an expansion phase where 

the area is restored (Figure 57). The isotherm cycles presented in the following figures only 

show the first 5 of 10 cycles that were conducted for each sample. After 5 cycles, there 

were only minor differences in the isotherms and they were omitted to improve clarity. 

There is a hysteresis between cycles which will remain as further cycles are completed. 

Through this process the monolayer continually forms the different monolayer phases 

leading to more uniform mixing of the lipids. The resulting monolayer is more stable after 

several cycles and was tested to determine if this improved stability would minimize the 

impact of PBCA NPs. 
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Figure 58: Compression and expansion cycles of LSM and BLES ±cholesterol with 

0.1 mg/mL PBCA in the Goerke’s buffer subphase. 

 

During cycling, the lipid films are continually rearranging to optimize packing and 

minimize in the monolayer voids between the different lipid headgroups. This can be 
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observed with the narrowing of the width between the compression and expansion phases 

as more cycles are performed. All curves reach an optimal packing over time as observed 

for LSM which reached 53 mN/m the first cycle but only 42mN by the fifth. The NP 

containing curves are clearly broader in the initial cycle confirming the strong impact of 

the particles on the films as discussed for the area-pressure isotherms but still reach optimal 

lateral organization after 5 cycles. The slight dip below 0 mN/m surface pressure from the 

baseline is due to the irreversible loss of lipids from the monolayer during compression or 

hysteresis. This negative surface pressure observed for PBCA containing films indicates 

the loss of particles from the film into the subphase during compression and reinsert by 

filling open areas at the air-water interface during expansion.  PBCA NPs induced a 

significant reduction in the surface pressure to 28 mN/m almost half of the control at 42 

mN/m. The dip in surface pressure below zero when PBCA is present suggests that a large 

amount of material was lost from the interface. Similar effects of negative surface pressure 

during expansion and an overall decrease in maximum pressure was also observed for LSM 

Chol. BLES alone is quite resistant to cycles showing very little changes in the surface 

pressure or shape of the isotherm during entire process. Nevertheless, PBCA induced much 

less defined broad peaks and a significant reduction of surface pressure from 43 to 

21mN/m. BLES Chol controls show a minor drop from 44 to 36 mN/m in surface pressure 

during cycling. In the presence of PBCA the peaks are even broader than for pure BLES 

alone and the maximum surface pressure was also reduced from 44 to almost half at 23 

mN/m. The dip in pressure during the expansion cycles again suggest nanoparticles are 

once again lost to the subphase.  Repeated cycles do not restore the function of the model 

being studied back to NP free controls. A potential explanation is an interaction between 
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the NPs and the headgroups of the surfactant mimic, which has been suggested in several 

studies[98, 100]. The surface of PBCA readily binds a variety of compounds including 

surfactant like compounds and likely removes phospholipids from the interface thus 

accounting for the reduction in surface pressure. This strong interaction of PBCA indicted 

a high propensity of the particles to insert into film at the air-water interface. To confirm 

this effect, isotherm cycles of PBCA in the subphase were conducted to verify if the 

particles alone would form a film and show measurable surface pressure at the interface. 

PBCA NPs are slightly surface active and due to buoyancy, they form a monolayer at the 

interface resulting in an observed surface pressure of 15 mN/m during the first cycle and 

11 mN/m by the fifth (Figure 59). The negative pressures observed during expansion are 

attributed to the loss of particles from the interface since the particles don’t instantly reform 

a layer. Instead, the relatively constant values of 10-12 mN/m achieved during cycling 

indicate that PBCA NPs are able to re-absorb to the air-water interface.  

 

Figure 59: Compression and expansion cycles of 0.1mg of PBCA nanoparticles in 

the Goerke’s buffer subphase. 
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The results generated from isotherm cycling confirm an important factor for all in-

vitro tests and clearly indicate that DPPC models need to be replaced with more complex 

mixtures like the LSM presented here. Further complexity in the model to better mimic the 

natural situation is necessary for understanding the interaction between surfactant and 

nanoparticles.  

5.3 Nanoparticle Injection Studies 

 The previous method of adding nanoparticles to the subphase forced the surfactant 

film to form in the presence of nanoparticles. This may affect the stability of the monolayer 

as particles will already interact with the phospholipids and proteins found in the surfactant 

models. To overcome this drawback a different experimental setup was used to ensure that 

particles would only interact with the surfactant after the monolayer had fully formed. LS 

models were spread first on a trough and allowed to form before the monolayer was 

compressed to either 15 mN/m or 30 mN/m and held to maintain monolayer stability. These 

pressures values were chosen to reflect low pressures during inhalation and higher 

pressures during compression and to stay within the pressure range that was feasible for all 

lipids. Nanoparticles were then injected into the subphase to reach a final concentration of 

0.1 mg/mL and changes in surface pressure were recorded over time. A stir bar was used 

to ensure proper mixing of the nanoparticles with the bulk of the subphase. The speed of 

the mixing was verified to not impact the surface pressure of the monolayer.  

Insertion experiments of different molecules into Langmuir monolayers has been 

used to determine the extent and kinetics of incorporation of surface active materials 

including detergents and proteins[101, 153]. The monolayer is held at fixed surface 

pressures to mimic the packing density of a cell or in this case the different stages of 
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respiration. Once molecules are injected into the subphase, only those with a propensity to 

adsorb to the air-water interface or insert between lipid molecules will show an increase in 

surface pressure over time (Figure 60). To briefly summarize the experimental procedure, 

lipids are deposited at the interface and allowed to equilibrate for 10 minutes. The 

monolayer is compressed until the desired surface pressure was reached and then held for 

2 minutes to stabilize. The surface pressure was then recorded for 1 minute to obtain a 

baseline before nanoparticles were injected into the subphase of Goerke’s buffer and the 

changes in surface pressure were recorded for up to one hour. 

 

Figure 60: Sample of an injection isotherm of LSM injection trial where PBCA 

nanoparticles were injected at 15 mN/m. 

 

A baseline was recorded from 0-60 seconds to determine the average pressure of a 

system since a few lipids show a slight dip in pressure due to acyl chain composition. The 

unsaturated acyl chains are the most unstable because of reduced van der Waals 
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interactions between neighboring molecules. The green arrow denotes the point where 

nanoparticles were injected after 1 minute of baseline measurements. A minor dip in the 

pressure was observed after injection and this is due to changes in the subphase volume 

even when only 1 mL was injected into a 190 mL subphase since this effect was observed 

in every trial. Shortly after injection the surface pressure increases rapidly as nanoparticles 

insert into the monolayer before it eventually levels off, indicating the completion of the 

insertion process. To illustrate the change, the maximum achieved surface pressure 

increase was used and the baseline value was subtracted before averaging. The single 

lipids, binary PC/PG mixtures, the four component LSM +/- Chol and BLES +/- Chol were 

all analyzed using this method (Figures 61-64).   

 

Figure 61: Summary of gelatin nanoparticles injected into the subphase of lipid 

monolayers at 15 mN/m. 

 

At 15 mN/m the lipid model systems are not tightly packed which should facilitate 

NP insertion. The largest increase observed for an individual lipid was 3.6 mN/m for the 
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saturated DPPC. In contrast, POPC did not show any insertion, instead the surface pressure 

slowly decreased and thus no value was plotted (Figure 61). The instability of pure POPC 

for injection type studies was reported in similar experiments illustrating the difficulty to 

generate reliable results[101]. DPPC showed greater insertion into the PC binary mixture 

indicating that POPC may interfere with nanoparticle insertion even at only 15% of the PC 

mixture. DPPG and POPG showed a moderate insertion of 1 and 1.2 mN/m respectively 

while the binary mixture of DPPG and POPG that is dominated by the unsaturated lipid 

showed almost additive effects. Packing defects in the binary mixture may help facilitate 

NP incorporation as seen for the membrane insertion of surface active proteins[154].  

