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ABSTRACT

This work studied the relationship between surfactant, oil, and water, by building 

ternary phase diagrams, the goal of which was to identify the oil-in-water phase 

composition. The resulting nano-sized emulsion was coated with dicalcium phosphate by 

utilizing the ionic affinity between calcium ions and the emulsion surface. Since the 

desired function of the particle is as an oxygen carrier, the particle stability, oxygen 

capacity, and oxygen release rate were investigated. The first step in the process was to 

construct ternary phase diagrams with l,2-dioleoyl-sn-glycero-3-phosphate (DOPA) and 

soy derived lecithin. The results showed that the lecithin surfactant formed an oil-in-water 

phase region that was 36 times greater than that of DOPA. With the desired phase 

composition set, the lecithin emulsion was extruded, resulting in a well-dispersed 

nanosized particle. A pH titration study of the emulsion found an optimized calcium 

phosphate coating condition at pH 8.8, at which, the calcium ion had a greater affinity for 

the emulsion surface than phosphate. A Hill plot was used to show calcium 

cooperativeness on the emulsion surface which suggested one calcium ion binds to one 

lecithin molecule. The lecithin emulsion particles were then coated with calcium 

phosphate using a layering technique that allowed for careful control of the coating 

thickness. The overall particle hydrodynamic radius was consistent with the growth of 

the calcium phosphate coating, from 8 nm to 28 nm. This observation was further 

supported with cryo-TEM measurements. The stability of the coated emulsion was tested



in conditions that simulate practical thermal, physical, and time-dependent conditions. 

Throughout the tests, the coated emulsion exhibited a constant mono-dispersed particle 

size, while the uncoated emulsion size fluctuated greatly and exhibited increased 

polydispersion. The fast mixing method with the stopped-flow apparatus was employed to 

test the product as an oxygen carrier, and it was shown that particles with thicker calcium 

phosphate coatings released smaller amounts of oxygen in a given timeframe.

This study proved the hypothesis by showing a fundamental understanding of 

emulsion science, coating the flexible emulsion surface with a biocompatible material, 

and a strong particle performance with regard to stability and as an oxygen carrier.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Blood donations have been declining, while the need for blood has been 

increasing. The amount of donations has been decreasing annually by 3 percent, but the 

demand is growing by 6 percent [1]. This shortage is due, in part, to the greater number of 

complex therapies such as chemotherapy, organ transplants, and heart surgeries, which 

require large amounts of blood and blood products[1].

In order to increase the stability from the current perfluorocarbon-based oxygen 

carrier while maintaining the function as an oxygen delivery, this study investigated the 

use of a calcium phosphate (brushite, CaHPO4) surface encapsulation of an oil-in-water 

emulsion and how it may improve the stability of the blood substitute without changing 

its function as an oxygen carrier. This theory hinges on the idea that the rigid surface of 

nanoemulsion will remain constant, regardless of any external force applied, while the 

porous brushite will allow for the diffusion of oxygen molecules.

In order to achieve this goal, this study focused on finding the desired phase of 

emulsion by constructing a ternary phase diagram. Then, the emulsion was coated with 

calcium phosphate. Finally, this study tested the stability and oxygen release from the 

coated emulsion.



1.2 Background of Oxygen Carrier as a Blood Substitute 

Blood substitutes are designed to fulfill particular functions normally performed 

by red blood cells (RBC). One of these functions is the delivery of oxygen. The history of 

blood transfusion and the development of red blood substitutes has been complementary. 

William Harvey theoretically described the circulation of blood in 1628 [2]. Blood 

transfusions were first practiced in 1665 from one animal to another by Richard Lower 

and Edward King [3]; they used the quills of bird feathers to puncture arteries and blood 

was collected in an animal bladder. The first blood substitute was a cow’s milk (1878), 

used in the case of Asiatic cholera because the milk was thought to regenerate white 

blood cells [2, 4], but when the milk was injected into two patients, they died after a few 

hours. Since 1628, scientists have studied blood substitutes in search of a product suitable 

for the human body (Figure 1-1). There have been two predominant methods for the 

oxygen carrier, cell-free hemoglobin and perfluorocarbon-based. The literature review 

will focus on these two materials (see Table 1-1).

1.2.1 Hemoglobin-based Oxygen Carrier (HbOC)

Hemoglobin is the metalloprotein found in the red blood cells that transports 

oxygen and carbon dioxide between the lungs and the rest of the body. Hemoglobin’s 

oxygen-binding capacity is 1.34 mL of oxygen per gram [5] and because hemoglobin is a 

natural oxygen carrier and purifier that can be directly extracted from red blood cells, it 

was the first product to be used as a blood substitute oxygen carrier [6].

The first hemoglobin-based blood substitute caused side effects such as 

hypertension, bradycardia, oliguria, and anaphylaxis [7]. Even though the product was 

modified by identifying and eliminating the rapid breakdown of methemoglobin, the
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hemoglobin-based substitute still had extremely high levels of toxicity in the kidney 

because the kidney was not able to filter the formed dimers in the crosslinked hemoglobin 

[8]. Hemoglobin has a high affinity for binding oxygen, which prevented the cell-free 

hemoglobin from releasing all of its oxygen into the tissues. In order to solve this 

problem, the affinity of the hemoglobin was reduced by modifying and increasing the 

stability of its tetrameric structure, extending the vascular retention by applying the agent 

pyridoxal 5’-phosphate (PLP) [9, 10]. Later, by removing stroma from red cell 

hemolysates, the hemoglobin study was expanded to a larger scale for experimental use 

and human trials [11-22]; however, there were many failures during the trials.

Another approach to preventing toxic side effects of the cell-free hemoglobin was 

to encapsulate it within a liposome, simulating the hemoglobin in a red blood cell. This 

encapsulation mimicked the structure of a red blood cell as the hemoglobin was packed 

inside a membrane. This approach seemed to solve the existing problems, but caused 

other problems such as reticuloendothelial, macrophage stimulation, difficulty in 

maintaing sterility, endotoxin contamination, cumbersome production, and high cost [23

27].

1.2.2 Perfluorocarbon-based Oxygen Carriers (PFBOC)

In 1966, Clark and Gollen made perfluorocarbon well known by immersing a 

laboratory mouse in butyltetrahydrofuran (FC-80) [3]. The mouse survived in the solution 

for two hours. This chemical is inert, similar to Teflon, and insoluble in water, so a large 

proportion of oxygen can be dissolved in solution -  around 38-50 vol.% at 37oC [28]. A 

perfluorocarbon solution was added to emulsifier, so it would become soluble in water
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[29]. The water-soluble emulsion was then tested in the blood of rats; the results showed 

that the animals could survive in an atmosphere of 90-100% oxygen [29, 30].

Currently, many developers have been concentrating on this emulsion form, using 

a high concentration of dissolved oxygen. Fluosol-DA (Green Cross Co., Japan), for 

example, contained a 20 wt.% perfluorocarbon emulsion [28]. However, the efficacy of 

the emulsion in current research is limited by its low stability, making it difficult to 

package as it easily flocculates and coalesces during the process.

PFBOCs have one unique benefit compared to HbOCs: the predictable side 

effects. Because HbOCs are based on a biological material, their side effects are 

sometimes difficult to anticipate when they are injected into the blood. Since PFBOCs are 

synthetic, they yield more predictable reactions when applied both in vivo and in vitro. 

However, toxicity problems and unstable emulsifiers still cause problems for clinical 

trials. Systematic optimization of stability and function is needed to overcome these 

problems.

Researchers have tried to improve the stability of PFBOCs by adding small 

amounts of co-surfactants, but they have struggled to achieve acceptable stability and 

functionality [31-34]. There are two problems. The first is the method used to construct 

the ternary phase diagrams, of perfluorocarbon solutions, constructed objectively with 

visual observations rather than by specific characterizations. Typically, studies have 

constructed the diagrams by observing the phase separation with visual cues, which led to 

inconsistencies. The diagrams with perfluorocarbon solution demonstrated Winsor Type I 

and II [35-38] phase characteristics; the Winsor system differentiates phase behavior 

when oil, water, and surfactant form an emulsion (a more detailed background on Winsor 

systems can be found in section 1.3.2.2). In other works, the lack of a consistent
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classification method makes it insufficient to specify Winsor system [35-38]. Another 

problem is the methodology used to measure oxygen in PFBOCs. Currently, oxygen is 

measured by transferring oxygen from the purged oxygen gas to the PFBOC. This 

procedure requires the researcher to make many assumptions in order to estimate the 

oxygen content, which affects the accuracy of the measurement.

1.3 Development of a Ternary Phase Diagram for Oil/Water/Surfactant

1.3.1 Significance of Developing the Ternary Phase Diagram 

The ternary phase diagram is a compositional map of three different materials.

This map is an empirically developed depiction of the possible forms a three-component 

mixture may have. Figure 1-2 shows a typical ternary phase diagram of 

oil/water/surfactant. Generally, when the amount of surfactant comprises the majority of 

the emulsion solution, it forms a liquid crystal, as shown in the right corner of Figure 1-2. 

The normal micelle is formed at the corner of water and surfactant, while the reverse 

micelle is typically found at the corner of oil and surfactant in the ternary diagram. The 

emulsion, which forms a spherical shape of a certain size range, is called a microemulsion 

and usually requires a small amount of surfactant. If the region of the microemulsion is 

close to mostly water, it is an oil-in-water emulsion. If the region is close to mostly oil, it 

is a water-in-oil emulsion. The rest of the regions are complicated by the fact that various 

structures and phases coexist, and therefore it is difficult to distinctly classify [39-41].

The conditions under which the microemulsion forms can be altered by the type of 

surfactant, as well as experimental conditions such as pressure, temperature, pH, and the 

presence of a counter ion. The regions at the corners of the ternary diagram are generally 

less sensitive to the type of surfactant and conditions, whereas the rest of the regions are
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more unpredictable. Therefore, it is difficult to theoretically predict the stability of a 

microemulsion using the ternary phase diagram. It is relatively easy to construct the 

diagram empirically using a titration method or combining the components in various 

amounts to make the samples.

1.3.2 Review of the Foundational Concepts Guiding the Diagram

1.3.2.1 Phase Rule

It is important to refer to the phase rule in order to understand the fundamental 

principle of the ternary phase diagram. Generally, the rule represents the anticipated 

phase with a given number of components. The rule is expressed as follows:

P = C + 2 -  F Eq. 1-1

where P is the number of phases at equilibrium, C is the number of components, and F is 

the number of degrees of freedom (DOF). If using three components for the emulsion 

system, F can include up to four variables: temperature, pressure, and two chemical 

potentials, which are independent of composition. For example, all four DOF variables 

should be fixed to obtain a single phase (P = 1), and only one of the three compositions is 

free to obtain two phases (P = 2) at constant temperature and pressure.

The ternary phase diagram is a visual representation of the phase rule. Typical 

diagrams should be constructed at constant temperature and pressure to prevent phase 

discrepancies that can arise due to changes in these variables. The ternary phase diagram 

presents the phase behavior of oil/water/surfactant at equilibrium with a reduction in 

Gibb’s free energy (G < 0). The Winsor system presents the relationship between phase 

behavior and the different components of the oil/water/surfactant.
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1.3.2.2 Winsor System

The ternary phase diagram is utilized to recognize the types of phases by 

exploring the possible combinations of the three added materials. In order to construct the 

diagram, the Winsor system classifies the phases [42] into three different types (I, II, and 

III) based on visual observation (Figure 1-3). The Winsor system is also related to the 

distribution of phase regions in the diagram. Winsor Type I and II are identical in the 

diagram, but visual observation reveals the difference between the two by the separation 

of excess liquid. The Winsor system has been in use for about 60 years, and it is still an 

excellent method that quickly constructs ternary phase diagrams.

The additional methodology used to circumvent the subjective nature of the 

Winsor system is the shear stress and strain of the emulsion system [43] using the 

property of a colloid suspension. The surface tension of a colloid changes depending on 

the rheological behavior because the phase change is related to viscosity and surface 

tension. This method allows for a better understanding of the phase behavior change and 

a more accurate map of the ternary phase diagram.

Even though these methods have been utilized to construct ternary phase diagrams, 

additional measurements are still needed to distinguish between subphases. The 

additional methodologies utilized buoyant density, fluorescence quenching, Fourier 

transform infrared spectroscopy, and cryogenic transmission electron microscopy [44-47]. 

These methodologies helped to determine the emulsion phase behavior by further 

characterizing its chemical behavior.
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1.3.3 Review Formulation for Oil-in-water Emulsion

1.3.3.1 Micelle

It is important to review the differences between the micelle and the emulsion in 

order to understand the ternary phase diagram. The difference is that the micelle has a 

smaller size. The micelle structure is determined by the self-assembly of the surfactant, 

which has a hydrophilic head group and a hydrophobic tail. It can also have various sizes 

of head groups and lengths of tail lengths. The micelle structure is estimated by the 

surfactant packing parameter (g) as follows [48]:

g = TVTi Eq. 1-2

where v is the volume of hydrocarbon chain, a0 is the area of the head group, and l is the 

length of the hydrocarbon chain of the surfactant monomer. The value of g determines 

which micelle structure is more likely to form. If the value is equal to or less than 1/3, for 

example, the surfactant would form a spherical micelle. If the value is between 1/3 and 

1/2, it is more likely that a rod-like micelle will be formed. If the value of g equals 1, 

the micelle structure is most likely a bilayer. If it is greater than 1, the micelle forms in 

reverse (Figure 1-4).

8

1.3.3.2 Microemulsion

It is also important to clarify the classification of spherical emulsions according to 

their size: micelle (< 50 nm), microemulsion (from 50 nm to 3 ^m), and macroemulsion 

(> 3 ^m) [43]. This study focuses on microemulsion because it has previously been used 

as an oxygen carrier. Negative side effects have occurred when the emulsion particle size 

is too large (a micron), so emulsions for oxygen carriers are generally synthesized at a



size smaller than 1 um in diameter [26]. Even though microemulsions seem to have 

similar structures to micelles, they differ in the size of their particles, and have large 

liquid cores filled with either oil or water.

Due to the difference in size, the packing parameter in microemulsions also 

changes the curvature of the particle’s surface. A microemulsion demonstrates a small 

degree of polydispersity, even though the majority consists of micron-sized particles. This 

small degree of polydispersity phenomenon results from a microemulsion built by the 

micelle-swelling mechanism [49], which eventually influences the packing parameter. 

Instead of four different classifications of the packing parameter, microemulsions only 

have three. When the value of g is less than 1, microemulsions can easily form oil-in- 

water. When g is greater than 1, the emulsion favored is a water-in-oil emulsion. When g 

is equal to 1, the emulsion forms a bicontinuous microemulsion (Figure 1-5).