Interestingly, the LSM and LSM Chol models were resistant to insertion to a greater 

extent than observed for individual lipids and binary mixtures. The resistance to changes 

in the monolayer agrees with the isotherm data shown in figures 55. Moreover, LSM was 

also more resistant than BLES in the absence or presence of Chol. BLES alone shows a 

pressure increase of about 3.2 mN/m which doubled to 8.5 mN/m upon sterol addition. 

This increase could be due to the protein components in the extract that changes the 

organization of the surfactant monolayer. For BLES Chol the demixing induced in the film 

as highlighted in chapter 4 is likely responsible for introducing more fluid patches that 

allow for the insertion of nanoparticles into the monolayer.  
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Figure 62: Injection of gelatin nanoparticles into the subphase of lipid monolayers 

at 30 mN/m.  

At 30 mN/m the more fluid POPC and POPG form less stable films at constant 

pressure, presumably due to the unsaturation of their acyl chains where the pressure 

exhibited a slow and continuous decrease. Since there was no increase due to insertion of 

GNPs, the values were not included in Figure 62. At this pressure, the saturated DPPC and 

DPPG lipids are tightly packed in the liquid condensed phase which limits NP insertion. 

DPPC showed 0.6 mN/m increase and DPPG with 0.8 mN/m matching what was expected 

for tightly packed palmitoyl acyl chains. The slightly higher insertion is due to the negative 

charge of the PG headgroups which was mostly counteracted by the divalent calcium ions 

in Goerke’s buffer. The binary PC mixture showed a 2.6 mN/m increase that is likely due 

to the unsaturated POPC which creates packing defects. The PC mixtures shows more 

insertion at 30 mN/m than at 15 mN/m compared to PG where the opposite was observed. 

The binary PG dominated by POPG showed higher insertion than the individual 

components but slightly less than at 15 mN (2.8 vs 2.1). The lung surfactant models show 
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small increases in pressure which slightly less for the sterol containing system at 15 mN/m. 

The sterol likely increased the rigidity of the main DPPC component preventing insertion. 

Both LSM and LSM Chol showed significantly less insertion than its BLES counterparts.  

The increased insertion seen for BLES is likely due to the presence of the surfactant 

proteins. Although their exact contribution cannot be identified due to the complexity of 

the BLES mixture as other minor components may play a role. This reinforces that the 

current LSM is still missing components to better resemble natural surfactant. The 

enhanced fluidity which allows for more nanoparticles to interact with the monolayer 

suggest that the missing component is a fluid lipid.  

 

Figure 63: Injection summary for PBCA nanoparticles into lung surfactant lipids 

and BLES at 15mN/m.  

 

PBCA NPs shows a significantly higher insertion into the monolayers compared to 

GNPs for all the different lipid models tested. An increase of 13 mN/m compared to 3.6 

for GNPs was observed for DPPC. POPC showed an increase of 7 mN/m which is double 
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that observed for DPPC with GNPs. Gelatin showed minimal insertion with POPC films 

whereas values for PBCA were measurable. The surface pressure of POPC alone drops 

during the baseline measurement but increases were observed once nanoparticles were 

injected. PBCA nanoparticles increased the pressure for DPPG by 13.7 mN/m which is 

higher than POPG which showed a 10.3 mN/m increase. Both the fully saturated 16:0 PC 

and PG lipids displayed larger increases than their partially unsaturated counterparts. This 

was unexpected for fully saturated tails which should show higher packing density even at 

lower surface pressures.  

The PC mixture showed the highest average increase of 14.8 mN/m for all the 

different lipid models. This is slightly higher than for DPPC which is the major component 

but the DPPC and POPC effects are not additive. In contrast, for the PG mixture the 

increase of 7.8 mN/m was less than seen for either DPPG or POPG alone.  The combination 

of PG lipids creates packing defects that allow better access of calcium found in Goerke’s 

buffer to the charge at the phosphate potentially bridging two PGs. Similar cadmium 

interactions were observed for the negatively charged phosphatidylserine[155]. The more 

complex LSM showed a 11.2 mN/m increase and 12.2 mN/m in the presence of cholesterol. 

These values are comparable to BLES values of 10.7 and BLES Chol with 12.0 mN/m.  

Comparing both PBCA and GNPs at 15 mN/m suggest a very different method of 

interaction and propensity to adsorb to the air-water interface. These strong interactions 

may explain why it was not possible to obtain stable monolayer isotherms for the PBCA 

systems. The monolayer was likely destabilized by the presence of many PBCA NPs at the 

air-water interface. PBCA is a polar material and because of this, the NPs can rapidly move 

into the subphase and they will likely remove lipids from the interface upon compression. 
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This accounts for the continuously decreased pressure observed for the isotherms due to 

PBCA NPs that were forced into the subphase.  

 

Figure 64: Insertion summary of PBCA nanoparticles into lung surfactant model 

lipids and BLES at 30 mN/m. 

 

At higher pressures, only the binary mixture of DPPC and POPC showed any 

measurable insertion into the monolayer while POPC maintained a slow decrease after 

injection of nanoparticles. POPC was once again unable to maintain a surface pressure of 

30 mN/m due to its inability to become a stable monolayer. The packing density of 

phospholipids at this pressure prevents PBCA from inserting into the monolayer.  

5.4 Brewster Angle Microscopy 

Changes to the lateral film organization upon exposure to nanoparticles were 

visualized using Brewster angle microscopy. A smaller 10 x 8 cm Langmuir trough was 

used for these injection experiments to better facilitate mixing of the nanoparticles in the 

subphase. This ensured that the area imaged by the microscope was evenly exposed to 
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nanoparticles in the same manner as the bulk of the monolayer. Images were recorded for 

LSM and BLES in the absence or presence of cholesterol for both nanoparticle materials. 

In these trials, repeated compression and expansion cycles were used to determine if this 

process would improve the lipid monolayer and remove the sharp spikes observed for a 

single compression isotherm as shown in the previous chapter.  The surfactant monolayer 

was compressed and expanded at 50 cm2/min between 0 to 35 mN/m for 5 cycles. Images 

were taken before the cycles at 0 mN/m and 20 mN/m during both the 1st and 5th cycles. 

20 mN/m was chosen as this pressure range where clear domains can be observed and 

analyzed by BAM. If higher pressures were used, no domains can be compared instead the 

mostly grey areas of organized films would make any comparison more difficult. 3D 

images of the monolayer were generated from the representative areas of the BAM images 

as highlighted by the green box in the following figures.  

Before cycling at 0 mN/m LSM is in the gas phase where the lipids are widely 

spread throughout the surface without adopting any surface structures (Figure 65). The 

dark image is due to the lack of light reflection and is typical of a gas phase which is also 

supported by the flat and unstructured 3D image. After a single cycle, small circular 

domains are observed at 20 mN/m populating the entire image. A few visible bright spots 

are found and confirmed by 3D imaging to be protrusions from the surface. After 5 cycles 

the domain appear more evenly spread and the spikes are still present. Performing isotherm 

cycles improves the lateral organization by creating a more uniform film as shown by the 

images in figure 65. 
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Figure 65: Imaging of compression and expansion cycles of lung surfactant model. 

The green box shows the area used to generate the 3D image shown on the right. An 

insert at 2X magnification is shown in the yellow box. 

 

Treating LSM with gelatin nanoparticles showed minor adsorption to the interface 

which was much less than that observed for PBCA NPs (Figure 66). LSM alone exhibited 
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images reflecting the dark gas phase region of the surfactant monolayer (Figure 65) 

compared to the much brighter areas after treatment with either nanoparticle. Brighter areas 

are seen for gelatin NPs indicating insertion or interaction with the monolayer whereas 

PBCA shows a mainly bright image and the formation of tall clusters that are likely 

nanoparticle aggregates. This matches the previous data on nanoparticle insertion into the 

monolayer and supports the fact that PBCA has a much higher propensity to adsorb to the 

air-water interface. The brighter colour in the 3D image with PBCA also denotes the 

increased height of the overall film compared to treatment with GNPs. Particles are 

believed to interact strongly with the headgroups that face the subphase and influence lipid 

organization[96, 100]. After the first cycle LSM with GNPs shows domains and a small 

spike in monolayer. The expansion and compression cycles were able to breakdown the 

bright areas created by the presence of GNPs. PBCA treated LSM behaved differently and 

showed a bright image indicating the height of the film was not broken down by cycling. 

However, the long lines which are believed to be nanoparticle aggregates are dismantled 

after a single cycle but spikes still project from the monolayer. No domains could be 

distinguished from the image and the 3D topography map. After 5 cycles PBCA samples 

show a significant reduction in the height and size of these spikes. GNPs treated LSM 

shows the merging of domains whereas clusters of nanoparticles are beginning to form 

after 5 cycles. This data indicates that gelatin aggregates are more stable than PBCA, 

although the latter has initially a larger impact before cycling. 
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Figure 66: Lung surfactant model with both gelatin and PBCA nanoparticles 

submitted to compression and expansion cycles. The green box highlights the 

regions of the BAM images used to generate the 3D map of the surface and is 

displayed to the right. An insert at 2X magnification of the BAM image is shown by 

the yellow box 

 

The addition of cholesterol to LSM made the films more homogenous as expected 

(Figure 67). Before cycling at 0 mN/m LSM Chol shows no domains in the gas phase with 

a mostly flat film as illustrated by the 3D image. Small circular domains with a narrower 

size distribution than those observed for LSM alone are seen after the first cycle (Figure 

67). Cholesterol improves the mixing of the lipids by inserting into gaps between 

neighboring lipids due to differences in acyl chain composition and will therefore make the 

domains appear smaller. After 5 cycles, the lipid monolayer shows even less domains but 
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a broader size distribution. The presence of cholesterol improves lipid packing upon 

cycling to a greater extent than LSM alone 

 

Figure 67: Isotherm cycles of the lung surfactant model with 2% cholesterol. 3D 

images were generated from the area highlighted by the green box. An insert at 2X 

magnification of the BAM image is shown by the yellow box.  
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GNPs induced an increase in the height of the film at 0 mN/m shown by the lighter 

orange colour in the 3D image (Figure 68) compared to the dark red of LSM Chol (Figure 

68). Like those results observed for LSM, GNPs do not interact with the monolayer to the 

same extent as PBCA before cycles were performed (Figure 66). Cholesterol reduces the 

film thickness in the presence of both types of nanoparticles shown by the darker grey 

colour and the 3D image. PBCA still creates large nanoparticle aggregates that protrude 

from the surface of the monolayer but are not the long structures observed previously. 

Small domains can be seen for samples treated with either nanoparticle that also increases 

in number after the first cycle. A minor increase in the domains size distribution was seen 

for GNPS treated LSM Chol but is not significantly different from the control. The 

exception is the appearance of bright clusters in the LSM Chol films caused by the presence 

of GNPs. PBCA nanoparticles create large bright lines suggesting the clustering of 

nanoparticles and lipids that greatly deforms the lipid monolayer. There are also many 

spikes found throughout shown by the 3D images. Even after 5 cycles, spikes still remain 

among the few small circular domains. Overall the PBCA treated LSM Chol film has 

become more uniform and the size of the spikes are reduced. Repeated cycles for GNPs 

treated LSM Chol resulted in a more homogeneous film with smaller spikes. In comparison 

to the sterol free system, the film thickness was reduced and no large aggregates were 

observed. Adding cholesterol to LSM film enhanced the interaction of nanoparticles with 

the lung surfactant model to form spikes. Upon cycling the aggregates were noticeably 

reduced indicated that this structures are not very stable. The action of compressing and 

expanding the monolayer was able to break down these structures.  
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Figure 68: Cycles of LSM Chol with either gelatin or PBCA nanoparticles in the 

subphase. 3D images were generated from the areas in the green boxes and shown to 

the right of the BAM image. An insert at 2X magnification is shown in the yellow 

box.  

 

BLES displayed a few small spikes in the monolayer before the compression 

(Figure 69). As discussed earlier, a few lipid systems can form spikes on their own[147] 

and this propensity may be enhanced by the presence of the hydrophobic surfactant 

proteins[143]. After the first cycle, small domains form and black voids in the film are 

dispersed throughout the monolayer. At the end of 5 cycles, the domains become more 

uniform and the voids in the film disappeared. This is due to the improved organization of 

the film, although a few spikes are still present in the monolayer.  
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Figure 69: Isotherm cycles of BLES imaged by Brewster angle microscopy. 3D 

images are generated from the region highlighted in the green box. An insert at 2X 

magnification is shown in the yellow box.  

 

GNPs insert into BLES monolayers even before cycles were conducted as 

highlighted by spikes in the 3D images (Figure 70). Before cycles, BLES is in the gas phase 
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showing a darker and thus thinner film but also exhibited NP aggregates. After the 1st cycle, 

domains and large spikes different from those found in the controls are seen for gelatine 

on the left (Figure 70). PBCA once again showed a stronger propensity to migrate to the 

interface as seen by the brighter images and white clusters. The thicker film is presumably 

due to the clustering of lipids into the liquid condensed phase. Moreover, a higher number 

of moderate spikes was observed that are comparable in size to structures in the controls. 

Further cycles demonstrate that these large spikes can be broken down restoring the film 

to be more similar to the controls. For PBCA, a much stronger interaction was observed 

resulting in taller films and a larger number of spikes. The lines in the BAM images for the 

1st cycle are artefacts from laser reflections off the barrier. Clusters are visible even after 

the first cycle and protrude from the monolayer. PBCA has a much stronger effect on the 

film structure and the resulting surface is very different from BLES controls which only 

exhibited small domains. PBCA induced spikes persisted within the films showing an 

overall brighter image even after 5 cycles as seen in the BAM images and were confirmed 

by using 3D analysis. Larger spikes were not observed but a mesh-like organization of the 

film with holes distributed throughout is shown by the insert (Figure 70). Thus, the impact 

on the lateral organization was very significant indicating a serious potential effect on 

surfactant function. 
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Figure 70: Isotherm cycles of BLES with gelatin and PBCA nanoparticles in the 

subphase. A region of the BAM was magnified 2X and shown by the green box. An 

insert at 2X magnification is shown in the yellow box.  

 

Images for BLES with cholesterol are shown in figure 71 where small domains are 

present at 0 mN/m, indicating some lipid demixing in the monolayer. The first compression 

shows the formation of minor spikes and less domains. This is much less when compared 

to the BLES controls and matches the expected results with cholesterol (figure 69). Further 

compression makes the film more homogenous where a few spikes remain but are less 

pronounced than in the absence of cholesterol (figure 69). 
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Figure 71: Isotherms cycles of BLES with 2% cholesterol imaged with Brewster 

angle microscopy. 3D images shown on the right are generated from the region 

shown by the green box. An insert at 2X magnification is shown by the yellow box. 

 

Similar to previous results, cholesterol also increases the interaction of both types 

of nanoparticles with BLES at low surface pressures. Bright spots and lines are observed 
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at 0 mN/m for gelatin nanoparticles indicating insertion into the film. The particles are also 

interacting from below creating these elevated areas shown by the bright line. The effect is 

much stronger for PBCA shown by the BAM images, a larger number of pronounced spikes 

and much thicker films, Compressing the BLES Chol films resulted in more homogenous 

films for both particles. The breakdown of the white lines formed bright uniform films 

shown after the 1st cycle. Spikes persist even after 5 cycle and the monolayer is becoming 

more homogenous. A single compression greatly reduces the number of spikes compared 

to the sterol free system but maintains thicker films compared to LSM Chol controls. 

Cycling increased the relative film heights compared to the BLES Chol and BLES controls 

for gelatin NPs. For PBCA the film height was increased compared to controls and remains 

elevated for the BLES Chol control with a low number of small spikes. However, cycling 

of the BLES Chol mixture with PBCA breaks down the larger PBCA spikes. 
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Figure 72:  BLES Chol cycles with gelatin or PBCA nanoparticles in the subphase. 