1.3.3.3 Influence of Charged Surfactants on the Formulation

The head groups of surfactants can be classified into anionic, cationic, nonionic, 

and zwitterionic. Anionic heads and cationic heads indicate negatively and positively 

charged groups, respectively. Examples of these groups include sodium dodecylsulfate 

(SDS), an anionic surfactant, and cetyltrimethylammonium bromide (CTAB), a cationic 

surfactant. Nonionic head groups do not contain a charge, for example, Triton X-100. 

Zwitterionic heads have both negatively and positively charged groups; an example is L- 

a-phosphatidylcholine (soy lecithin), as shown in Table 1-2.

As described above, ao, v, and l values of the surfactants are used to estimate the 

most probable micelle structure. It is not only the structure of the surfactants that 

determines the packing parameter, but also the ionic charge of head group. The ionic
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charge’s influence is due to the balancing between the repulsive and attractive forces of 

the surfactants during self-assembly. For example, anion or cation surfactants have strong 

repulsive forces between the head groups, causing greater separation between them. If ao 

becomes greater than the structural estimation due to the repulsive force, the packing 

parameter is reduced, so it is possible for surfactants with an ionically charged head group 

to form spheres. However, because a repulsive force increases ao, fewer surfactant 

molecules are required to form an emulsion or micelle than without that force. As a result, 

the region of oil-in-water in the ternary phase diagram will be smaller than the surfactant 

without a repulsive force such as soy lecithin.

1.3.3.4 Instability of the Emulsion

Synthesizing a well-dispersed emulsion system is essential for improving the 

stability of the emulsion. Once the emulsion particles are broken down, there can be 

creaming, sedimentation, flocculation, Ostwald ripening, coalescence, and phase 

inversion (Figure 1-6), which all contribute to lowered stability [50]. Flocculation is the 

aggregation of the particles without any change in their initial size. The process is 

governed by the van der Waals attraction force, which is found in all colloid systems. If 

the repulsive force is weaker than the attractive force, the particles flocculate.

Coalescence is the process that thins and disrupts the liquid film between 

particles. The result is two or more particles that fuse together to form a larger particle, 

which can only occur when the particles are closely packed. This can happen naturally via 

flocculation, or with an external force like centrifugation.

Phase inversion indicates a phase exchange between the continuous and the 

dispersion phases. This occurs when various types of emulsions coexist in the solution,
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and Ostwald ripening generally manifests itself over time. The emulsion system is, 

generally, a polydisperse system with smaller and larger sized particles. The small 

particles are fairly evenly dispersed throughout the suspension as compared to the large 

particles. The small particles, however, diffuse between large particles, becoming the 

bulk. This phenomenon happens naturally, and over time a more thermodynamically 

stable condition is reached with a minimized surface to area ratio.

1.3.4 Technical Challenges of Constructing the Ternary Phase Diagram 

Constructing the ternary phase diagram is critical to the mapping of the possible 

emulsion phases in a given set of experimental conditions. Visual inspection is commonly 

used in this methodology along with shear stress testing and cryogenic transmission 

electron microscopy. These techniques aim to further define the phase boundaries and the 

molecular structures of the different phases. This section discusses the methodologies 

used for constructing the diagram.

1.3.4.1 Current Methods for Constructing Ternary Phase Diagrams

1.3.4.1.1 Visual Inspection

Generally, the phase boundaries in the ternary diagram are determined using 

visual inspection [37, 39-41, 51-53]. It is fast and easy, but it is the least accurate method 

because it is subjective. Still, visual observation is essential for developing the general 

diagram. Other tools are needed to subdivide the general diagram into more defined 

regions such as contiguous particle size, morphology, dispersion of particle, and 

emulsifier concentration because the stability behavior of the emulsion system is sensitive 

to these.
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1.3.4.1.2 Shear Stress and Strain

There may be ranges of particle size, morphology, dispersion of particle, and 

emulsifier concentration that yield functionally and physically identical material. The 

challenge is to find regions in the phase diagram that have significant differences in 

behavior, not just size, morphology or dispersion. In this work, phase boundaries are 

determined by monitoring the change of fluid behavior. The emulsion system’s overall 

properties are strongly determined by its rheological properties, and they often have 

unique stress and strain characteristics. Newtonian fluid presents a linear relationship 

between shear stress and strain, while non-Newtonian fluids do not. For example, the low 

viscosity of an emulsion system generally implies that the emulsion particles are well 

dispersed in the solution [34, 54]. However, when the emulsion system is complex, 

containing a bicontinuous phase and emulsion particles, it transforms into a non- 

Newtonian fluid and the viscosity changes with applied stress and strain [55, 56]. 

Increasing emulsifier, the interfacial film strength increases. This implies an increase in 

the viscosity of oil and water. The viscosity of the whole system is dependent on 

interfacial viscosity. The adsorption of surfactants immobilizes the surface. When 

particles are small in a concentrated system, tangential shear stresses are opposed by 

surface tension gradients.

1.3.4.1.3 Transmission Electron Microscopy (TEM)

TEM provides a direct picture of the emulsion characteristics but is susceptible to 

variations in specimen preparation and drying [43, 54, 57]. The fundamental mechanism 

of TEM is similar to optical microscopy, but the incident source in TEM is an electron 

beam transmitted through a thin specimen, while in optical microscopy it is light. In TEM,
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as the beam is imaged onto a fluorescence screen, the degree of transmittance differs with 

the crystal face and defects of the specimen. However, due to the high vacuum and high- 

accelerated voltage, TEM requires either special sample preparation, such as cryogenic 

temperature, or the negative staining of the emulsion.

Cryogenic transmission electron microscopy (cryo-TEM) is a useful technique for 

emulsion samples that are fragile under TEM conditions (electron beam and high 

vacuum). Instead, cryo-TEM studies the samples at cryogenic temperatures, providing 

high-quality images with powerful magnification showing surface features and shape. 

Even though it is an expensive technique and the sample preparation is a delicate 

procedure, cryo-TEM is still used extensively to characterize and understand the 

morphology of emulsion systems.

The technique of negatively staining samples is also effective for emulsion 

samples, especially since the sample preparation is easy and fast. Negative stains are 

ammonium molybdate, uranyl acetate, uranyl formate, osmium ferricyanide, and 

phosphotungstic acid. These materials scatter electrons efficiently, while absorbing 

emulsion and biological samples. However, the disadvantage of this technique is that the 

preparation does not allow for high resolution or structural artifacts to be included in the 

image.

1.3.4.2 Potential Methods for Constructing Ternary Phase Diagram

1.3.4.2.1 Buoyant Density

The density is the value of mass per volume. Generally, solid forms have a high 

density because the molecules are tightly organized. In liquid, the distance between 

molecules is relatively greater than in solids. Therefore, molecules in liquid form take up
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more volume than they would in solid form. Gas takes up an even greater volume than 

liquid, meaning that the density of gas is the lowest, and because the density is related to 

the dispersion of molecules, it is also related to temperature and viscosity. Buoyancy is 

the force created by the displacement of fluid, for example, a bubble rising to the surface. 

It is the force that helps prevent the particles from sedimenting.

Archimedes’ principle is used to measure buoyancy density. Generally, an 

insoluble powder is added to a known volume of liquid. The density of the product, 

including the solvent and the powder, is then measured by using a pycnometer. This 

principle was applied to a powdered emulsion sample that showed emulsions with the 

high-density oil were heavier than those without the oil [58].

1.3.4.2.2 Fluorescence Quenching

Fluorescence quenching is the process of decreased fluorescence intensity due to 

molecular interactions such as excited-state reaction, molecular rearrangement, energy 

transfer, and collisional quenching. The most common interaction is collisional 

quenching, which requires the fluorescent molecule to come in contact with the quencher 

during the excited state. In this process, the fluorescence returns to the ground state 

without emission of a photon; collisional quenching is described by the Stern-Volmer 

equation [59]:

Fo = 1 + Kd [Q] Eq. 1-3

where F0 and F are the fluorescence intensities before and after quenching, KD is the 

Stern-Volmer quenching constant, and [Q] is the concentration of quencher. KD can be
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described by biomolecular quenching constant (kq) and lifetime of fluorophore (t0); Kd = 

kq X T0.

Pyrene (C16H10) is one of the fluorescence probe molecules that is widely used in 

biological applications [60]. It is not only easily obtained commercially, but has a high 

quantum yield and lifetime [61]. The fluorescence emission is sensitive to solvent polarity, 

and potassium iodide (KI) is commonly used as a quencher [60]. In collisional quenching, 

the excited fluorophore such as pyrene comes into contact with a molecule such as KI, 

easing nonradiative transitions to the ground state.

Using this mechanism, fluorescence dye molecules can be employed to 

understand the types of emulsion phases such as oil-in-water, water-in-oil, and 

bicontinuous. If the quencher is selected carefully, as only being soluble in water, the 

fluorescent intensity can differ between the various phases. If the dye molecules, 

dissolved in oil, are encapsulated inside the emulsion particles, the membrane protects the 

molecules from the quencher.

1.3.4.2.3 Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR makes it possible to obtain the infrared spectrum of absorption of a solid, 

liquid, and gas from the bond vibration. The intensity of an absorption band relies on the 

changes in the dipole moment of the bond due to the bond length and charge difference 

between two atoms. The molecule absorbs specific frequencies, which are characteristics 

of the structure. The frequency of the absorbed radiation matches the transition energy of 

the bond that vibrates [62]. As a result, their unique vibrations can identify molecules. 

Since the dipole moment is related to the bond distance, the relationship is expressed as 

follows [63]:
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Eq. 1-4

where 3^ is the change in dipole moment, and dx is the change in bond distance. In order 

for absorption to occur, Eq. 1-4 should be nonzero since infrared spectroscopy (IR) 

monitors the change in energy after emitting a photon to the molecule.

There are two factors that affect the absorption intensity: 1) the molecule and 2) 

the concentration of molecules. Eq. 1-4 calculates the first factor, so that each molecule 

has its own absorption. The second factor is based on Beer’s law [63]. The molar 

absorptivity is a constant value, only depending on (d i  / dx)! . Therefore, the absorption 

and the concentration should be balanced by maintaining the absorptivity as a constant. 

Beer’s law is as follows:

where A is the absorption intensity, e is the absorptivity, l is the path length, and c is the 

concentration of molecule.

Attenuated total reflectance (ATR) is a commonly used sampling technique in 

infrared spectroscopy (IR). The incident light undergoes multiple internal reflections in 

diamond, which creates an evanescent wave that interacts with the sample up to 2 um. A 

spectrum is recorded with the least amount of effort in sample preparation. Such cells are 

utilized in various applications related to soft matter material, liquid, powder, and 

polymer film. The presence of oil can be quantitatively estimated by using Beer’s Law.

A = elc Eq. 1-5



1.3 Sizing of the Oil-in-water Emulsion

1.3.1 Manufacturing Challenge for Emulsions 

The size of the particles is a critical factor in their dispersion. When the particle 

size is small, ranging between 0.05 and 0.3 um, the emulsion is stable up to a year [64, 

65]. Prior research classified emulsions based on their size, micelle (< 50 nm), 

microemulsion (from 50 nm to 3 um), and macroemulsion (> 3 um) [43]. However, 

researchers who explore the field of emulsion have easily confused the definitions of 

microemulsion and nanoemulsion. Since the particle size of nanoemulsion is described as 

roughly below 200 nm, the word choice obscures the definition. Mainly, there are two 

factors that determine the difference between nanoemulsion and microemulsion in 

morphology and stability. First, the spherical structure of a nanoemulsion distinguishes it 

from a microemulsion. The nanoemulsion is formed by mechanical shear stress, such as 

ultrasonication, while the microemulsion is formed by self-assembly. Second, the 

emulsions differ in their stability because they are shaped by distinctive processes; the 

nanoemulsion is metastable, but the microemulsion is in a steady-state [66]. Even though 

both of the emulsions consist of oil, water, and surfactants, thermodynamics influences 

the state of nanoemulsions more efficiently. In general, steady-state microemulsions have 

low surface tension due to self-assembly, but the metastable nanoemulsion has a 

relatively high surface tension between the oil and water phases, and the surfactant is 

mostly soluble only in a continuous phase, not in a dispersed phase. Due to these 

differences, previous patents of microemulsions are reviewed here in order to improve 

upon the method for synthesizing nanoemulsions. This review is categorized into three 

general methods of nanoemulsion synthesis: high external shear stress, ultrasonic 

agitation, and cyclic phase inversion temperature.
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Applied shear stress is one method to manufacture a nanoscale (<1^m) emulsion 

system. A Newtonian fluid presents a linear relation between shear rate and viscosity. The 

viscosity of distilled water is 0.68 cP at 37 oC and the viscosity of olive oil is 43.3 cP. The 

shear rate of olive oil is about 63 times lower than that of water, and with the reduced 

shear rate, it is possible to break down a microemulsion into the nanoscale using a 

common blender. However, one of the common methods for breaking down the 

microemulsion has been high-pressure homogenization. Pressure is applied at 100 psi, but 

a piston amplifies it to nearly 30,000 psi in the sample chamber [67]. The process simply 

applied high pressure to a three-component mixture forced through a carefully chosen 

microchannel. The extreme shear flow creates a uniform particle size and has been widely 

used for highly viscous emulsions [68, 69]. Generally, the procedure recirculates several 

times in order to obtain a homogenous product. The advantage of this technique is that a 

high volume of emulsions can be produced with a tightly distributed particle size using 

high shear rates.

A second method for producing nanoemulsions is the ultrasonic agitation of a 

premixed microscale emulsion [70]. The main principle is to utilize ultrasonic frequencies 

(~20 kHz or higher) to rupture the microemulsion with extremely high shear [57, 71, 72]. 

For example, the emulsifier solution is sonicated for 30 seconds at a frequency of 20 kHz, 

amplitude of 40 %, and a duty cycle of 0.5 % in order to disperse the surfactants [73]. The 

advantage of this method is that it is a simple method with a short processing time. This 

technique is widely used in nanotechnology for dispersing nanoparticles in a liquid 

medium. The disadvantage of this method is that it does not provide a uniform size 

distribution. In order to overcome this shortcoming, the emulsion solution should be re

circulated many times, but this ends up taking more time than the homogenization.
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The last method is temperature inversion, which is simply heating the sample to a 

high temperature followed by rapid cooling. Shinoda and Ogawa, and Saito and Shinoda 

demonstrated the concept of phase inversion temperature (PIT) with the solubilization of 

nonionic emulsifiers or surfactants [31, 74]. The PIT caused the emulsifiers in oil-in- 

water systems to change their preferential solubility from water to oil. When the 

temperature was near the PIT, the structure of the surfactant phase was composed of 

lamellae due to highly reinforced solubilization [74]. In other words, the surfactant 

formed a continuous structure at the PIT. When temperatures were cycled by lower and 

higher than the PIT, the amounts of surfactant were minimized to acquire the isotropic 

solution [74]. The phenomena confuse the emulsion systems as they change between two 

different metastable states. Then, shear stress is applied to rupture the micron size 

particles into smaller emulsion. The advantage of this method is the uniqueness of the 

particle dispersion. The disadvantages are that the procedure requires a high working 

temperature, increasing the risk of the operation, and a broader size distribution than high 

pressure homogenization. Due to the cycle of the extreme temperature change, the 

operation should be extended in order to achieve the desired size.