3D images were generated from the region shown by the green box. An insert at 2X 

magnification is shown by the yellow box.  

 

The data presented in this chapter show several interesting observations that are 

important for NP interactions with lung surfactant. First is the importance of a complex 

model for lung surfactant. Previously, the use of single lipid models of surfactant was 

unable to predict the impact of PBCA on surface activity. The single lipid systems lack the 

variation in headgroups and acyl chain lengths failed to predict the impact of PBCA on 

more physiologically relevant models. Isotherms of LSM with GNPs showed good 

correlation in the insertion studies, where the limited penetration into the monolayer was 

supported the BAM images of the cycles. PBCA showed a stronger effect on surfactant, 

which is a consequence of its surface chemistry. Many drugs, dyes and even detergent 

coatings can simply adsorb to the surface of PBCA NPs. This may be the reason that PBCA 
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can readily insert as it can bind lipids onto its surface and can competitively adsorb to the 

air-water interface. Moreover, this also allows it to remove lipids from the air-water 

interface as the particles are squeezed out.  

The injections studies showed that PBCA has a much stronger propensity to absorb 

to the interface than gelatin.  PBCA has a reported density of around 1.148 g/mL[156] 

whereas gelatin density is around 1.3-1.5 g/mL. This could account for the increased 

propensity to insert compared to GNPs. A disadvantage of having nanoparticles in the 

subphase is the inability to assess how many particles interact with the surfactant 

monolayer. Particles that interact from below the monolayer are controlled mostly by 

diffusion and buoyancy, otherwise the hydrophobicity of the particle will drive it to the air-

water interface. It is difficult to estimate the number of NPs that will interact with the 

monolayer. Cholesterol was once again shown to play a large role in nanoparticle and 

surfactant interactions. BLES was not as strongly affected by GNPs and only the presence 

of cholesterol resulted in a large change in the isotherm. The isotherm results suggest an 

interaction between gelatin and cholesterol, gelatin nanoparticles were able to return the 

shape of BLES Chol to become more like BLES alone. A higher gelatin diet in mice 

showed a retention of cholesterol within the bloodstream suggesting a potential binding 

between amino acids and the sterol[157]. The formation of spikes was also influenced by 

cholesterol, this sterol may introduce packing defects which nanoparticles may use to insert 

enter the monolayer. This mechanism is also shared with surface active peptides and 

membrane proteins[154]. Similar results were observed for DPPC/DPPG and SP-C films 

where the spikes were found at the packing defect between the lipids[146].  
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The compression and expansion cycles were shown to reduce the impact of inhaled 

nanoparticles substantially but were not able to entirely overcome the changes induced by 

nanoparticles. The majority of the effects could not be fully reversed over the time course 

of these experiments. Compression and expansion of the monolayer was done in an attempt 

to mimic the breathing cycle. Through these cycles the films become more uniform as 

phospholipids become more optimally packed and can force nanoparticles out of the 

monolayer. It has been demonstrated through a modified captive bubble surfactometer that 

these cycles can improve the epithelial uptake of nanoparticles, which was observed by 

studying the interactions of gold nanoparticles with lung surfactant[93]. In this case, 

alveolar type 1 epithelial cells were also placed in the chamber along with surfactant. 

Through the compression and expansion cycles of the clinical surfactant Alveofact, which 

is a clinical surfactant much like BLES, demonstrated increased gold uptake into the cells. 

The exclusion of nanoparticles from the monolayer enhanced the cellular uptake due to 

closer proximity to the epithelial layer. Gold has been previously demonstrated to interfere 

with surfactant function and exclusion from monolayer may aid in the restoration of surface 

activity[126]. Further more these results are in agreement with other studies which 

submitted surfactant to these cycles and demonstrated that surfactant activity can be 

restored[94]. The observations shown in this chapter are necessary for creating a better in 

vitro screening tool for identify potentially toxic nanoparticles. The addition of 

nanoparticles in the subphase as an in vitro tool can still be further optimized to correlate 

better with in vivo results.  
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Chapter Six: Spraying Dry Powder Nanoparticles  

 

6.1 Background 

Spraying nanoparticles from the air onto the lung surfactant models would provide 

a more representative in vitro system for studying this interaction. Pulmonary drug delivery 

requires nanoparticles to be inhaled directly or administered through devices such as 

nebulizers. Nanoparticle drug carriers will follow the air flow into the lungs, migrating 

down towards the terminal regions of the lungs before reaching the alveoli. The first site 

of interaction before any contact with the alveolar epithelia will be with the pulmonary 

surfactant. The fatty acyl tails of the surfactant lipids are oriented towards the air while the 

polar headgroups are located on the subphase. Therefore, the particles will interact directly 

with the acyl chains in vivo rather than with the headgroups as observed in most in vitro 

methods. The set-up used in this chapter will attempt to better resemble the physiological 

conditions by spraying dry powder nanoparticles onto the Langmuir trough. The surface 

activity of the surfactant model can be monitored using isotherms and the film organization 

will be once again visualized using Brewster angle microscopy. The addition of 

nanoparticles from the air onto a monolayer has not been studied in detail so far although 

it best mimics the in vivo situation. 

Once again, the Langmuir trough was used as an in vitro tool for observing 

nanoparticle-lung surfactant interactions. Dry powders can be delivered from the air onto 

a pre-formed monolayer thus bringing the in vitro tool closer to in vivo situation. Before 

experiments were conducted, both gelatin and PBCA were freeze-dried with an isotonic 

solution of 5% w/v mannitol. Dried crystals were crushed using a mortar and pestle to 
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obtain a fine dry powder which were stored in a vacuum chamber before experiments. This 

prevented moisture ensuring that the powders could still be sprayed evenly. For each trial, 

2 mg of the dried powder was added to the DP-M dry powder sprayer to deliver either ~20 

or 167 µg as discussed in the methods section to get 1 or 10 mg/mL concentrations of 

nanoparticles, respectively. Microgram levels better match the exposure levels expected 

for the lungs[21]. Coating with mannitol was done to protect the nanoparticles from ice 

crystals during freezing and to helps to redissolve the particles upon contact with the 

aqueous subphase. Nanoparticles suspensions were diluted to 10 or 1 mg/mL before mixing 

at a 1:1 ratio with mannitol. After freeze drying, the dried crystals were ground to a fine 

powder using a mortar and pestle. Spraying of the nanoparticles was performed using a 

DP-M dry powder insufflator™ (Penn Century, PA, USA). For each trial 2 mg of either 

gelatin or PBCA dried powder was loaded into the sprayer. A 3mL plastic syringe was used 

to deliver air to force the particles out of the sprayer. For the 1 and 10 mg/mL nanoparticles 

concentrations the final amount dispersed onto the monolayer was ~ 20 and 167 µg. The 

mass of nanoparticles used in the freeze drying with mannitol was calculated as the total 

mass of both NP and mannitol. Once this was known the mass of NP in the amount of dry 

powder was calculated from the mannitol to particle mass ratios. At these concentrations, 

the amounts are in the low mg to µg levels and more representative of the actual exposure 

levels in lungs[58]. 

The same smaller 8 by 13 cm trough described in the previous chapter was used for 

the spraying experiments. A reduced surface area ensures that the sprayed dry powder 

would cover the entire working area of the trough. This would mean that the surfactant 

monolayer should be evenly exposed to nanoparticles which is important for BAM as it 
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only visualizes a 519 x 418 um section. Nevertheless, the images suggest that different 

sections of the monolayer were exposed to varying levels of nanoparticles. Thus, three 

images of the same treatment were presented in all the figures to highlight the different 

regions observed. Imaging of the film was conducted after the monolayer was compressed 

to 20 mN/m. The systems measured were LSM, LSM Chol, BLES and BLES Chol in the 

absence or presence of GNPs or PBCA NPs. A freeze-dried mannitol powder was also 

created and used as a control for each of the lung surfactant mimics.  