In short, high-pressure homogenization, sonication, and phase inversion 

temperature were reviewed as methods to fabricate nanoemulsions. The properties of the 

two immiscible solutions determine which one of these methods would be most efficient. 

If there is little density difference between the two solutions (soybean oil and water), then 

all three methods are recommended. However, if there is a large density difference, like 

that between perfluorocarbon and water, then the extreme shear stress method is 

recommended because high Laplace pressure makes it thermodynamically difficult to 

rupture emulsions. The focus of this review is on the different ways particles can be
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fabricated when using immiscible liquids with a large density gap. The larger the density 

gap, the more difficult it is to obtain a narrow size distribution due to the equilibrium of 

Laplace pressure. In order to solve this difficulty, an adequate combination of emulsifier 

assists in preventing the growth, and coalescence of droplets. Once the three components 

(oil, water, and emulsifier) are mixed sufficiently to enable the manufacturing of micro

scale droplets, it only takes a little more energy to break them down into a nanosized 

particle.

1.4.2 Theory of Extrusion 

During extrusion the size of vesicles is reduced by passing them through a filter 

membrane with a known pore size. As the emulsion system flows through the membrane, 

the particles are constricted down to a value near the pore size of the membrane. The flow 

rate can be described by Darcy’s law [75]:

nQ =  K ( £ )  Eq. 1-6

where nQ is the viscosity-corrected flow rate independent of temperature, K is the 

permeability of the filter, and AL and AP are the length and the pressure difference 

between the ends of the channel, respectively. The formation of vesicles by extrusion is 

described in Figure 1-7. If one of the pores in the extrusion membrane is treated like a 

capillary, the liquid phase will form a cylinder with dimensions equal to the diameter of 

the pore and width of the membrane. When it reaches the ends of the pore, the phase is 

randomly broken up. If a surfactant is added to this system, however, the cylindrical 

structure formed within the pore pinches off into droplets as it exists, due to perturbation
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within the stream. This is mainly caused by the lowered surface tension from the 

emulsifier, a theory which is based on Plateau-Rayleigh instability [76]. Besides the 

components such as concentration of salt, surfactant, oil, and water, the applied pressure 

also plays a role in sizing the particle, and it should be constant in order to obtain 

uniformity within the system.

1.5 Design of Surface Coating on the Emulsion Particle

1.5.1 Significance of the Surface Coating 

Various materials have been used to coat the surface of particles such as noble 

metal cored silica [77-80], iron oxide cored silica [81, 82], metal cored polymer [83, 84], 

and liposome template silica [85-88]. The purpose of coating these particles is mainly to 

protect the body from the encapsulated material, however, the primary function of the 

coating on the emulsion particle is to provide stability.

The first advantage of coating the surface is the prevention of structural changes. 

Since the emulsion is in a metastable state, it is sensitive to temperature, pressure, and 

time. Eventually, the emulsion will be applied in vivo as an oxygen carrier, so it must be 

locked into a stable state to prevent any undesired side effect as evidenced by the many 

emulsion products that still struggle to make the particles stable in blood vessels [89-94]. 

Secondly, the surface coating should allow the particle to function as an oxygen carrier, 

even after coating it with a rigid material. The surface coating should not interrupt the 

particle’s original function as an oxygen carrier while it protects the core from unwanted 

interactions.
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1.5.2 Review of Current Surface Coatings on Nanoparticles

1.5.2.1 Properties of Silica as a Surface Coating

Silica has long been utilized as a coating on solid core particles in chemical and 

biological applications because the reactions on the surface can be easily characterized 

and the particle is electrostatically stable in an aqueous solution [95-97]. The pH plays an 

essential role in silica. If the pH is acidic, silica tends to fuse together and becomes a gel. 

If the pH is basic, the particles separate from each other by yielding to the negative 

surface charge. Additionally, silica resists biodegradation and is only dissolved in a strong 

base. Silica also has the porosity for reactants to diffuse in and out when it is utilized for 

the surface coating. These properties have made silica useful in many applications [98

100], as a biomarker by protecting the fluorescence molecules inside of the particles [101, 

102], and for drug delivery using the same mechanism as the biomarkers [103-107]. 

However, where silica falls short, is when biodegradability is desired; if this is the case 

then silica should not be used, as it is not readily biodegradable.

1.5.2.2 Properties of Polymer as a Surface Coating

Several popular polymers used for surface coatings are latex, polystyrene, 

polyanaline, polypyrrole, and polymethylmethacrylate [32, 108-113]. These polymers act 

similarly to lipids and are easily adaptable to liposomes, bilayer structures that have the 

same phase on the inside and outside of the barrier. They are often used to as drug 

delivery vehicles for water soluble drugs due to the stability a bilayer offers [114, 115]. 

Examples of other types of polymeric material are polyethylene glycol, polypropylene 

glycol, polyacrylic acid, polycopralactone, and cellulose acetate. These are biodegradable 

and are better situated to deliver hydrophobic drugs. However, the disadvantages of these
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materials are that some require an unfriendly organic solvent during fabrication, and it is 

possible to cause damage to the drug and surrounding tissues.

1.5.2.3 Surface Coating for the Emulsion using Silica and Polymers

An emulsion is beneficial for drug delivery since its core can be either 

hydrophobic or hydrophilic. By synthesizing the oil-in-water emulsion with a 

hydrophobic core, drugs normally insoluble in the body can be dissolved in the core and 

loaded into the body until they reach their destination. In order to have long-term stability 

in vivo, the previous studies showed silica and polymers have been used to coat the 

surface. Nonetheless, using these materials for the surface coating of the emulsion should 

be avoided due to the disadvantages described in the previous sections.

1.5.3 Coating Material and Principles in This Work

1.5.3.1 Significance of Calcium Phosphate as the Coating Material

Calcium phosphate is a suitable coating in this application because 1) it is 

biocompatible, 2) has good fracture toughness, and 3) is porous. Calcium phosphate 

(CaP) is biocompatible because human bone consists of a very similar material. CaP is 

also biodegradable, eventually succumbing to physicochemical dissolution. The fracture 

toughness of CaP is as strong as human bone (1.2 MPa m12), which greatly improves its 

stability properties [116]. The final advantage is its porosity, which varies according to 

the crystalline structure. For example, hydroxyapatite (HAp) generally has high porosity 

(65-77%), while tricalcium phosphate has 60-65% porosity, and dicalcium phosphate has 

about 50% [117]. Porosity is important for drug delivery and release because these are the 

channels that allow the drug to be released into the body.
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1.5.3.2 Dicalcium Phosphate for the Surface Coating Material

Calcium-based ceramic materials have been utilized in biological applications 

because of their biocompatibility and biodegradability. Calcium phosphate, in particular, 

is the material that forms and maintains human bone and teeth. It can exist in several 

different solid phases, depending on the molar ratio between calcium and phosphate 

(Table 1-3). One of these structures is dicalcium phosphate (DCPA, CaHPO4), known as 

brushite, which is produced by mixing calcium chloride (CaCl2) and phosphoric acid 

(H3PO4) [118]. The molar ratio between calcium and phosphate in DCPA is 1.0, and 

because DCPA forms stable colloids, the precipitation of DCPA was used in the 

nanosized pores of another material [119]. Hollow shells of DCPA with a thickness of 10

40 nm, for example, were formed on the surface of a nano-liposome [120, 121].

Moreover, spherical hollow shells of calcium phosphate were synthesized using 

polymeric nanotemplates [122, 123]. The dicalcium phosphate was used for the surface 

coating in a colloidal solution because it is stable in liquid form, has a simple molar ratio 

between calcium and phosphate for the synthesis, and is easier to control than other types 

of calcium phosphate crystallines.

1.5.3.3 Technical Concepts for Surface Coating

1.5.3.3.1 Surface Charge of Oil-in-water Emulsion Particle

Emulsions respond to environmental factors such as temperature, pressure, and 

free ions because of their dynamic surface. Therefore, since emulsion droplets are 

electrically charged due to the head group of emulsifiers, it is essential to understand the 

ionic interaction on the emulsion’s surface. The most basic factor for evaluating ionic 

interaction is pH. The pH can strongly influence the emulsion and even affects the type
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that is formed. Generally, water-in-oil (W/O) emulsions form at a low pH and oil-in- 

water (O/W) emulsions form at a high pH [33, 124-126]. This tendency implies that O/W 

emulsions are more stable at a high pH and vice versa.

Monitoring pH is not the only method that can be used to understand the surface 

properties. Zeta (Z)-potential is another method used to monitor the surface properties. It 

is the electric potential that exists between the emulsion surface and dispersion medium; 

it is used as an indicator for the stability of the emulsion by quantifying the repulsive 

force among emulsion particles (Figure 1-8). Generally, for example, emulsion particles 

coagulate or flocculate between +/-5 mV, so the greater Z-potential would create more 

separation between particles, increasing the overall stability [127].

1.5.3.3.2 Calcium Selective Electrode for the Emulsion Surface Coating

The calcium ion selective electrode (ISE) is a polymeric membrane type electrode 

that has great selectivity and a quick response time, and a convenient way of determining 

the free calcium concentration. The ISE converts the activity of a specific ion dissolved in 

a solution into electrical potential, determined by the Nernst equation [128]:

E = E0 + S • log A Eq. 1-7

where E is the measured electrode potential, Eo is the reference potential, S is the 

electrode slope, and A is the calcium ion activity level in the solution. The membrane 

used for the calcium ISE is polyvinyl chloride (PVC), which is generally used for 

measuring nitrate, calcium, ammonium ions because it is impermeable to water [128].

The membrane has interference ions that interrupt the exchange of the selected ions by 

binding to the membrane, but the phosphate does not interfere in the ion exchange [128].
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1.5.3.3.3 Binding Coefficient for the Emulsion Surface Coating

It is important to calculate the number of ions binding to the emulsion surface 

because it determines the quantity of added ions in a given concentration of the emulsion 

particles. The Hill equation can be used to solve this issue. If the calcium and phosphate 

ions exceed the amount needed to coat the surface of the emulsion particle, a calcium 

phosphate crystalline forms. By determining the amount of ions binding to the emulsion 

particle’s surface, the quantity of ions that need to be added can be determined.

The Hill equation has been used in biochemistry to describe average energy of 

interaction per binding site in cooperative ligand binding, in this case the binding of 

oxygen to hemoglobin [129]. The equation is the fraction of the macromolecule saturated 

by ligand as a function of the ligand concentration, plotted as log 0 versus log [39] where 

[L] indicates the concentration of ligand. In this study, soy lecithin was modeled as the 

receptor and the calcium ion as the ligand [130]. The 0 is expressed as follows:

where Y is the fractional saturation of the protein (or the emulsion in this case). The 

equation describes the number of bound ligands divided by the total number of binding 

sites. If one ion binds to one surfactant molecule, it is a single site binding, and the Hill 

equation is as follows [130]:

where KD is the dissociation constant. The Hill plot will be a straight line with slope (n). 

For infinite cooperatives, the Hill coefficient, which is the slope of the Hill plot, equals 

the number of binding sites. In fact, empirically, the coefficient is slightly less than or

Eq. 1-8

log 0 = log Kd + n log [L] Eq. 1-9



equal to the number of binding sites due to the limitation of detection [130-132]. The 

relationship between the dissociation (KD) and association (KA) constants is descibred by 

log Ka = -log Kd because the single site binding condition refers to 0 = KA[L].

The slope, known as the Hill coefficient (n), also describes the degree of 

cooperativeness between the ligand and binding receptor. When the Hill coefficient is 

greater than 1, the ligand binding is positively binding, meaning that the affinity for other 

ligand molecules increases when one ligand molecule is bound to the receptor. When the 

Hill coefficient is equal to 1, the ligand binding is noncooperative binding. The affinity of 

the receptor for a ligand molecule does not depend on other ligand molecules that are 

already bound. When the Hill coefficient is less than 1, the ligand binding is negatively 

binding, meaning that the affinity for other ligand molecules decreases when one ligand 

molecule is bound to the receptor.

1.5.3.3.4 Tangential Flow Filtration (TFF) for Concentration

TFF is a rapid and efficient method for the removal of water and ions from a 

sample. It is a simple method that easily scales to industrial levels without damaging the 

particles in suspension. The reason TFF is so much more effective than dead-end 

filtration, is because the flow of the suspension runs parallel to the membrane, through a 

hollow fiber (HFM) (Figure 1-9). This prevents the accumulation of particles on the 

HFM, allowing the water to transfer quickly and easily. This is the reason TFF is so 

popular in industry; it effectively removes water, concentrating the target particle, while 

maintaining its flux rate through several cycles.
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1.6 Design of the Oxygen Release Measurement from Nanoparticle

1.6.1 Significance of the Fast Mixing Method for Oxygen Determination 

The fast mixing method uses a stopped-flow apparatus in which the reaction 

velocity of two solutions is measured. The solutions are forced through a mixing 

chamber where they react and are detected. This method is used to monitor the chemical 

kinetics of a reaction with a given set of conditions. This method is the simplest for a 

quick measurement as it only takes a few seconds. Other methods used for measuring 

drug release can take anywhere from a few minutes to several hours. Besides the 

technical convenience, this method can be used to estimate the oxygen release from the 

sample particle by simulating the oxygen uptake to deoxygenated hemoglobin.

1.6.2 Oxygen Measurement in This Work

1.6.2.1 Significance of Usage of Hemoglobin

Hemoglobin has been utilized as a cell-free oxygen transporter. The oxygen 

capacity of cell-free hemoglobin is similar to that of blood [26]. Cell-free hemoglobin is 

free of biological regulatory mechanisms that might cause unexpected side effects and 

accurately conducts the reaction of binding oxygen by flow and transport. The oxygen 

released from the particles can be efficiently evaluated by using hemoglobin as the 

measurement tool.

1.6.2.2 Chemical Reaction and Kinetics of Hemoglobin with Oxygen 

Understanding the principle of the hemoglobin reaction with oxygen is crucial to

this measurement. Hemoglobin is a metalloprotein consisting of four iron-containing 

heme groups. It transports oxygen and carbon dioxide while residing in the red blood cell.



The oxygen capacity of hemoglobin is 1.34 mL oxygen per gram of hemoglobin [133]. 

The most common type of hemoglobin in humans is the tetramer consisting of four heme 

groups. Because hemoglobin has four heme groups, one hemoglobin protein enables the 

uptake of four oxygen molecules. The iron in the heme group absorbs and releases the 

oxygen molecules (Figure 1-10).

The oxygen binding of hemoglobin is determined with ultraviolet-visible 

spectroscopy (Figure 1-11). When oxygen is bound to hemoglobin, the absorption spectra 

show two peak positions at 541 nm and 577 nm; the local minimum position is at 560 nm. 

When the hemoglobin releases the oxygen, there is one peak at 550 nm. The amount of 

oxygenated hemoglobin can be estimated by observing the absorbance intensity at 550 

nm according to Beer’s law. If the absorbance intensity drops from its initial level at 550 

nm, for example, the deoxygenated hemoglobin binds oxygen proportionally.

The oxygen capacity of the particle can be estimated when hemoglobin absorbs 

the oxygen released from the particle. Even though hemoglobin takes four oxygen 

molecules, this study is only concerned with the first oxygen molecule associated. Since 

oxygen uptake does not occur linearly, it is difficult to identify each oxygen uptake for 

the four heme groups. The reaction is described as follows:

!aiHb + O2 - 1 HbO2 Eq. 1-10

where Hb is the deoxygenated hemoglobin, O2 is oxygen, HbO2 is the oxygen uptake by 

the hemoglobin, and ka1 is the rate associated with the constant of the first reaction. Even 

though hemoglobin has four order reactions with oxygen, this study is only concerned
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with the first reaction for kinetics. Therefore, it named the pseudo-first order reaction in 

this study. The reaction is as follows:

This derivative starts from Eq. 1-11 and ends at Eq. 1-16. Once the concentration of 

oxygenated hemoglobin [HbO2] at time t is obtained using Eq. 1-11, the [HbO2] at time 

zero and t can be measured using the absorption value and Beer’s law (Eq. 1-13). By the 

natural logarithm or logarithm, the fraction of the concentration of oxygenated 

hemoglobin (Y) is linearly related to time. The slope is ka1 in the natural logarithm and 

2.3ka1 in the logarithm (Eq. 1-16).

d [HbQ2] 

dt
kai [Hb02] Eq. 1-11

| . [H b 0 2] t d [HbQ2] 

■'[Hb02]o [H b 02]
Eq. 1-12

[Hb02] t = [Hb02] 0 e_kai1 Eq. 1-13

Abst = Abs0e kai t Eq. 1-14

ln(Abst) = ln(Abs0) — kai t Eq. 1-15

Eq. 1-16
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1.6.3.3 Technical Concepts in This Work

1.6.3.3.1 Transport Phenomena of Drug Release with Hixson-Crowell 

Equation

Mass transport, the study of the net movement of a body from location to another, 

is used in drug delivery applications to describe the diffusion of molecules; more 

specifically, it refers to the diffusive transport of a species due to concentration gradients. 

Fick’s first law describes this mechanism as follows:

where J is the diffusive flux, D is the diffusion coefficient, O is the concentration, and x 

is the position. The flux indicates the amount of substance per unit area per unit time. It 

assumes a steady state and postulates that the flux moves from high to low concentration 

proportional to the concentration gradient.

Applying this concept, Hixson-Crowell’s cube root law has been utilized in the 

estimation of drug release, and it assumes that the drug is a spherical solid particle that is 

smaller than 500 um in diameter. The schematics in Figure 1-12 help to illustrate the 

concept of the equation for drug release; the modified equation for drug release 

estimation is as follows:

Eq. 1-17

Eq. 1-18
2-D-C,

where r0 is the radius of particle, t is the taken time to be, r = 0 is the density, D is the 

diffusion coefficient, and Cs is the dissolved concentration. Though this model assumes



that the diameter of a drug “capsule” decreases, we have applied it to a rigid, non

dissolving shelled system. The validity of this assumption is based on a solid particle.

1.6.3.3.2 Measurement of Deoxygenated Hemoglobin by Clark Type 

Electrode

Once hemoglobin is obtained from the red blood cells, it was purged with nitrogen 

gas in an isolated chamber, causing it to deoxygenate. In order to measure the dissolved 

oxygen in the hemoglobin solution, the Clark electrode is employed. The Clark electrode, 

used in this study, is a polarographic sensor consisting of a silver anode and a platinum 

cathode with a potassium chloride electrolyte. It is covered with a polytetrafluoroethylene 

(PTFE) membrane (5 um thickness) that allows for oxygen transport. The electrochemical 

reaction is described as follows:

• Anode reaction: 4Ag + 4Cl!  ^  4AgCl + 4e!

• Cathode reaction: O2 + 2H2O + 4e!  ^  4OH!

• Overall reaction: O2 + 2H2O + 4Ag + 4KCl ^  4AgCl + 4KOH

The difference with this sensor is that the potential holds constant at 0.67 V. The sensor 

detects the changes in current caused by the pressure of oxygen. The greater the partial 

pressure of oxygen, the greater the current generated.

1.6.3.3.3 Stopped-flow Apparatus and Dead Time for 

Hemoglobin Reaction

A stopped-flow apparatus was used to observe the reaction rate between oxygen 

and deoxygenated-hemoglobin. It works by mixing two solutions in a mixing chamber via 

simultaneous injection. The dead time is the amount of time that separates the mixing of
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the solutions, and the first observed measurement. It is very significant and can often limit 

the quality of data for a fast chemical reaction like the oxygen uptake by hemoglobin. The 

dead time (td) is estimated as follows:

where V is the volume contained between the points of mixing and observation, and U is 

the flow velocity. This study uses 0.03 mL as volume and a 14 mL/sec as flow velocity. 

Therefore, the td is 2.1 milliseconds, and because the first oxygen uptake by hemoglobin 

takes 5 milliseconds [134], the td should be shorter than in the first reaction.

1.6.3.3.4 Relationship from Transmittance to Absorbance

In this study, a photometer was used to measure the transmittance of light 

intensity of the solutions. Transmittance is the fraction of incident light at a specific 

wavelength (550 nm in this study), and since Beer’s law relies on absorption, the 

measured transmittance was converted to absorption. The relationship is as follows:

where T is transmittance, I0 is the incident light intensity, I is the intensity of the radiation 

from the sample, and Abs is the absorption.

Eq. 1-19

Eq. 1-20

Abs = - lo g  (T) Eq. 1-21



1.7 The Work in This Dissertation 

The work in this study is a nanosized emulsion particle system coated with a 

biocompatible material, calcium phosphate, in which various thecknesses are produced. 

Due to the rigid nature of the coating, the product will be stable in practical conditions, 

withstanding long-term storage, thermal sterilization via autoclave, and physical impact 

of delivery from one location to another. This particle will release oxygen as fast as 

products without coating.

In order to produce this particle system, the phase behavior of surfactant, oil, and 

water was studied by creating a ternary phase diagram. This fundamental approach 

focused on the oil-in-water region, which enabled the coating of the particles’ surface 

through ionic interaction. By understanding the ionic interaction of the emulsion’s 

surface, the system was optimized for pH, calcium, and phosphate.

The coated emulsion product was tested for stability and performance in terms of 

oxygen release. The stability was tested by simulating practical conditions, such as 

delivering the product from the manufacturer to the destination, long-term storage in a 

dark place, and autoclave to eliminate the bacteria. The amount of released oxygen from 

the product was determined using the fast mixing method. The coated particle increased 

the stability by about 5 times, and the oxygen release amount in a given time was 

decreased to 70 % due to the calcium phosphate coating thickness. The different 

methodologies for constructing ternary phase diagrams is compared in Table 1-4.
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Table 1-1 The advantages and disadvantages of oxygen carrier products (cell-free 
hemoglobin (HbOC)), perfluorocarbon-based emulsion (PFBOC), and calcium phosphate 
coated perfluorocarbon emulsion) with the potential advantages of the calcium phosphate 
coated emulsion.

Oxygen carrier products Advantages Problems

Cell-free hemoglobin 
(includes free, liposomal 
and crosslinked 
hemoglobins) (HbOC)

• Material is close to 
natural blood

• Oxygen release is close to 
hemoglobin in red blood 
cells

• High efficiency at 
atmospheric oxygen 
pressure

• Unexpected side-effects
• Expensive procedure
• Poor stability
• Unstable oxygen release

Perfluorocarbon-based 
emulsion (PFBOC)

• Simple and less expensive 
procedure

• Linear oxygen solubility
• Synthetic product so the 

side effects can be 
anticipated

• Some toxicities are 
unknown

• Stable in blood for only a 
short period of time

• No construction of 
ternary diagram with 
scientific characterization

Calcium phosphate coated 
perfluorocarbon emulsion

• All advantages of 
perfluorocarbon-based 
emulsions

• Potential to be in powder 
form for convenience of 
delivery

• Potential to be stable in 
blood over a longer 
period of time

• Potential to be easily 
separated from blood

• Unproven
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Table 1-2 Examples of the types of surfactants according to charged head groups, 
modified from [135-138].

Types of 
surfactants 
by charged 
head 
groups

Names Chemical structures

Cationic cetyltrimethylammonium
bromide

\  +

Anionic sodium dodecylsulfate
0

0i
=Si
0

........ - ..... ..... ..... ..- ...

Nonionic Triton X-100

Zwitterionic L-a-phosphatidylcholine

■ 0

Table 1-3 The types of calcium phosphate formulation with the molar ratio between 
calcium and phosphate; data source [139]. Ca and P indicate calcium and phosphate.

Type of calcium 
phosphate

Chemical structure Solubility at 25oC, 
-log Ks

Molar ratio (Ca/P)

Monocalcium
phosphate
monohydrate
(MCPM)

Ca(H2PO4) 2H2O 1.14 0.5

Dicalcium phosphate 
(DCPA)

CaHPO4 6.90 1.0

Tricalcium phosphate 
(TCP)

Cas(PO4)2 25.5 for a  
28.9 for p

1.5

Amorphous calcium 
phosphate (ACP)

CaxHy(PO4)z 25-32[a] 1.5

Hydroxyapatite
(HAp)

Ca!o(PO4)6(OH)2 116.8 1.67

Tetracalcium 
phosphate (TTCP)

Ca4(PO4)2O 38-44 2.0

[a] The solubility cannot be measured precisely. The solubility varies depending on pH.
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Table 1-4 A comparison between the different methodologies for constructing ternary 
phase diagrams.

Current methodologies

Methods What do they 
measure? Advantages Disadvantages

Visual inspection • Phase separation • Fast and east • Inaccuracy

Shear stress and 
strain

• Surface tension 
of rheological 
behavior

• Mapping the 
ternary phase 
diagram by 
accurately 
understanding 
the phase 
behavior

• Specialized tools 
required

• Takes a long time 
for performance

Cryogenic
transmission electron 
microscopy

• Morphology of 
emulsion in 
image

• Actual image • Requires special 
technique

• Expensive 
equipment and 
tools

Potential methodologies

Methods What do they 
measure? Advantages Disadvantages

Buoyant density

• Oil encapsulation 
by comparing the 
measured and 
estimated weights

• Fast and easy • Inaccuracy

Fluorescence
quenching

• Morphology of 
emulsion by 
monitoring 
chemical reaction

• Cheaper than 
TEM

• Requires special 
sample holder

Fourier transform 
infrared spectroscopy

• Oil content by 
monitoring 
chemical 
functions

• Fast and easy to 
handle

• Sensitive
• Inexpensive
• Spectra are 

information rich

• Some molecules 
cannot be detected
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Figure 1-1 The history of oxygen therapeutics (blood substitute), adapted from [3]. The 
perfluorocarbon research has been investigated since 1950s.

oil
(or co-surfactant) . „

reverse micelle,

Figure 1-2 The typical ternary phase diagram of oil/water/surfactant. Each apex forms a 
type of emulsion, governed by the majority component. The normal micelle is formed at 
the corner dominated by water, the reverse micelle at the corner dominated by oil, and 
liquid crystal at the point dominated by surfactant. This is largely the result of 
organization of surfactant molecules among themselves to form bilayers and 
multilamellar structures. g represents the packing parameter, estimating the micelle 
structures.
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Figure 1-3 The visual phase separation classified by Winsor Type and ternary phase 
diagrams with Winsor system assuming the density of oil is less than water. The phase 
separation proceeds along tie lines. Tie lines connect compositions of two immiscible 
liquids in equilibrium [42]. Any mixture with an overall composition along a tie line 
provides the same two immiscible liquid compositions. The amounts of two liquids 
change only as the overall composition changes from one liquid side of the bimodal curve 
to another one. Plait point is a critical point at which two liquid phases are identical. A) 
Winsor Type I has two possible phases: 1) emulsion-formation phase (1-phase), and 2) 2- 
phase, containing oil-in-water phase (O/W) with excess water. B) Winsor Type II has two 
possible phases: 1) emulsion-formation phase (1-phase), and 2) 2-phase, water-in-oil 
phase (W/O) with excess oil. C) Winsor Type III has four possible phase: 1) emulsion- 
formation phase (1-phase), 2) 2-phase, locating to water-side, O/W phase with excess 
water, 3) 3-phase: emulsion-formation phase (M) excess oil (O) and water (W), and 4) 2- 
phase, locating to oil-side, W/O phase with excess oil.
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1/3 < g < 1/2 
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1/2 < g < 1 
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Figure 1-4 The schematics of micelle formation, adapted from [49]. a0 is the area of the 
head group of the surfactant, l is the length of the hydrocarbon chain, and v is the volume 
of the hydrocarbon chain. As seen in the cross-section, the micelle is formed by an 
aggregate of surfactant. The packing parameter (g) estimates the micelle structure: 
spherical, rodlike, bilayer, or reverse.
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Water-in-oil microcmulsion 
g >  1

Figure 1-5 The schematics of microemulsion relying on the packing parameter (g), 
adapted from [49]. When g is less than 1, the emulsion forms an oil-in-water (O/W) 
microemulsion. When g is equal to 1, it is bicontinuous. When g is greater than 1, it is a 
water-in-oil (W/O) microemulsion
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Figure 1-6 The schematics of breakdown processes in emulsion, adapted from [49].