The impact of the dry powder nanoparticles onto the monolayer surface during 

spraying causes the removal of phospholipids from the air-water interface. This results in 

isotherms shifts, which are not due to the presence of nanoparticles therefore creating 

artifacts which limit detailed analysis of the isotherm data. Surface pressure-area isotherms 

were also limited by the smaller trough which only allowed a maximum pressure of 20 

mN/m before the barriers would enter the path of the BAM optical components. The last 

minor drawback was the appearance of particle aggregates at the air-water interface. 

Although fine dry powders were used in the sprayer, they are still slightly hygroscopic and 

may have absorbed moisture from the air forming clumps that would then be sprayed. 
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6.2 Brewster Angle Microscopy 

 

Figure 73: Brewster Angle microscopy images of lung surfactant model sprayed 

with freeze dried gelatin nanoparticles at 20 mN/m. Inserts at 2X magnification are 

shown in the yellow boxes. 
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Small domains are observed for LSM and match those seen in previous chapters 

(Figure 73 panels A-C). Mannitol was also freeze-dried following the same procedure and 

was used as a negative control. Nevertheless, mannitol treated LSM also showed small 

circular lipid domains but they appeared to be smaller than those of LSM alone. Gelatin 

nanoparticles cause the appearance of white spots in the monolayer and 3D images confirm 

that these are the tall spike structures discussed in earlier chapters (Green arrows in figure 

73 panel G and H). Lipid domains are still visible in the presence of gelatin nanoparticles 

but do not cover the entirety of the monolayer surface (Figure 73 Panel G, H and I). 

Domains can be dispersed throughout the monolayer as seen in panel G or appear in patches 

in panel H. Voids in the film are found only in the presence of nanoparticles as illustrated 

by the blue arrows. These are ruptures in the film indicating the absence of any lipids or 

particles in this section. The concentration increase of NPs also matches the corresponding 

size and number of bright clusters. At 167 µg of GNPs a row of these bright clusters is 

highlighted by the pink arrow whereby there are many voids visible in this film. A large 

patch of particle aggregates can also be observed in panel L of figure 73. The images in the 

bottom half of figure 73 contrast the different regions of the monolayer after NP treatment 

and all illustrate the clustering of nanoparticles. At low concentrations GNPs are more 

evenly distributed throughout the film but increasing concentrations leads to the formation 

of aggregates. The images suggest that the dry powder sprayer does not evenly distribute 

nanoparticles to the Langmuir monolayer. White powders were sprayed on to black paper 

to view the area covered from spraying at different heights. These visually indicated a 

mostly even distribution but this was contradicted at the microscopic scale. This suggests 

that aggregation may occur during the freeze-drying process. DLS measurements after 
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redissolving the powder does not indicate the formation of aggregates but the likely 

explanation is the hygroscopic nature of the powder. These readily absorb moisture from 

the atmosphere can induce clumps which are still delivered by the sprayer but in an uneven 

distribution across the surface of the monolayer. The strong changes in the monolayer 

organization observed here are unexpected particularly at these low concentrations. 

The same control images used in Figure 73 for LSM were also shown in Figure 74 

to compare the differences with the presence of PBCA NPs. The addition of 20 µg of PBCA 

NPS showed areas where the lipid domains are largely unaffected (Figure 74 panels D and 

F). While other regions displayed the presence of some bright spots, again likely spikes, 

and among these there are areas with very few domains. Increasing the PBCA 

concentration created grey areas indicated by the pink arrow in panel G where no structures 

can be observed. This uniform shade of grey suggests a homogenous film that is surrounded 

by brighter domains. Other areas of the monolayer (Figure 74 panel H) clearly show 3 

different structures, the lighter grey spots which indicate lipid domains, the bright white 

spots (green arrow) which are nanoparticle aggregates and the grey lipid film. Similar to 

that observed for GNPs, voids are only found when nanoparticles are present (blue arrows) 

and they increase with the nanoparticle concentration. There are less overall changes in the 

monolayer organization compared to GNPs. However, PBCA nanoparticles causes more 

film demixing as shown by the heterogeneous domain sizes (panel I). The lack of the large 

aggregate clusters found for GNPs may be due to the hygroscopic nature of gelatin which 

tends to bind a significant volume of water. This may be the reason for the formation of 

clumps resulting in the observed bright clusters upon spraying.  
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Figure 74: Spray application of freeze dried PBCA nanoparticles onto a monolayer 

of lung surfactant model recorded using Brewster angle microscopy at 20 mN/m. 

Inserts at 2X magnification are shown in the yellow boxes.  
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Figure 75: Brewster angle microscopy of LSM Chol after spraying with freeze dried 

gelatin nanoparticles at 20 mN/m. Inserts at 2X magnification are shown in the 

yellow boxes 
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LSM with cholesterol also shows small circular domains, which are unaffected in 

the presence of mannitol (Figure 75). Once again, gelatin nanoparticles induce spike 

formation with more bright clusters at higher concentrations (green arrows in panels H, I, 

K and L). There are also patches indicating aggregation due to GNPs in panels I and L. 

The majority of the domains are becoming smaller and merge with the background liquid 

expanded phase making it harder to distinguish against the bulk of the film. There are less 

patches found for LSM Chol with GNPs however the number of bright clusters has 

increased.  

LSM Chol exposed to 20 µg of PBCA showed the dissolution of lipid domains as 

highlighted by the red arrow (Figure 76 panel D). Bright clusters are found in the presence 

of 20 µg of PBCA (Figure 76 panel E). Cholesterol appears to greatly enhance the effect 

that PBCA has on LSM where higher amounts of 167 µg of PBCA show large changes in 

the monolayer (panels G-I). Many large aggregates and clusters are found throughout these 

images. Only a few lipid domains can be observed in panel I whereas they cannot be 

identified in panels G and H whereas voids in the films are highlighted by the blue arrows. 

Like previous discussions, cholesterol appears to greatly enhance the formation of tall 

spikes which are confirmed by 3D images. 
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Figure 76: Lung surfactant model with cholesterol with freeze dried PBCA 

nanoparticles at 20 mN/m. Inserts at 2X magnification are shown in the yellow 

boxes. 

 

Similar studies were conducted with BLES and BLES Chol to compare previous 

systems to more physiologically relevant models. BLES alone shows small circular 

domains, which do not stand out from the background. A few bright spots are found 

throughout the images which match the lipid spikes discussed in earlier chapters (Figure 

77 panels A-C). Mannitol does not have a large impact on the organization of the lipid film 
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of BLES alone. Gelatin nanoparticles did not induce domain formation at the lower 

concentration of 20 µg, although significant aggregation was seen (Figure 77 panel H and 

I). Large spikes are denoted by the bright white spots shown by the green arrow in panel 

H. Blue arrows in panel H and I indicate the presence of film voids and large lusters are 

found at both GNP concentrations, but they are also found in BLES alone. Areas of light 

grey pointed out by the pink arrow in panel H show the large patches of nanoparticle 

induced clustering.  Similar patches are also observed in panel I and are highlighted by the 

pink arrows, film voids are also more pronounced in this area enriched in NPs. At 167 µg 

of GNPs, large grey patches are found through the images (Figure 77 Panel J pink arrow), 

within these areas are many film voids and bright spots (Figure 77 Panel J blue arrows). A 

few small domains can be barely distinguished in panels K and L. 
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Figure 77: Imaging of freeze dried GNPs sprayed onto BLES monolayers at 20 

mN/m. Inserts at 2X magnification are shown in the yellow boxes. 

 

Treatment of BLES with PBCA does not show large clustering of nanoparticles 

compared to gelatin (Figure 78). Lower concentrations of PBCA NPs at 20 µg show voids 
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in the film (blue arrows) with only a few bright spots.  Increasing the concentration to 167 

µg still shows that some regions have domains present in panel G. Large regions of 

nanoparticle induced spikes are shown by the green arrow in panel H. More film voids are 

found and shown by the blue arrows in panels H and I. These domains may indicate large 

scale demixing as seen in panel I (red arrow), whereby this region shows many bright spots 

indicating spikes. While other areas suggest the enrichment of NP lipid aggregates as 

highlighted by the green arrow in panel I. 