Figure 1-7 The Plateau-Rayleigh instability, adapted from [75]. A column of fluid of 
radius (R) experiences perturbation of wavelength (X) in the stream and is broken up into 
droplets in radius (r).
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Figure 1-8 The schematics of a particle with ionic potential difference as a function of the 
distance from the charged surface of the particle, adapted from [140]. The particle 
surface, negatively charged, attracts positive ions. The first region is called Stern 
potential. The second region of potential is less influenced by the charge on the particle’s 
surface. Therefore, few negatively charged ions are attracted to the particle due to the 
Stern potential. This region is called the zeta potential.

A B Filtrate

STTT
Fluid
direction
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Particlcs
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direction ^  ^  ^  ^  Particlcs

Membrane Membrane 

*
Filtrate Filtrate

Figure 1-9 The schematics of direct and tangential flow filtration, adapted from [141]. A) 
Direct flow filtration: the particles flow perpendicularly on the membrane’s surface. The 
particles larger than the pore size of the membrane block the membrane’s surface, 
slowing down the flow rate. B) Tangential flow filtration: the smaller particles pass 
through the membrane in parallel. Since the larger particles keep circulating in the 
system, the flow rate does not slow down.
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Figure 1-10 The schematics of hemoglobin and heme groups, adapted from [143]. When 
the heme reacts with oxygen, iron (Fe) changes from A) Fe (II) to B) Fe (III).

Figure 1-11 The absorbance of oxy (red) and deoxyhemoglobin (blue) as a function of 
wavelength, adapted from [144]. The peak positions of oxyhemoglobin are at 541 nm and 
577 nm and deoxyhemoglobin is at 550nm. The local minimum peak of 
oxygehemoglobin is at 560 nm.

Figure 1-12 A schematic showing the radius change over time as drug release. The r0 
indicates the initial radius of the particle, and dr is the change in radius in change of time 
(dt). The assumption is that the solid particle dissolves in a solution; the particle size 
becomes smaller as a function of time.



CHAPTER 2

DEVELOPMENT OF TERNARY PHASE DIAGRAMS FOR THE 

OIL-IN-WATER PHASE: DOPA/PFOB/WATER AND SOY 

LECITHIN/PFOB/WATER

2.1 Abstract

Phase studies are essential for understanding the potential behavior and 

formulation properties of an emulsion system. Phase diagrams for emulsions are 

challenging to understand due to the complex equilibrium formed by its three 

components: a surfactant and two immiscible liquids. This chapter focuses on the 

investigation of two phase diagrams, one system with an anionic surfactant (1,2-dioleoyl- 

sn-glycero-3-phosphate (DOPA), and the other with a zwitterionic surfactant (soy 

lecithin). The primary objective was to find the optimal conditions for the oil-in-water 

phase in both systems with the same immiscible liquids: perfluorooctyl bromide (PFOB) 

and water. Phase transition boundaries were determined by five different characterization 

methods: 1) A general approximation of the ternary diagrams were constructed by a 

visual classification of the phases; 2) the buoyant density was utilized to determine how 

efficiently the liquids were incorporated into the emulsion; 3) the oil-in-water phase was 

confirmed by observing its fluorescent quenching affect; 4) FT-IR quantitatively 

determined the amount of PFOB effectively encapsulated by the surfactants; and 5) cryo-



TEM was used to visualize the phases present. The soy lecithin system had an oil-in- 

water region that was 36 times greater than that of DOPA. In conclusion, the conditions 

for proper oil-in-water phase formation are less restrictive for the soy lecithin system 

when compared with DOPA, allowing for greater variability in the components to achieve 

the same phase characteristics.

2.2 Introduction

Ternary diagrams are frequently used in the cosmetics, drug delivery, and food 

science industries to describe not only the formation of the emulsion, but also its stability 

and the role of the surfactant architecture. They allow product developers to predict 

certain characteristics such as shapes, sizes, and properties of the emulsions, while 

streamlining the scheme and helping achieve an overall understanding of the system. The 

ternary diagrams presented in this study have been classified by the visual appearance of 

the samples, and then verified for consistency against other well-known systems like the 

Winsor system. The obvious demerit of this method is that the classification process is 

completely subjective, and dependent on the judgment of the observer, so a more detailed 

and in depth analysis is needed to properly identify the desired phases.

In the emulsion monolayer, the packing structure of the phospholipids greatly 

influences the physical and chemical properties of the particle. To understand the degree 

of variability due to the headgroup, two surfactants were chosen: an anionic phospholipid 

called 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA), and a zwitterionic phospholipid 

named L-a-phosphatidylcholine (soy lecithin). With a zwitterionic lipid, it was expected 

that the packing density would be greater than that of the anionic DOPA due to the force 

balance between the repulsive and attractive forces of the adjacent headgroups. In
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addition, larger packing densities were anticipated to coincide with structural phase 

region properties, which is the main focus of this study.

This chapter presents the observations and analysis of both the physical (i.e., 

number of separated layers and buoyant density) and chemical interactions (FT-IR and 

fluorescence quenching) of the oil-in-water (O/W) phase. A small O/W phase region for 

the DOPA system results in greater variability in phase properties, but reproducibility 

becomes a genuine concern. For this reason a comparison study, designated by five tests 

(Figure 2-1), was essential to determine the sensitivity of the two systems, DOPA and soy 

lecithin, and their respective component ratios.

In order to further understand the system behavior, five methodologies 

(Table 2-1) were employed to characterize the types of emulsions in the systems. The first 

of which was visual observation, where each of the samples was surveyed, without any 

visual aid, to determine if an obvious phase separation had occurred. The second 

approach was to measure the buoyant density, thus taking advantage of the difference in 

density between water and perfluorooctyl bromide (PFOB, specific gravity: 1.93 [53]) to 

identify a phase. The third approach was Fourier transform-infrared spectroscopy (FT- 

IR), which, through Beer’s law, was used to determine the concentration of PFOB in the 

sample, as it is proportionally related to the absorption intensity at a given peak position. 

This is more sensitive than the buoyant density so it further refined the criteria of an O/W 

emulsion. The fourth approach was fluorescent quenching, which was the result of mixing 

pyrene (Py) dye in PFOB and the corresponding quencher (potassium iodide, KI) in 

water. Upon encapsulation the dye would be quenched and a decrease in fluorescence 

monitored. For instance, when the morphology of the emulsion is openly continuous, the 

Py can freely move across the oil and water interface and quenching results. Finally, the
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morphology of the emulsion was observed by cryogenic transmission electron 

microscopy (cryo-TEM). Freezing the emulsion in liquid nitrogen causes the emulsion to 

instantly become suspended in a thin ice film, protecting the volatile sample from 

vaporization while under the electron beam.

2.3 Materials and Methods

2.3.1 Construction of the Ternary Phase Diagrams 

For this experiment, two types of emulsion were prepared, each with a different 

type of surfactant: 1) An anionic surfactant, 1,2-dioleoyl-s«-glycero-3-phosphate (DOPA, 

C39H72O8Na from Avanti Polar Lipids, Inc., Alabaster, AL), and 2) a zwitterionic 

surfactant was L-a-phosphatidylcholine (soy lecithin, C42H80NO8P from Avanti Polar 

Lipids, Inc., Alabaster, AL). The same oil and 18.2 mO-cm water (pH 7) were used in 

both ternary diagrams: perfluorooctyl bromide (PFOB, C8BrF17 from Oakwood Product, 

Inc., West Columbia, SC), and all experiments were conducted at room temperature.

To make the many points required for construction of the ternary diagram the 

titration method [41, 145, 146] was employed. The surfactant and oil were first added to 

a 20 mL glass vial. The mixture was stirred at 300 rpm using a magnetic stir bar (Teflon, 

%”). After 1 minute, the mixture was diluted with deionized (DI) water (18.2 mO-cm, 

pH 7) dropwise within a 10 second time frame. The emulsion mixture was stirred at 

1200 rpm for an additional 30 minutes, after which it was removed from the plate and 

allowed to relax for 6 hours to ensure equilibrium [51]. The phases were then visually 

counted and identified, and the process was repeated until the composition reached the 

end of the tie line, shown as the blue dashed lines in the ternary diagram (Figure 2-2).

47#



2.3.2 Measurement of the Buoyant Density 

The density of each phase was measured individually to estimate the effective 

usage of PFOB and water in forming the emulsion. The effective usage was defined, in 

this experiment, as the amount of PFOB associated with surfactant. One region was 

chosen to represent the buoyant density of each phase region in the ternary diagram of 

DOPA, for a total of six samples. The selected regions ran along lines parallel to the 

water and surfactant axes as shown in Figure 2-3. The detailed weight fractions for each 

region are described in Table 2-2. For the soy lecithin system, the same six weight ratio 

values were made allowing for a direct comparison between the two surfactants.

To prepare the sample, the surfactant and oil were added to a 20 mL glass vial, 

while keeping the total added volume of the PFOB and the water at a constant 10mL. The 

weight of the surfactants was measured with a calibrated digital scale (OHAUS Explorer 

with the readability 0.0001 gram from OHAUS Co., Parsippany, NJ). The six samples in 

Table 2-2 were all synthesized in 5mL aliquots; however, for the buoyant density 

measurement the pycnometer only requires 3.5 mL, allowing for accurate volume 

measurements.

A cylindrical shape vial (3.5 mL; height: 2.0 cm, diameter: 1.5 cm) with an open 

top was used as a pycnometer to consistently measure the weight of the various phases. 

The vial made working with the gels and gel-like samples easier, and it was calibrated to 

obtain the buoyancy error. The correction factor is dependent on the true mass (m), and 

measured mass (m’), and is shown by the Buoyancy equation [45].
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In Eq. 2-1, da is the density of air with the altitude (0.0010 g/mL at 20 oC at 4400 ft. 

[147]), dw is the density of the calibration weight (7.8 g/mL for the stainless steel pan 

[45]), and d is the density of the objective weighed. Using DI water at 20 oC, the 

measured density (d) was 0.9896 g/mL. As a result, the error was 0.09 %  less than the 

actual mass. The measured density (p) of the phases was calculated by follows:

p =  =  “ f c " !  Eq. 2-2volume V

where WF is the weight of the cylinder filled with the sample, WE is the weight of the 

empty cylinder, and V is the volume of the vial.

2.3.3 Fluorescence Spectrometry 

In the material selection, pyrene (Py) was selected as the fluorescent dye because 

it is soluble in both PFOB and water [148], and is easily quenched with potassium iodide 

(KI) which is only soluble in water [60]. There were two quenching control experiments: 

1) pyrene in PFOB, and 2) pyrene in water. In the first control experiment, the pyrene was 

dissolved in PFOB at a saturated concentration of 4.51 x 10-4 mM [148]. The mixture was 

stirred at 300 rpm until the pyrene was totally dissolved in the PFOB, then the mixture 

was titrated by 10 mM KI. After each titration, the mixture was vortexed for 

15 seconds, and the fluorescent intensity of the mixture was measured immediately after 

by fluorescence spectroscopy (Cary Eclipse, Varian, Palo Alto, CA). The second control 

experiment followed the same procedure as the first, with the same concentration of 

pyrene dissolved in water, and again, potassium iodide was titrated to the mixture. The 

excitation wavelength of pyrene was 337 nm [149], and the collected wavelength range



was from 360 nm to 450 nm. The photomultiplier (PMT) detection voltage was 500 volts, 

with an integration time of 0.1 seconds. The mechanism of this system is as follows:

Py* +  Q ^  Py +  Q Eq. 2-3

where Py is the pyrene, Q is the quencher, potassium iodide (KI), and * designates an 

excited state. Three peaks at 373 nm, 385 nm, and 393 nm dominate the emission of 

pyrene. The 373 nm and 393 nm peaks are difficult to differentiate from water, so the 

385 nm peak became the focal point of the investigation. The peak distributions vary 

because the excited state of the nonplanar structure differs from that of the original 

ground state.

Before synthesizing the samples, a stock solution of 4.51 x 10-4 mM pyrene was 

made in PFOB and a 2.24 mM KI solution in water. These concentrations were chosen 

because in the control tests, it was this combination that showed the greatest decrease in 

fluorescence intensity at 24 %  when combined, see Figure 2-4. A small volume of the 

sample was extracted for the measurement and placed in a customized sample holder for 

the front face accessory of the fluorescence spectrometer. Based on the cylindrical 

dimensions of the customized holder it was estimated that it had a 22 uL capacity 

(Figure 2-5). The front-face accessory (Accessory Solid Sample Holder, Varian, Palo 

Alto, CA) with an angle of 62o is useful for opaque samples because the exciting and 

emitted light pass through the same face (Figure 2-6) [46]. This allows the sample to be 

measured without further dilution, which would undoubtedly alter the phase and 

quenching characteristics that were being measured.
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2.3.4 Fourier Transform Infrared Spectroscopy (FT-IR)

The same samples made for buoyant density measurements were further analyzed 

with FT-IR (Varian 3100 FT-IR, Varian Inc., Palo Alto, CA), and the attenuated total 

reflectance (ATR) (MIRacle™ Single Reflectance ATR, Pike Technologies, Medison, 

WI) accessory. As seen in Figure 2-7, the dimension of the crystal surface on the ATR 

was 2.2 mm x 3.0 mm [150], and the penetration depth was 2.0 um [150]. Using this 

information, the minimum required volume for the ATR was 2.9 x 10"2 uL for a reliable 

measurement. For each measurement, 10 uL of the sample was dropped on the ATR 

crystal surface using a pipette. The FT-IR was set up at a resolution of 4 cm-1 and the 

number of scans to 150.

2.3.5 Cryogenic Transmission Electron Microscopy (cryo-TEM)

Cryo-TEM imaging allows nearest to native views of aqueous specimens, which 

are notoriously difficult to view due to the free mobility of the particles, not to mention 

the incompatibility of liquid samples with the electron beam and high vacuum system of 

conventional TEM. So, In order to preserve liquid and biological samples they are frozen 

into a thin film with liquid nitrogen.

For low viscosity samples 3 uL was dropped onto a carbon grid with a pipette, but 

because the highly viscous samples (i.e., gel-like emulsion) are not compatible with 

pipettes, the samples were smeared onto the TEM carbon grids using a pipette tip and 

blotted for 3 seconds using Vitrobot (FEI, Hillsboro, OR). After the sample was mounted, 

the blotted grid was submerged in liquid nitrogen and observed under a FEI TecnaiTM 

TEM (FEI, Hillsboro, OR) at 120 keV. The procedure of the cryo-TEM is summarized in 

Figure 2-8.
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2.4 Results and Discussion

2.4.1 Construction of the Ternary Phase Diagrams 

The goal of the experiment was to observe the phases and boundaries in the given 

materials. The phases of the emulsion were classified using three factors: number of 

layers, layer color, and viscosity. The number of layers is important because it is a good 

indicator of the number of phase types present, such as O/W, W/O, and bicontinuous [42]. 

Second, the emulsion was categorized by the relative amounts of visual turbidity, which 

can also suggest phase type [151]. Third, the viscosity is also related to the formulation of 

the emulsion phase, because the packing of the particles plays a significant role in 

determining the viscosity of the system [152]. If  the emulsion, for example, has a cross

link structure like gels, then this system would be expected to be more viscous than a 

dispersed particle system.

The ternary diagram of the DOPA emulsion system had six phases while the soy 

lecithin system only had four. First, in the DOPA system, all two-layer phases had a 

boundary at the water axis. Phase E and F were opaque while the rest were semi

transparent; Phase C and D demonstrated more transparency than A and B. Phase A and 

B had the lowest viscosities, while Phase C and D became more gel-like, and Phase E and 

F were sticky-gels. Thus, for the DOPA emulsion system, similar samples properties 

grouped A and B (blue), C and D (yellow), and E and F (red) in Figure 2-9. The soy 

lecithin system also showed the two-layer phase was bound the water axis, similar to the 

DOPA system. Furthermore, the phases were opaque. Phases A and B were the least 

viscous while Phase C and D were sticky gels. It should be noted that this system did not 

have a gel-like phase. Based on similar observations, the soy lecithin system was grouped 

into two types, as in Figure 2-10 Phase A and B (blue) and Phase C and D (yellow).
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The established Winsor system has three types of the emulsion ternary diagrams 

depending on the number of layers in Figure 1-3 [153]. Winsor Type I and II exhibited 

two layers, located in near the oil-water side [153]. Even though the Winsor Type II also 

showed the two-layer region on the same side in the ternary diagram, the difference was 

the value of Winsor R, which is the ratio of the total interaction energies per unit area of 

the surfactant for the oil and water phase. It is expressed as follows [154]:

R =  Eq. 2-4
! h w

where, by counting the number of carbons in the surfactant molecule: CLO is the lipophilic 

portion of surfactant in the oil and CHW is the hydrophilic portion in the water. The R 

value of Winsor Type I is less than 1 while Winsor Type II is greater than 1. Because the 

Winsor R values of DOPA and soy lecithin were 1/5 and 1/3, both ternary diagrams were 

classified as Winsor Type I.

In conclusion, according to the ternary diagram the area of the one phase system 

with DOPA (regions A, C, and E) is roughly 1.5 times smaller than the one phase region 

of the soy lecithin system (regions A and C) in Figure 2-11. This implied that more soy 

lecithin molecules were required to form the emulsion, which could be due to the net 

neutral charge of the head group on the lipid, which is made of positive and negative 

charges from the amine and phosphate groups, respectively, while DOPA has only the 

negative charge of the phosphate group. Due to the repellent force by the ionic charge on 

the head group of DOPA, the area of the occupation per head group on the emulsion 

surface is greater than soy lecithin, therefore the number of the lipid molecules required 

to form an emulsion particle of the same size is less for DOPA.
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2.4.2 Buoyant Density for the Dispersion of Liquids 

The goal of this experiment was to estimate how the oil and water were dispersed 

in the emulsion. In the buoyant density, the one-layer region expressed a density close to 

that of water. Even though the added amount of PFOB varied, the density of the turbid 

layer in the two-layer phase was close to water and the transparent layer was similar to 

PFOB. These phenomena were observed in both DOPA and soy lecithin systems (Figure

1-3).

Since the specific gravity of PFOB is known, a simple calculation with the Rule 

of Mixtures equation can provide an ideal density for a certain ratio of PFOB to water. 

This value is then compared to an experimentally measured value to derive the 

approximate amount of PFOB that is suspended as an emulsion. The density of PFOB is 

1.93 g/mL while water is 0.9982 g/mL at 20 oC, so the density of the emulsion is 

primarily determined by the amount of PFOB. The expected density was calculated as 

follows:
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pf =  (PlXVl)! P2XVz) Eq. 2-5^  v1+v2 H

where pi and p2 are the densities of the liquids (PFOB 1.93 g/mL [28] and water 

0.9982 g/mL at 20 oC [155]), and V 1 and V2 are the added volume of the mixed liquids.

In conclusion, the difference between the measured and the calculated densities 

indicates the degree to which the oil and water are used in forming the emulsion 

(Table 2-3). When compared to the calculated densities of the suspensions the DOPA 

system showed that more than 90 % of the combined liquids were used to form the 

emulsion in Region a, c, and e, whereas Region f  suggested poor integration



(Figure 2-12). In the soy lecithin system, Region a, c, and e also showed high efficiency 

formation while Region f  was the lowest. Region a, c, and e were the single-layer phase; 

this comparison indicated that the single-layer phase was most efficient at forming 

emulsions with a given amount of PFOB.

2.4.3 Quantitive Analysis of PFOB by FT-IR 

The goal of the experiment was to quantitatively determine the amount of oil 

employed to form the emulsion. The Fourier transform infrared spectroscopy (FT-IR) 

spectra of the control samples were performed and can be seen in Figure 2-13 and Figure

2-14. Figures 2-16 and 2-17 show the FT-IR spectra for the different phases of the 

DOPA and soy lecithin emulsions, respectively. There are two factors that determine the 

intensity of the IR spectrum. First, different functional groups have different vibrations, 

which yields various wavenumber absorbances because of changes in dipole moment and 

bond distance. The second factor is the concentration of molecules in the sample; this is 

determined by following Beer’s law, which directly relates the concentration with the 

intensity. In the control experiment, each material was characterized by FT-IR to establish 

a reference for each raw material of the emulsion. The peak positions suggested the 

presence of a hydroxyl group (-OH) in water that had a wide range between 3000 - 3600 

cm-1 (stretching) and at 1640 cm-1 (bending). The difluromethylene (CF2) in PFOB 

displayed the strongest intensity at 1200 cm-1 and 1140 cm-1. Both DOPA and soy lecithin 

showed a phosphate peak (P=O) at 1170 cm-1, and soy lecithin had an additional amine 

peak (C-N stretching) at 1250 cm-1.

The emulsion samples of DOPA and soy lecithin were monitored using the 

reference peak positions from the control experiments. The primary goal in monitoring
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the difluromethylene peak was to determine the amount of PFOB. In the DOPA and soy 

lecithin emulsion systems, inspection of the line a, c, and e, suggested that as the amount 

of surfactant increased in the system (with PFOB held constant), the FT-IR spectra came 

to resemble the pure surfactant reference plots.

The next set of samples were made by keeping the amount of lipid constant, while 

increasing the amount of PFOB as in line b, d, and f. Unlike the surfactant experiment 

explained above, the FT-IR peak intensity of the PFOB did not increase as more PFOB 

was added to the system. In order to properly determine the amount of PFOB 

encapsulated in the emulsion, it was necessary to do a careful examination of the spectra. 

The carbon bond (-C-C-C) at 1064 cm-1 was analyzed to ensure the presence of 

surfactants. A direct analysis of peak intensity between the -C F2 (1200 cm-1) and -P=O  

(1170 cm-1) peaks was not viable due to the overlap in the region. An encapsulation rate 

of greater than 50% was arbitrarily defined as a system that efficiently used surfactants to 

create an oil-in-water phase because at this region it is possible to conclude that a 

majority of the liquids were employed. With this definition it was concluded that Region 

a and c were the optimal regions for our desired emulsion system. The detailed 

calculations are provided in Appendix A. The results of the DOPA and soy lecithin 

emulsion systems are shown in Figure 2-17.

In conclusion, the soy lecithin system had a broader region for the oil-in-water 

phase than DOPA (Figure 2-17 (C) and (D)), making it more effective. This is thought to 

be a result of tighter packing of soy lecithin due to the neutral net charge of head group.
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2.4.4 Fluorescent Quenching 

The goal of this measurement was to support the classification of the proposed oil- 

in-water phase. Before conducting the quenching experiments it was important to first 

consider the conceivable mass transport mechanisms for the encapsulation system. This 

greatly depends on the solubility of species in a solvent, as well as interface 

environments. In Figure 2-18 (A), if  the pyrene is encapsulated inside an O/W emulsion, 

assuming it is soluble in both polar and nonpolar solvents, it can readily diffuse across the 

lipid monolayer. In Figure 2-18 (B), the reverse situation is shown, where the KI is 

encapsulated in a W/O emulsion; however, KI is only soluble in aqueous environments. 

Knowing this, it was hypothesized that the KI would remain inside of the W/O emulsion 

even though it has a high interior concentration. In Figure 2-18 (C), if  the emulsion is an 

open system where molecules are free to roam from one preferred solvent to another, then 

Py and KI have a greater chance of reacting.

In order to better understand the type of phase, an experiment was designed to 

take advantage of the sensitivity of fluorescence spectroscopy to monitor quenching 

effects. Due to the fact that KI (the quencher) is only soluble in water, a decrease in the 

fluorescence intensity of pyrene was only expected for the aqueous phase. In the initial 

control experiments pyrene was dissolved in water (4.51 x 10-4 mM) and titrated with KI 

(2.24 mM) while monitoring the fluorescence intensity. The result (shown in Figure 2-4) 

supported the notion that adding KI to pyrene quenched the emitted light, upon further 

analysis it was found that the decrease in emission intensity was linearly dependent on the 

concentration of KI. This experiment was repeated with the pyrene dissolved in PFOB, 

which showed that there was no significant decrease in emission intensity.
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Based on the concepts of the initial idea described above, the regions with 

maximal and minimal fluorescence extinctions would be respectively classified as the 

bicontinuous and W/O phases; examination of the data, presented in Figure 2-19, 

suggested Regions b and d for both the DOPA and soy lecithin systems. For the DOPA 

coordination (Figure 2-20), Region a proved to be the second most resilient to quenching, 

a characteristic observed in Regions a and c of the soy lecithin experiment (Figure 2-21). 

This secondary region was significant because it indicated an environment that would be 

consistent with the initial proposal and an oil-in-water phase. In conclusion, Region b 

suggested a bicontinuous phase in both DOPA and lecithin systems because the 

fluorescence dye was the most efficiently quenched at this composition. Region d was the 

water-in-oil phase of both systems since the quencher did not affect the dye. However, the 

rest of the compositions (a, c, e, and f) required the quantitive analysis of PFOB by FT-IR 

for their identification.

2.4.5 Observation of Morphology by cryo-TEM 

In the previous characterizations, the regional compositions of the desired phase 

(oil-in-water) were established; 1) the visual inspection showed the possible phases and 

helped to determine the boundaries in the ternary diagram, 2) the buoyant density was 

used to estimate the efficiency of the emulsification by dispersing oil and water in the 

emulsion system, 3) the fluorescence quenching helped to differentiate between 

bicontinuous and water-in-oil phases, and 4) FT-IR quantified the efficiency of the used

oil to form the emulsion. Even though these characterizations helped to further define the 

oil-in-water phase, one more step was required to finalize the definition of the O/W phase 

morphology.
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To better understand the morphology of the emulsion system, the synthesized 

DOPA and soy lecithin emulsions were viewed under cryo-TEM (Figures 2-22 and 

Figure 2-23). In the micrographs a darker feature is consistent with higher density or 

thickness when compared to the surroundings [44], and because of the relatively high 

density of PFOB, an oil-in-water emulsion would appear as a black circle. If the particle 

were formed as a liposome, containing a water core, there would be little contrast 

between the inner and outer regions of the lipid layer. In both systems, DOPA and soy 

lecithin, Regions c to f  were too viscous for a drop wise application, so they were 

smeared onto the grids with a pipette tip before blotting.

As indicated in Table 2-4, Region a in both DOPA and soy lecithin emulsion 

systems exhibited a spherical morphology containing a darker core which, as explained 

previously, is indicative of an O/W phase. There were a wide variety of shapes in Regions 

b, c, and d of both systems and the lack of contrast between multiple layers suggested the 

formation of a liposome and an excess of lipid. Regions b, c, and d in the DOPA trial 

showed structures expected of empty liposomes. Meanwhile, in the soy lecithin system 

Regions b and c revealed few particles containing PFOB and Region d did not have any 

such structure. Even though the added amount of PFOB in Region b was greater than that 

of a in the soy lecithin system, only some of the particles contained oil. In the case of soy 

lecithin the amount of PFOB in Region c was identical with Region a, but Region c 

showed a greater number of particles with the oil core. The images of Region d show a 

W/O phase when taking into consideration the ternary diagram and visual observations. 

Region e and f  in both systems displayed a wave-pattern, which implied a bicontinuous 

phase. Finally, a spherical morphology was observed by cryo-TEM, which is also 

consistent with the expected O/W emulsion (Figure 2-22 and Figure 2-23).
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The results from the five characterization methods are summarized in Figure 2-24 

and Figure 2-25; a follow-up to the questions proposed in Figure 2-1. After all of the 

information had been collectively analyzed, this summary concluded that Phase A, in 

both the DOPA and soy lecithin emulsion systems, was the oil-in-water phase. There was 

no apparent excess liquid PFOB. The measured buoyant density was similar to the 

theoretical calculation (Figure 2-12). FT-IR spectra demonstrated the encapsulation rate 

for PFOB (Figure 2-17). The quenching effect showed that pyrene was trapped in PFOB 

reservoirs by preventing the quenching of pyrene by potassium iodide (Figure 2-21).

From the soy lecithin ternary diagram it was observed that Phase A is 36 times 

larger than the same phase in the DOPA case. This implied that soy lecithin was better at 

forming the oil-in-water when compared to DOPA. This is most likely attributed to soy 

lecithin’s amphiphilic head group in contrast with anionic DOPA. Because soy lecithin 

does not express a repelling force between like charges, more of the molecules are 

required to form the emulsion. When looking at Region b of the soy lecithin system it was 

discovered that it is most qualified, from the five characterization tests, to be the 

bicontinuous phase. This implication was confirmed by wave-like patterns observed via 

cryo-TEM (Figure 2-23, B). When analyzed from a broader perspective it was concluded 

that this bicontinuous phase could be the transition phase, which co-exists between both 

the oil-in-water, and other phases [156].

The ternary diagram of soy lecithin was revised by answering the questions in 

Figure 2-26. The phase boundaries in the ternary diagram of DOPA were unchanged 

when compared with the visually developed ternary diagram (Figure 2-26 (C)). This is 

due to the charge differences between the DOPA and soy lecithin molecules. This 

bicontinuous region was missed with a visual observation. Addressing the specific set of
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questions in Figure 2-25 revealed this transitional phase. The revised diagram (Figure 2

26 (D)) contains an additional bicontinuous phase where there is a transition from oil-in- 

water to water-in-oil.