  

Figure 78: Images of BLES monolayers sprayed with freeze dried PBCA 

nanoparticles at 20 mN/m. Inserts at 2X magnification are shown in the yellow 

boxes 
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BLES with 2% cholesterol shows the presence of domains within the liquid 

expanded phase that appear to be more pronounced in the mannitol control (Figure 79). 

Although this may be subject to the regions of the monolayer imaged. Panel C better 

matches BLES Chol after being treated with mannitol (Figure 79). Gelatin nanoparticles 

prevent the formation of domains and induce bright clusters as shown by the green arrow 

(Figure 79 panel G). As well the onset of large scale NP induced film demixing is shown 

by the pink arrows in panel G even at the lower concentrations. This is much more 

pronounced as the concentration is increased to 167 µg (Figure 79 panels J and K). 

Increased number of film voids are shown by the blue arrows in panels J and K. This effect 

is much stronger for PBCA than gelatin and is enhanced by the presence of cholesterol. 

The increased mixing between different lipid phases may once again increase the ability of 

nanoparticles to insert between lipid molecules.  
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Figure 79: BLES with 2% cholesterol sprayed with freeze dried gelatin 

nanoparticles and dry powder mannitol imaged with Brewster angle microscopy at 

20 mN/m. Inserts at 2X magnification are shown by the yellow boxes.  
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An increased impact on BLES films was also observed for PBCA nanoparticles in 

the presence of cholesterol (Figure 80). A higher number and increased size of bright white 

spots (green arrows) among the smaller visible clusters (red arrow) are found (Figure 80 

panels D and E). Elevated concentrations of PBCA show an increased number of these 

aggregates and bright clusters. A grey phase (pink arrows) with film voids are found in the 

same areas. Amongst these are clusters of smaller spikes (red arrow) and an overall brighter 

image indicating a thicker film. This suggests the destabilization of the film by PBCA NPs 

and the formation of distinct phases. This is a strong contrast to BLES or BLES Chol 

monolayers which form a uniform lipid phases. 
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Figure 80: BLES with 2% cholesterol sprayed with freeze dried PBCA nanoparticles 

imaged using Brewster angle microscopy at 20 mN/m. Inserts at 2X magnification are 

shown in the yellow boxes.  

 

Spraying of nanoparticles shows similar changes to the surfactant model as 

compared to the previous methods of premixing nanoparticles. In some cases, there are 

even more pronounced effects especially in figures 79 and 80 at higher concentrations of 

167 µg nanoparticles. The overall trend supports earlier data which indicates that PBCA 

shows a higher propensity to adsorb to the air-water interface. PBCA’s ability to insert into 

the monolayer at the air-water interface enables it to create larger disturbances compared 
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to GNPs. On average, PBCA treated samples showed more bright spots and the formation 

of aggregates found throughout the monolayer. These aggregates may be slightly enhanced 

due to the sprayer not evenly distributing nanoparticles to the monolayer during spraying. 

The dissolution of dry powders into the subphase after spraying may be limited resulting 

in these structures. The hygroscopic nature of the sugar may also induce clumping before 

spraying and therefore show large bright areas. These large aggregations are most likely 

nanoparticles due to their micron size. Individual lipids occupy a molecular area which 

ranges from 30 -50 Å2 depending on the packing density. Moreover, lipid domains do not 

form such large bright clusters that protrude from the plane of the monolayer. Much like 

previous results, cholesterol appears to increase the interaction of the surfactant models 

with both types of nanoparticles.  
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6.3 3D image from Brewster Angle Microscopy 

 

Figure 81: 3D images of the lung surfactant model with both gelatin and PBCA 

nanoparticles generated from BAM images taken at 20 mN/m. 
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Figure 81 shows the 3D images of a selected region of the images presented in 

figures 73 and 74. The regions were selected to highlight the flatter surfactant monolayer 

along with the observed bright clusters. Domains of LSM can be observed in panels A-C 

and appear as small bumps that do not protrude very far from the film. The following panels 

D-F show that mannitol does change the domain size, shape or relative height compared 

with the controls. When 20 µg of GNPs were added, the bright spots in the BAM images 

correlate to the spikes discussed in previous chapters (panels G and H). Domains can still 

be found in the monolayer as highlighted in panels G, H and I. Moving to the higher 

concentration of 167 µg of GNPs the bright spots in figure 73 correspond to the large 

protrusions displayed in panels J and K, whereas L shows that significant parts of the film 

are not affected and display the regular domains. The 3D images generated for 20 µg PBCA 

(panels P and Q) do not show large spikes in contrast to the large peaks in panel R at the 

higher concentrations.  
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Figure 82: 3D images of lung surfactant model with 2% cholesterol with either gelatin 

or PBCA nanoparticles.  

 

LSM Chol also shows small domains when the 3D images are generated from 

figures 75 and 76 (Figure 82). The control with mannitol was not shown here since the 

images are very similar to LSM Chol alone (Figure 75). Large spikes and clusters that 
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protrude from the film in the presence of 20 µg of GNPs are observed. The bright line 

displayed in Figure 75 (panel H) for LSM Chol with 167 µg of GNPs was used to form the 

3D image in Figure 82 panel E. The entire bright spot exhibited several protrusions from 

the surface among the lipid domains. Low amounts of PBCA showed small domains and 

only a few small spikes (panels J-L) whereas higher concentrations create a much larger 

impact. For 167 µg of PBCA on LSM Chol, a large effect on the monolayer shown by the 

grey areas highlighted in figure 76 panel H corresponds to an increase in the overall height 

of the film. The brighter orange colour denotes that the film is thicker as it reflects more 

light. In panel O, the monolayer now appears yellow due to overall increased height from 

the surface. Most likely the clustering of nanoparticles and lipids account for the observed 

height increase. 
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Figure 83: 3D images of BLES in the sprayed with freeze dried GNPs or PBCA at 20 

mN/m. 
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BLES forms a homogenous film with minor lipid spikes protruding from the 

monolayer (figure 83 panels A-C). The spikes do not protrude to the same height when no 

nanoparticles are present. Once again, the controls with mannitol do not have a large effect 

on the lung surfactant mimic (panels D-F). Upon addition of GNPs at 20 µg there are many 

more spikes and a minor increase in the thickness of the film indicated by the more orange 

monolayer. A cluster of spikes can be found in the images (Figure 83 panels H and I) which 

correspond to the grey areas observed in Figure 77, panels H and I. Increased concentration 

of GNPs only further enhances of the size and number of the spikes (Figure 83 panels J-

L). This is a strong contrast to PBCA which shows less of an effect at 20 µg compared to 

gelatin nanoparticles. Once the concentration was increased to 167 µg large spikes were 

observed in panels P and Q whereas areas that maintain organized domains aside from the 

tall spike are seen in panel R.  This indicates that there is a certain threshold number of 

PBCA nanoparticles that must be reached before these tall spike structures can be formed. 

A few ~100 nm particles must aggregate to form these micron sized lipid-particle 

structures. 
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Figure 84: 3D images of BLES Chol sprayed with either freeze dried gelatin or 

PBCA nanoparticles at 20 mN/m. 