In order to form the bicontinuous phase, a greater number of surfactant molecules, 

in comparison to oil-in-water, are required [52]. A charged head group, such as DOPA, 

has a smaller packing factor than its neutral counterpart. Therefore, DOPA reached its 

bicontinuous phase with a lower amount of surfactant than soy lecithin, which has a net 

zero charge on the head group. This proposal was further supported by the results of the 

visual inspection that showed a clear separation between two phases, while the soy 

lecithin system had no distinct boundary. Without a clearly defined boundary, further 

characterization, with more complex methods, was necessary for this study. After further 

testing with buoyant density, FT-IR, fluorescence quenching, and TEM, a bicontinuous 

phase was discovered in the soy lecithin system, labeled as AB in Figure 2-26 (D). Due to 

the packing factor theory [52], the differences between the phase behavior of DOPA and 

soy lecithin are displayed in Figure 2-26 (C) and (D), which showed a region 36 times 

broader for oil-in-water in the soy lecithin system.

2.5 Summary

The O/W phase was surveyed in this study. Even though the samples had the 

visual appearance of being suitable for the synthesis, testing various regions revealed that 

they did not meet the criteria: i.e., 1) does not contain excess liquid for efficiency, 2) 

efficiently uses immiscible liquids, 3) efficiently encapsulates oil, 4) protects from the 

surroundings, and 5) has a spherical shape). Even though the ternary diagrams 

demonstrated that the DOPA and soy lecithin emulsion systems had different numbers of
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phases, both DOPA and soy lecithin systems showed one workable phase. The 

zwitterionic surfactant soy lecithin had a greater workable region for the oil-in-water 

phase than DOPA, which implies that soy lecithin is a more reproducible system and can 

be used for a product that is easily stable.
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Table 2-1 The summary of the techniques with the purposes and methodology.

Techniques Purpose Method

Visual inspection
To observe the phases 
and boundaries in the 
given materials______

The emulsion was synthesized via 
titration method and the number of layers 
in the samples was determined visually.

Buoyant density

To estimate how the 
oil and water are 
dispersed in the 
emulsion.

The weight of the emulsion was 
measured in a custom pycnometer 
designed to handle all phases, including 
gel and gel-like samples, easily._______

Fluorescence
quenching

To further support 
and disprove the 
proposed phase

The quenching effect of the fluorescence 
dye was monitored by fluorescence 
spectroscopy. Py dye was dissolved in 
PFOB, and KI in water, and the amount 
of quenching gives insight into the phase 
configuration________________________

Fourier transform
infrared
spectroscopy

To quantitatively 
determine the amount 
of oil employed to 
form the emulsion

The amount of the oil in the emulsion 
was measured by infrared spectroscopy 
using the attenuated total reflectance 
sampling technique. From Beer’s law the 
concentration of oil can be determined 
from the absorbance data. The amount of 
PFOB associated with emulsion was 
estimated by comparing the absorbance 
with that of pure oil.___________________

Cryogenic
transmission
electron
microscopy

To observe the 
morphology of the 
emulsion in each 
phase____________

The samples in each phase were frozen to 
form a thin ice film, which was observed 
by electron microscopy.

Table 2-2 The summary of the added materials to synthesize the various types of the 
emulsions.

Regions Surfactant (w/w) PFOB (w/w) Water (w/w)
a 0.050 0.050 0.900
b 0.025 0.225 0.750
c 0.250 0.150 0.600
d 0.100 0.500 0.400
e 0.200 0.700 0.100
f 0.600 0.200 0.200



64

Table 2-3 Summary of the experimentally measured and the calculated densities. The 
results demonstrated how effectively the liquids were used in the emulsion formation.

Region

Composition (wt./wt.) Measured 
density (g/mL) Calculated

density
(g/mL)

Efficiency: 
formulation of 
emulsion (%)

Surfactant PFOB Water DOPA Soy
lecithin

DOPA Soy
lecith

in
a 0.025 0.025 0.950 0.998 0.999 1.010 98.4 98.2
b 0.025 0.225 0.750 1.003 1.007 1.123 89.3 89.7
c 0.375 0.025 0.600 1.002 1.005 1.017 98.5 98.8
d 0.025 0.575 0.400 1.125 1.180 1.395 80.6 84.6
e 0.875 0.025 0.100 1.006 1.101 1.105 91.0 99.6
f 0.025 0.875 0.100 1.156 1.004 1.761 65.7 57.0

Table 2-4 The summary of the shape characteristics found in the cryo-TEM micrographs. 
This table describes the types of shapes and the acceptance of the morphology according 
to the requirement of an encapsulated ring shape.

Synthesized
regions

DOPA Soy lecithin

Description Acceptance Description Acceptance

Region a

Encapsulated ring 
shape with the 
consistent size Yes

Encapsulated ring 
shape with the 
consistent size Yes

Region b

Encapsulated ring 
shape; partially 
random shapes Yes

Encapsulated ring 
shape; partially 
other shapes Yes

Region c Random shapes No

Random shapes; 
Encapsulated ring 
shape Yes

Region d Random shapes No
Encapsulated ring 
shape No

Region e Shape of a wave No Shape of a wave No

Region f Shape of a wave No Shape of a wave No
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Figure 2-1 The flow chart to identify the desired oil-in-water phase.
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Figure 2-2 A schematic of the titration methods represents to construct the ternary 
diagram with the tie line (blue dash). Each side represents the respective element 
composition in weight fractions, which was increased from 0 to 1 w/w. For example, for a 
water titration the samples were synthesized by following the direction (red arrows) of 
low weight fraction of water to high.

Figure 2-3 The ternary diagram with the selected regions (red dots) for characterization 
including buoyant density, fluorescence quenching, FT-IR, and cryo-EM. The line a, c, 
and e was parallel to the surfactant axis, and line a, b, d, and f  was parallel to the water 
axis; the line formed by e and f  were parallel to the oil.
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Figure 2-4 The raw data of the fluorescence by the pyrene. A) The pyrene (4.5 X 10-4 
mM) was quenched by the quencher, KI, in water while B) it was not in the oil, PFOB. 
The wavenumber at 385 nm indicates the pyrene dissolved in PFOB. C, D) figures 
demonstrating that the pyrene in water was gradually quenched by KI while the oil had a 
constant fluorescence intensity. R-squared values for C) 0.9949 and D) 0.0045. 
Wavelengths analyzed C) 373 nm and D) 385 nm.

0
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Figure 2-5 The schematics of the sample holder for the fluorescent measurement. The 
cylindrical shape holder (blue) was a rubber O-ring, and the ring was sealed with glass 
covers on both bottom and top.
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Figure 2-6 The block diagram of the front-face accessary position in the fluorescence 
spectrometer. The distance between the sample holder and the beam source was 8 cm. 
The angle of the sample holder was 62°.
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Figure 2-7 The schematics of the ATR cell. The dimension of the cell surface was 2.2 mm 
x 3.3 mm, and the penetration depth was 2.0 um [150],



69

Figure 2-8 The schematics of the procedure: Cryo-TEM, adapted from [44], The emulsion 
sample on the carbon grid was frozen in the thin ice by liquid nitrogen. The frozen sample 
was observed using the transmission electron microscopy.

Figure 2-9 The ternary diagram of DOPA/PFOB/water. There were 6 various phases. The 
color of the samples was turbid or white, and some samples were viscous or had the 
excess liquid.
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Figure 2-10 The ternary diagram of soy lecithin/PFOB/water. There were four various 
phases. The color of the samples was white, and some samples were viscous or had 
excess liquid.
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Lecithin
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Figure 2-11 The ternary diagrams of A) DOPA/PFOB/water and B) lecithin/PFOB/water 
with the phase boundaries. The red dots represent the compositions to make the samples 
for the density, fluorescence quenching, and FTIR.



71

A DOPA/PFOB/Water emulsion system B
2.0-1

1.8 -

1.6 -

1.4-

1 1 -2 :  

3  1.0 -

03 0 .8  -

q 0.6- 
0.4- 

0 .2 -  

0 .0 -

201 
1. 8 -

1. 6 -

1.4-

1 12‘ 
3 1.0-

03 0 .8  -

q  0 . 6 -  

0.4- 

0 . 2 -  

0 . 0 -
Water PFOB a WaterPFOB a

D
2.0 -

1.8 -

1.6-
1.4-

1 12'
2 10'
2 0.8-<D
Q  0 .6 - 

0.4- 

0.2 - 

0.0 -

Water PFOB a

Figure 2-12 The measured densities of the DOPA and the soy lecithin emulsion systems. 
The synthesized regions in the DOPA emulsion system were measured by the customized 
pycnometer. A) represents the turbid suspension layer and B) the excess PFOB, verified 
by density measurements. The turbid layer in the soy lecithin emulsion system is shown 
in C) and the excess PFOB in D).
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Figure 2-13 The FT-IR results of the control samples: water and PFOB. A) and B) Water 
demonstrated the hydroxyl group at 3000 - 3600 cm-1 (stretching) and at 1640 cm-1 
(bending). C) and D) PFOB showed the difluromethylene group was the strongest 
intensity.
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Figure 2-14 The FT-IR results of the control samples: DOPA (A and B) and soy lecithin 
(C and D). Both lipids (DOPA and soy lecithin) showed the phosphate at 1170 cm-1 and 
the three carbon bond (C-C C bending) at 1064 cm-1. This carbon bond would be from 
ketone because both lipids had two ketone groups in the tail. Soy lecithin demonstrated 
the amine (C-N stretching) at 1250 cm-1.
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Figure 2-15 The raw data of the FT-IR in the DOPA emulsion system from A to F 
representing the same letter in the synthesized regions.



74

A

Wavenumber (cm-1)

c

Wavenumber (cm'1)

E

Wavenumber (cm'1)

B

Wavenumber (cm'1)

D

Wavenumber (cm'1)

F

Wavenumber (cm'1)

Figure 2-16 The raw data of the FT-IR in the soy lecithin emulsion system from A to F 
representing the same letter in the synthesized regions.
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Figure 2-17 The calculated encapsulation of PFOB in the emulsion system. A) DOPA 
emulsion system demonstrated Region a and c encapsulate PFOB more than 50%, and B) 
soy lecithin emulsion system mostly encapsulates PFOB except Region d and f. C) and 
D) are the ternary diagrams of DOPA and soy lecithin. The green regions depict regions 
where there was efficient (greater than 50%) encapsulation of PFOB by the respective 
surfactant. Soy lecithin had the more effective encapsulation than DOPA.
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Figure 2-18 The schematic representing the initial idea for phases: A) oil-in-water (O/W),
B) water-in-oil (W/O), and C) bicontinuous phases. The green and blue molecules 
indicate the quencher (KI) and the pyrene. A) Oil-in-water (O/W) phase: only a few of the 
dye molecules transport from the oil to the water across the lipid membrane. However, KI 
would not be transported into the emulsion because it is not soluble in the oil. B) Water- 
in-oil (W/O) phase: it would be difficult to be quenched by KI because the dye molecules 
would be easily trapped in the tails of the lipid molecules, and it is not soluble in the oil.
C) Bicontinuous phase: because the oil phase is not encapsulated by the surfactant 
membrane the dye molecules are able to readily transport from the oil to the water where 
they are quenched by KI.
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Figure 2-19 The change in the initial fluorescence intensity represented as a normalized 
percentage. Region b and d showed the maximal and minimal fluorescent quenching in 
both A) DOPA and B) soy lecithin. The DOPA system demonstrated the quenching in 
Region a (24%), b (88%), c (38%), d (1%), e (33%) and f (57%); the soy lecithin system 
is in Region a (44%), b (94%), c (42%), d (9%), e (55%), and f (49%).
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Figure 2-20 The fluorescence spectra of the DOPA emulsion system. The spectra at 385 
nm showed the affects before and after adding the quencher. The labels represent the 
same letter of the synthesized regions.
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Figure 2-21 The fluorescence spectra of the soy lecithin emulsion system. The spectra at 
385 nm showed the affects before and after adding the quencher. The labels are 
representing the same letter in the synthesized regions.
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Figure 2-23 The cyro-TEM images of the soy lecithin emulsion system for each 
synthesized region from A to F represented by the same letter.
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Figure 2-24 The flow chart used to find the desired phase in DOPA/PFOB/water ternary 
phase diagram. Employing the previous flow chart (Figure 2-1), each question was 
answered by characterizing the phases. Region a was the final desired phase in the DOPA 
emulsion system, and defined as oil-in-water.
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Figure 2-25 The flow chart used to find the desired phase in soy lecithin/PFOB/water 
ternary phase diagram. Employing the previous flow chart (Figure 2-1), each question 
was answered by characterizing the phases. Region a and c were the final desired phase in 
the soy lecithin emulsion system, defined as oil-in-water.
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Figure 2-26 The ternary phase diagram of A) DOPA and B) soy lecithin. After 
characterizing each phase with buoyant density, FT-IR, fluorescence quenching, and 
TEM, the phase boundaries of the DOPA diagram were unchanged. Soy lecithin’s 
diagram was revised after further characterization, with the addition of Region b. Region 
b in soy lecithin demonstrated the same phase behavior as Region b in DOPA. According 
to the fluorescence quenching results, this region transited from oil-in-water (Region a ) to 
water-in-oil (Region d) in both systems. In the finalized ternary phase diagrams of C) 
DOPA and D) soy lecithin, the yellow phase, 36 times larger for the lecithin system, 
indicates the desired phase (oil-in-water) as A. The Phase (AB) is the transition phase 
between oil-in-water and water-in-oil phases, and is defined as the bicontinuous phase.



CHAPTER 3

CALCIUM PHOSPHATE COATING ON OIL-IN-WATER NANOEMULSION 

AND PERFORMANCE OF STABILITY WITH OXYGEN RELEASE

AS OXYGEN CARRIER

3.1 Abstract

The focus of this study was to coat a nanoemulsion with shells of calcium 

phosphate, of various thicknesses, and determine how the number of coating layers 

affects the amount of oxygen released using a fast mixing method. The oil-in-water 

emulsion consisted of soy lecithin, perfluorooctyle bromide, and water. Extrusion through 

a submicron membrane was used to uniformly produce the particles, while also ensuring 

monolayer phospholipid formation at the surface. The isoelectric point of the 

nanoemulsion, defined as the pH at which the particle carries zero net charge, was found 

to be at pH 9. At this pH, it was more favorable for the nanoemulsion to accept calcium 

ions than its phosphate counterparts, which was confirmed with a Hill plot that showed an 

association ratio of one calcium ion to one soy lecithin molecule. The coating was 

constructed one layer at a time starting with the addition of calcium ions, followed by 

phosphate, which constituted one layer of coating; repeating the process was said to form 

the corresponding number of layers. The stability of the uncoated and coated emulsions



was then tested as a function of time with different physical and thermal conditions. The 

primary aim of the coated emulsion is to act as an oxygen carrier; thus, its oxygen release 

characteristics were measured by mixing the particles with deoxygenated hemoglobin. As 

the oxygen diffused out of the particles, it reacted with the hemoglobin and caused a 

spectroscopic change that was monitored with a stopped-flow apparatus. The pH of the 

solution determined the kinetic constant of hemoglobin, following the Bohr effect; 

otherwise, the lower the pH, the slower the oxygen uptake by deoxygenated hemoglobin. 