 

The presence of cholesterol creates larger domains than observed in BLES alone 

and is likely due to the improvement in packing of DPPC with cholesterol (Figure 75 panels 
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A-C). This is also seen by demixing previously shown by the shifts to larger areas in the 

isotherms of LSM when cholesterol was added in earlier chapters. Much like the previously 

observed results for BLES alone, mannitol did not show any observable differences are 

omitted from figure 84. The grey areas pointed out by the blue arrow in figure 79 panel G 

was used to create the 3D image seen in figure 84 panel D. The increased height matches 

the lighter grey colour in figure 79 and the orange regions seen in figure 84. Gelatin 

nanoparticle induced spike formation can be seen in in panels G, H and I (Figure 84).  The 

brighter areas in the BAM images (Figure 79 panel H and I) are shown in the corresponding 

3D images in Figure 84, the bright areas are the yellow spikes. This agrees with previous 

data where the presence of cholesterol heightens the impact of nanoparticles on surfactant 

models.  PBCA NPs also show a much stronger effect on BLES Chol and more spikes 

(Figure 84 panels J-L). Both the number of spikes and the degree which they protrude from 

the surface are higher than for PBCA and BLES. The demixing of the lipid phases in BLES 

due to cholesterol are likely responsible for the observed effects.  Further increasing the 

concentration of PBCA to 167 µg elevates these effects (Figure 84 panel M-L). The bright 

line in the BAM images from figure 80 panel G was resolved in the 3D as seen in the 

corresponding image in figure 84 panel M. An overall increase in the thickness of the film 

with several spikes can be seen. A similar effect of localized demixing is also shown in 

panel O. The grey areas in the BAM images suggest that nanoparticles may cause the lipids 

in the film to form thicker clusters as seen in panels M and O.  

Spraying the monolayer surface provides a better mimic of in vivo conditions and 

further optimization of this approach to control more parameters would greatly improve 

the presented method. Delivery of dry power best matches physiologically conditions 
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however the control of dosing is limited by the sprayer. Variations still exist as manually 

delivering powder cannot be perfectly controlled to ensure an even distribution. This 

experimental setup also lacks the ability to control humidity to match levels found in the 

airways. Water vapor can greatly change the size by wetting the dry powders, which may 

cause aggregation before reaching the alveoli. Moreover, this setup does not deliver micro-

sized sugar matrixes with entrapped particles that is required for in vivo delivery. Micron 

sized particles which have an aerodynamic diameter between 2-5 µm are required for 

optimal alveolar deposition[39]. Further improvements include the use of dynamic 

compression cycles which were shown in previous chapters to greatly improve the 

monolayer after the addition of nanoparticles. The voids in the surfactant models in the 

presence of nanoparticles could potentially be alleviated by isotherm cycles.  

The results presented here showed similar effects on the surfactant model as those 

observed by premixing or having nanoparticles the subphase. In a few instances, there are 

even more pronounced effects especially in figures 76 and 80 for the 167 µg concentration 

of PBCA. The overall trends suggest that PBCA has a stronger propensity to remain at the 

air-water interface thus having a stronger impact on the lateral film organization than 

gelatin. These results match the injection trials from the previous chapter. The majority of 

the BAM images show an increase in the number of bright clusters, which are spikes that 

protrude from the monolayer. Both particles induce more film voids (see figures 73 G and 

K, 75 I, K, L and 79 G-L) and may also destabilize lung surfactant by a different 

mechanism. Moreover, the importance of cholesterol is once again highlighted as the 

presence of this neutral lipid seems to increase the interaction of the NPs with the model 

systems. Both size and number of bright spots increase with cholesterol in the monolayer. 
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Similar results were also observed for BLES and BLES Chol. The elevated number of 

nanoparticle induced spikes when cholesterol is present may have implications for 

individuals with lung injury. Damage to lungs may result in release of different cellular 

components which can inhibit surfactant function. Cholesterol is one of these components 

that is elevated in lung injury and known to interfere with the ability of surfactant to lower 

surface tension. Therefore, individuals with lung injury may have a strong reaction to the 

inhalation of nanoparticles. The higher levels of cholesterol may intensify the interaction 

of nanoparticles on surfactant but this will need to be confirmed.  

The accumulation of the bright areas in the BAM images may be due to distribution 

of nanoparticles during spraying. The dry powder nanoparticles may not easily disperse 

into the subphase forming aggregates at the air-water interface. Although these powders 

readily disperse into aqueous solution for DLS measurements after freeze-drying. Only 

minor changes in the average sizes were detected but the polydispersity index doubled for 

both particles. A shoulder towards larger sizes was observed in the size distribution curve 

indicating some aggregation of particles. As well the dissolution into the subphase is 

unknown at this point but a future control would be to spray particles onto the bare 

subphase to observe if these clusters form at the interface. 
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Chapter Seven: Conclusions and Future Directions  

 

7.1 Summary 

The aim of this thesis was to understand the role of lipid components for lung 

surfactant-nanoparticle interactions. These were assessed using both models composed of 

synthetic lipids to mimic surfactant and a more physiologically relevant clinical surfactant 

preparation. These interactions between surfactant and nanoparticles were studied using 

three different approaches that were progressively adapted over time to better match 

physiological conditions. At first nanoparticles were mixed with pulmonary surfactant 

systems before surface activity measurements were recorded. This mimics the most 

common method used in published in-vitro studies to evaluate the impact of nanoparticles. 

The second approach was to have nanoparticles interact from below the surfactant 

monolayer. In this set-up, nanoparticles first interact with the polar headgroup of the lipids 

which does not match the in vivo situation. In this case NPs were added to the subphase 

before the lipid films were deposited, which could also affect the results as they may absorb 

to the air-water interface interfering with film formation. Such effects have been reported 

for serum proteins, which also adsorb to the monolayer inhibiting surfactant function[89, 

151]. The last and most representative in-vitro method was to spray nanoparticles as dry 

powders onto surfactant monolayers. Thus, nanoparticles interact first with the 

hydrophobic acyl chains of the lipids which point towards to air much like the situation 

observed in-vivo upon inhalation into the alveoli.  

The synthetic lipid model developed is composed of four phospholipids which 

represent the largest components of natural pulmonary surfactant. This included DPPC, 
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POPC, DPPG and POPG. BLES, a clinical surfactant, obtained from the extraction and 

subsequent purification from bovine lungs was used as the physiological model for 

comparison. Cholesterol was added to both the model and BLES systems to further 

improve the model but also due to its importance for proper surfactant function. The gelatin 

and PBCA nanoparticles used had average diameter of 100 ± 10 nm to eliminate the impact 

of size differences in these studies. Surface pressure area isotherms were recorded to 

document the changes in surface activity in the presence and absence of nanoparticles. The 

topography of the monolayer was imaged in real-time by using Brewster angle microscopy. 

Premixing the nanoparticles before surface activity measurements did not have a 

large impact on the maximum surface pressure achieved during compression of both, the 

lung surfactant model and BLES. Imaging of the surfactant monolayer showed the 

formation of nanoparticle induced spikes. The size and number of spikes was concentration 

dependent and further enhanced by the presence of cholesterol in both LSM and BLES.  

The interaction of nanoparticles with surfactant from the subphase demonstrated 

the importance of having a complex surfactant model for proper evaluation of the impact 

nanoparticles may have. Simple models using single phospholipids such as DPPC were 

unable to predict the extent of interaction of both, gelatin or PBCA nanoparticles. This 

demonstrated that PBCA NPs has a higher propensity to insert into lipid films at the air-

water interface compared to gelatin. Moreover, these NPs were able to form films with 

moderate surface pressures. Consequently, PBCA induced more protrusions from 

surfactant monolayers. The findings also explained the ability of PBCA to decrease the 

surface activity of the lung surfactant model and BLES to a greater extent than gelatin. The 
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effect of submitting the surfactant mimics in the presence of nanoparticles to expansion 

and compression cycles reduced the size and number of these spikes.  

The application of dry nanoparticle powders to the surfactant mimics qualitatively 

match those observed in the two previously mentioned methods. The strong advantage to 

spraying nanoparticles is the ability to use doses of low mg to µg amounts matching 

exposure values reported for the lungs. The results of this thesis also agreed with earlier 

reports on the importance of cholesterol in particle and surfactant interactions.  

7.2 Conclusions 

The results from this thesis provide a few unique findings and highlight important 

considerations when studying nanoparticle surfactant interactions in-vitro. The 

composition of the lung surfactant mimic used has a large impact on the results generated 

from in-vitro studies. Lipid systems that only use a single class of phospholipids cannot be 

used to measure changes to surfactant function. A combination of both phosphatidylcholine 

and phosphatidylglycerol lipids are required for a relevant model. DPPC alone was unable 

to show the large decreases in surface activity as observed with BLES or the synthetic 

surfactant model. Both nanoparticles used in this thesis showed a strong impact on the PGs. 

The more fluid partially unsaturated POPG is the largest component of the PG class found 

in lung surfactant. The fluidity and respreading capabilities provided by the PG lipids are 

an essential component of surfactant function. Lastly, physiological concentrations of 

cholesterol increased the susceptibility of the both, LSM and BLES to nanoparticles. The 

contribution of cholesterol to the formation of the spikes has not previously been reported 

in the literature. This effect and its relevance if surfactant-nanoparticle interactions was 
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first identified in this thesis. For any in vitro study this sterol is an essential component for 

surfactant mimics.  

Both gelatin and PBCA are non-toxic, biodegradable and are considered safe 

materials for biological applications. They differ in their ability to interact with surfactant 

whereby PBCA alters the surface activity and organization to a stronger extent than gelatin. 

The strong interaction of PBCA with lung surfactant is particularly interesting since PBCA 

has been demonstrated to induce inflammation within the lungs when introduced to mice 

with lung cancer[51].  Macrophages are then recruited to the site of nanoparticle deposition 

and leading to increased levels of pro-inflammatory cytokines. A side effect of the 

inflammation was the increased macrophage activity against the cancer cells. The 

mechanism for the induction of inflammation by polymeric nanoparticles like PBCA is not 

understood. A large reduction in surface pressure of lung surfactant observed in the 

presence of PBCA and the increased formation of the spikes in the monolayer may be 

involved in triggering inflammation. The high surface activity of PBCA enabled it to more 

readily interact with the monolayer and likely enhance the formation of these aggregates. 

Clusters of these nanoparticle and lipid may increase macrophage activity as observed for 

nanoparticles pre-treated with surfactant[84-86]. 

In vitro tests are valuable tools to screen for potential negative effects of 

nanoparticles on surfactant function. Changes in the maximum attainable surface pressure 

or the inversely related minimal surface tension can be used as an initial indicator. Imaging 

of the monolayer provides further information on the organization of the lipid film and 

shows the formation of spikes in the film that cannot be predicted by surface pressure-area 

isotherms alone. Minor changes in the isotherms do not always reflect the changes in the 
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film organization. However, this approach still provides a useful initial screening of 

potentially toxic nanomaterials. To further improve in-vitro testing using a Langmuir 

trough, isotherm cycles are fundamental to mimic breathing and have a large impact on the 

lateral surfactant organization. This was observed for PBCA, whereby by the film 

organization improved with expansion and compression cycles as the number and size of 

the spikes induced by the nanoparticles was reduced. The formation of spikes has been 

observed in many studies but the breakdown of these spikes by isotherm cycling is a new 

observation. The data generated here add to improve the existing methods of studying 

nanoparticles. The Langmuir trough provides a useful in-vitro tool for evaluating the 

different nanoparticles used for pulmonary drug delivery. Spraying nanoparticles onto the 

Langmuir monolayer will further improve this technique although additional optimization 

is required. The information generated from in-vitro techniques will help aid to modify 

existing nanoparticles or new nanomaterials to minimize disruptions of surfactant function. 

Once the technique has been optimized, the Langmuir trough may be a useful tool for a 

standardized screening of nanoparticle effects of surfactant thereby reducing the number 

of animal studies required. Thus, this work provides an important contribution to the screen 

of materials in terms of their pulmonary nanotoxicology. 

7.3 Future Directions 

The lung surfactant model used here only contains 4 phospholipids DPPC, POPC, 

DPPG, POPG and the neutral lipid cholesterol. The addition of the other PC and PGs 

provide further information on nanoparticle and surfactant interactions. Two PC lipids in 

particular are unique and should be the focus of future studies, the first is the 

palmitoylmyristoylphosphatidylcholine (PMPC) with 16:0,14:0 acyl chains. The mismatch 
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in the two fully saturated tails is not common in mammalian membranes and its high levels 

found in PCs component of lung surfactant suggests it may be important. The second lipid 

is the palmitoylpalmitoleoylphosphatidylcholine (16:0,16:1) which is almost identical to 

DPPC except for a single unsaturation. This lipid is not readily available but makes up a 

large portion of the PC lipids and provides a large fluidity increase in the monolayer. The 

unique 16:0, 16:1 fatty acyl chain composition has not been studied with nanoparticles. 

Similarly, a PG variant of this partially unsaturated lipid also makes up a large component 

of the total PG lipids. Native surfactant contains minor components of 

phosphatidylethanolamine and phosphatidylserine lipids which could also increase the 

relevance of the model to native surfactant. These may improve the model but ideally a 

simple mimic should contain only the minimum number of phospholipids essential for 

function. This creates a simple model where only the lipids crucial to the interaction with 

nanoparticles and be used for rapid screening.  

Another approach to fully characterize the role of individual lipids in the model 

would be to disassemble BLES into the PC and PG lipid classes. Moreover, BLES lipid 

classes can also be separated by using TLC, which would allow for testing of complex PC 

or PG mixtures. These systems would be representative of physiological composition and 

allow us to compare the impact of nanoparticles based on headgroup structure. 

While the LSM demonstrated similar results as BLES, the extent of the interaction 

still differs from biological models, indicating the need to add other key components. The 

addition of the surfactant proteins B and C would greatly improve the surface activity and 

bring the model closer to BLES or other surfactant preparations. These surfactant proteins 

are essential for the transition of the monolayer into the multilayer phase which allows 
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surfactant to reach very high surface pressure. As well these proteins aid in the readsoprtion 

of surfactant lipids to the interface and allow rapid respreading upon inhalation. 

Alternatively, the use of synthetic peptides that can mimic the function of the hydrophobic 

SP- B and SP-C may be used instead. These peptides such as KL4 are able provide similar 

function as the natural surfactant while being much easier to scale up. SP-B and C which 

are currently obtained by organic extraction from alveolar lavage which may be costly for 

creating a standardized surfactant mimic.  

Another interesting observation was the significant change of the surface pressure-

area isotherms of BLES Chol that became similar to BLES alone when GNPs were added. 

This indicates a potential interaction of gelatin with cholesterol, which warrants further 

investigations. Confirmation of this reaction could be achieved by adding GNPs into the 

subphase and depositing a pure cholesterol monolayer. Isotherm cycles would indicate if 

cholesterol molecules were lost from the interface. Isothermal titration calorimetry could 

also verify this interaction. Only two different nanoparticles have been studied in detail in 

this thesis and other materials should be assessed. More materials would help to better 

understand the formation of spikes and the strong interaction of nanoparticles with PG 

lipids. Other nanoparticles that have been tested for inhalable drug delivery include poly-

lactide-co-glycolic acid nanoparticles, alginate, chitosan and solid lipid nanoparticles 

These are all biodegradable organic polymers and would be interesting candidates to be 

investigated for their potential as pulmonary drug carriers. Other materials would be 

metallic nanoparticles and other non-spherical nanomaterials which represent NPS 

involuntarily inhaled due to pollution. This would allow a broader based in-vitro screening 

of particles to assess their nanotoxicity.  
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The Langmuir trough was adapted for spraying dried powder nanoparticles to better 

mimic physiological conditions. A modification to improve this in-vitro method would be 

circular compression from all directions would better mimic in vivo conditions than 

compression from two opposing barriers in the Langmuir trough. A ribbon barrier is 

available for Langmuir troughs that uses a band that shrinks the area is a circular fashion. 

This special barrier has demonstrated the ability to reach lower surface tensions using 

surfactant mimics than Teflon barriers. Interestingly, it has never been used for testing 

nanoparticle and lung surfactant interactions. The last major addition is to create a humid 

environment for the Langmuir trough. This would place both the surfactant monolayer and 

the spraying of the dry nanoparticles in the humid conditions expected for the airways and 

the lungs.  The presence of water may impact the deposition of particles and the orientation 

of the lipids due to elevated hydration. 
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