At a given pH, a thicker coating on the surface resulted in a slower oxygen release rate; 

for example, when shell thickness was increased from 0 nm to 38 nm, the kinetic constant 

was reduced from 2.8 sec-1 to 0.6 sec-1. This suggests an inverse relationship between 

kinetic transfer and coating thickness.

In short, this study focused on the nanoemulsion coating and the measurements 

taken to evaluate its performance in oxygen release and stability. The coated emulsion 

was more stable than the uncoated one, but their oxygen release rates were reduced.

3.2 Introduction

This chapter focuses on coating the oil-in-water emulsion with calcium 

phosphate, a known biocompatible material [157-159], and describes measurement 

techniques for determining the amount of oxygen released from the particle. The calcium 

phosphate coating creates a rigid surface that protects the emulsion and improves its 

overall stability. The encapsulation technique used in this work has been implemented in 

other systems with biological applications, including drug delivery systems [160-164]. 

Calcium phosphate is a well-known ionic material found in the bone, but too much free 

calcium in blood can be toxic [165]. However, it is still a widely studied material among
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drug delivery systems [166-170]. The emulsion was coated with calcium carbonate in 

powder form [171]. The advantage was that the product remained stable in long-term 

storage. The aggregated powder, however, was a challenge to resuspend in aqueous 

solutions. Both calcium phosphate and calcium carbonate are bioceramic materials, but 

relatively few studies have been completed on the toxicity of calcium carbonate [172

174], while calcium phosphate has been widely used in clinical studies due to its safety 

and simple production [165, 175-180]. Therefore, calcium phosphate material was 

selected as the coating material.

Oxygen release from the uncoated and coated emulsion [120] was measured by 

using the rival oxygen carrier, cell-free hemoglobin, as a reporter of oxygen exchange. 

The method using hemoglobin provided direct measurement by determining oxygen 

release. Furthermore, the fast mixing apparatus and the extremely high concentration 

gradient between inside and outside emulsion particles reduced the experimental time. 

Previously, the oxygen released from perfluorocarbon emulsion was measured using the 

gas-sparged oxygenator method, which takes a deoxygenated emulsion and monitors the 

change of oxygen in the solution [181]. The pathway for oxygen transfer starts in the gas 

phase, and then goes into the liquid medium, with a final destination inside the 

perfluorooctyl bromide (PFOB) droplet (Figure 3-1 and Figure 3-2). This method has 

many different variables and environments to consider, requiring the multiple 

assumptions listed as follows: 1) the oxygen transport affects the phase boundary formed 

at the interface between the surfactant and medium; 2) the emulsion particle is assumed to 

be uniformly distributed around the gas bubble within the bulk medium; 3) the loss of 

PFOB into the gas phase per pass through the gas-sparged oxygenator is neglected due to 

low vapor pressure; 4) the possibility of carbon dioxide being dissolved in the medium is
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neglected; 5) the density of PFOB is assumed to be constant for the various 

concentrations of dissolved oxygen; and 6) the partial pressure of oxygen in the gas 

bubbles is constant. #

The gas-sparged oxygenator method relies on a Clark electrode to monitor 

changes in the partial pressure of oxygen (Figure 3-3). However, there is a lag time that 

results from the limited diffusion of oxygen through the electrolyte, and probe membrane, 

before reaching the electrode surface. This, in combination with the many assumptions 

that needed to be implemented, ultimately resulted in inaccurate measurements and 

substantial uncertainty in system performance. Furthermore, the bubbling method was 

based on mass transfer, and it is limited to measuring only oxygen capacity with many 

inconvenient assumptions. The chemical kinetics provide a direct measurement of oxygen 

capacity and rate of release of oxygen without many assumptions.

After the emulsion had been coated with calcium carbonate and dried into a 

powder [171], there was still a problem with aggregation, which caused difficulties during 

re-suspension attempts. In order to prevent this problem, all of the processes, including 

the final product, ought to be well dispersed in a stable medium. The present study used 

the information from the ternary diagram generated in the previous chapter to determine 

the best composition for the desired phase and encapsulation properties. This approach 

has the following advantages: 1) minimizes the free surfactant, 2) maximizes the 

functional property, which is the amount of PFOB, and 3) optimizes the procedure by 

limiting the amount of excess materials. By understanding the ionic interaction with the 

emulsion surface, the optimal emulsion condition was found for proper coating formation. 

The zeta potential and Hill coefficient were the primary factors considered to understand 

this relationship.
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In order to improve the previous oxygen measurement by Moolman, et al [181], 

this study used deoxygenated cell-free hemoglobin and a spectrophotometer to measure 

the oxygen released from the emulsion. Since the oxygenation of the emulsion does not 

necessarily have the same diffusion coefficient as the oxygen leaving the emulsion, the 

method described herein was viewed as a superior method to those previously 

implemented. Furthermore, the addition of calcium phosphate encapsulation of the 

emulsion, needed for in vivo applications, protected the emulsion from protein adsorption. 

Oxygen release from the coated emulsion was also measured utilizing the same method.

Measuring oxygen capacity of the particles was performed and verified with a 

specialized, liquid phase, dissolved oxygen probe with the bubbling method by Moolman, 

et al [181]. They measured the amount of oxygen loaded in the emulsion, which had a 

200 nm diameter with 20 vol.% of PFOB, to be 3.7 mM while the theoretical oxygen for 

the same condition is 4.5 mM, see Appendix C. The experimental operation time was

12 minutes. The bubbling method had an error of 17%, and was not accurate enough to 

measure the oxygen capacity. This uncertainty is thought to be caused by free, excess, 

surfactant that has adsorbed onto the electrode surface, further hindering the diffusion of 

oxygen through the electrode interface. This also makes it difficult to estimate the 

diffusion coefficient of oxygen through the emulsion surface. The challenge, however, 

was to measure the kinetic rate of reaction of the oxygen released from the particle. Since 

the intended application will be in vivo , the emulsion particle will be competing with the 

red blood cell, which contains hemoglobin, a metalloprotein that transports oxygen to all 

cells in the body.

The rate of release was studied by simulating in vivo conditions using 

hemoglobin [182-186]. The studies used the red blood cells of chickens, ducks, and
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humans. The kinetic rates of oxygen uptake by hemoglobin ranged between 2.4 to 3.8 s-1. 

The results varied depending on the condition of the red blood cells, such as size. For the 

smaller diameter cells, the oxygen transfer conductance was smaller than its larger 

counterpart due to the ratio of surface area to radius.

However, in this present study, the experiment used a purified hemoglobin 

solution in order to prevent some of the common complications that are associated with 

the use of plasma or whole blood. Also, the particle size of the emulsion was constantly 

280 nm in diameter. Hemoglobin is able to carry four oxygen molecules, but the rate 

constant will be different in each oxygen association. Simply put, the first oxygen is 

easier to load, while the fourth is the most difficult. Nevertheless, in order to maintain 

consistency and simplicity, only the first association of oxygen was considered. As 

mentioned in Chapter 1, a pseudo first order reaction was determined for this present 

study, and it is expressed as follows:

Hb + n O2 ^  HbO2 Eq. 3-1

where the Hb indicates deoxygenated hemoglobin, O2 is oxygen, HbO2 is the oxygenated 

hemoglobin, and n is the number of molecules; n was assumed to be 1 in this study 

because only the first oxygen association was considered. The reaction was a first order 

derivative.

This study presents the synthesis of an oil-in-water nanoemulsion taken from the 

ternary diagram in Chapter 2 and optimized for stable calcium binding on its surface. 

After the calcium phosphate coating was deposited its stability was determined in 

conditions similar to common storage and in vivo use. Finally, the release of oxygen was 

evaluated using the fast mixing, reaction monitoring method.
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3.3 Materials and Methods

3.3.1 Calcium Phosphate Coating

3.3.1.1 Synthesis of the Nanoemulsion in Oil-in-water Phase

The materials, soy lecithin (500 mg), PFOB (0.7 mL), and water (7 mL), 

described in Figure 3-4 (A) were added to a 20 mL glass vial, and the mixture was stirred 

at 1200 rpm for 30 minutes at room temperature. Using this methodology, the mixture 

was extruded seven times at 150 psi through a 200 nm pore size membrane (Millipore 

polycarbonate extrusion filter with a 25 mm diameter, Millipore, Billerica, MA) in a 

10 mL Thermobarrel LIPEX extruder (Northern Lipids, Burnaby, BC, Canada). Optical 

microscopy (Olympus IX71, Olympus America Inc., Melville, NY) was used to 

characterize the unextruded and extruded samples with bright-field and cross-polarized 

light illumination with 200x magnification. Fourier transform infrared spectroscopy 

(FT-IR) (Varian 3100 FT-IR, Varian Inc., Palo Alto, CA) was also performed to 

determine the amount of PFOB lost during the extrusion process. As described in the 

Fourier transform infrared spectroscopy characterization in Chapter 2, the attenuated total 

reflectance (ATR) (MIRacleTM Single Reflectance ATR, Pike Technologies, Madison, 

WI) sampling method was utilized in FT-IR. A volume of 10 uL was dropped onto the 

ATR surface, and 150 measurements were obtained with a resolution of 4 cm-1.

Different amounts of soy lecithin were combined with PFOB and water to find the 

oil-in-water region, shown in Figure 3-4, B; all samples were extruded through the 200 

nm pore size membrane by seven passes at 150 psi, and the particle size was measured by 

dynamic light scattering (DLS, Zetasizer Nano ZS, Malvern Ltd., Worcestershire, UK). 

The volume of the sample used in DLS was 1 mL, and it was measured in a UV- 

transparent plastic microcuvette (Disposable Micro Cuvette, ZEN0118, Malvern Ltd.,
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Worcestershire, UK). The excess PFOB was determined by loading a pipette tip (either 

10 uL, 200 uL, or 1000 uL capacities) and measuring its contents, as seen in Figure 3-5.

3.3.1.2 Constructing the Calcium Phosphate Coating

3.3.1.2.1 pH Titration

This experiment was to determine optimal pH under which the emulsion particles 

were fully dispersed due to the highly repulsive surface charge. Two milliliters of the 

nanoemulsion made with the optimal composition from the previous section 3.2.1.1 was 

titrated from pH 11 to 2 with hydrochloric acid (HCl, 0.1 M). The relationship between 

pH and zeta potential was monitored with a microcuvette (Disposable Micro Cuvette, 

ZEN0118, Malvern Ltd., Worcestershire, UK) and the zeta potential cell (Disposable 

Capillary Cell, DTS1070, Malvern Ltd., Worcestershire, UK).

3.3.1.2.2 Affinity of Calcium and Phosphate Ions

A titration method was utilized to understand the ionic affinity between calcium, 

phosphate, and the emulsion surface. The nanoemulsion (2 mL) was, again, prepared with 

the same optimal condition from section 3.3.1.1, and the pH was adjusted to 9 with NaOH. 

Calcium chloride (CaCl2, 3.0 mM, pH 9) and phosphoric acid (H3PO4, 3.0 mM, pH 9) 

were separately titrated into the emulsion suspension, and the change in surface charge 

was used to describe the binding affinity of ions to the particle surface. Zeta potential was 

used at each point in the titration to characterize this surface affinity.
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3.3.1.2.3 Calcium Ion Cooperative and Binding Constant to 

Emulsion Surface

The results described in section 3.3.1.2.2, it was concluded that the emulsion had 

a higher affinity for the calcium ion than the phosphate ion. These results determined the 

binding constant of calcium ions to the emulsion surface, with the assumption that all of 

the added soy lecithin was utilized to form the nanoemulsion. The CaCl2 solution (10 mL,

3 mM, pH 9) was titrated by the emulsion solution with soy lecithin (1.4 mM, pH 9) using 

the mixing and extruding methods as mentioned in section 3.3.1.1, where the emulsion 

preparation was described. The free calcium was measured by using a calcium ion 

selective electrode (Calcium ionplus® Sure-Flow® Plastic Membrane Combination, 

Thermo Scientific, Waltham, MA). In order to develop the calibration curve for the 

electrode, a serial dilution was employed to set a standard range from 10-1 M to 10-4 M 

(Figure 3-6). The calcium standard (CaCl2, Thermo Scientific, Waltham, MA) used was 

0.1 M, and the following relationship was applied to the electrode [128]:

C  x Vt = C2 x V2 Eq. 3-2

where C1 and V1 were the concentration and the volume of the original standard, and C2 

and V2 were the concentration and the volume of the standard after dilution.

3.3.1.3 Synthesis of Calcium Phosphate Coating

An emulsion of the optimal composition (15 mL) was coated with a thin shell of 

calcium phosphate. The concentration of ions used in the coating process was determined 

by the amount of soy lecithin, with a final 1:1 molar ratio between calcium ions and soy 

lecithin molecules. Calcium chloride (1.4 mM, pH 9) and phosphoric acid (1.4 mM,
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pH 9) were prepared as the stock solutions and added to 15 mL of emulsion in the 

following manner: First, the emulsion was stirred at 400 rpm at room temperature, then

1.5 mL of the stock calcium solution was added to the solution. After 30 seconds, another

1.5 mL aliquot of the calcium solution was added to the mixture, and the process was 

repeated until a total of 15 mL had been mixed in. The emulsion, with calcium ions, was 

stirred at 400 rpm for 10 additional minutes to ensure association. Then, the same process 

was repeated with the phosphoric acid solution, after which, stirring continued for 10 

more minutes to ensure even distribution throughout. The process of adding calcium and 

phosphate with 10-minute buffer intervals was defined as one coating; hence, if more 

coatings were desired, the process could be repeated for the appropriate number of 

coating layers. For each coating layer, the zeta potential of the sample was monitored to 

verify that the added ions (calcium and phosphate) were actually binding to the surface. 

The synthesis of calcium phosphate coating on the emulsion is described in Figure 3-7.

Once the coating process was completed, the mixture was dialyzed for 3 days 

against deionized water, with a 3,500 MWCO (VWR Scientific, Radnor, PA) membrane, 

to remove free ions in the solution. After dialysis, the concentration of PFOB was lower 

than the original emulsion solution (2 vol.% of PFOB) due to dilution with calcium and 

phosphate solutions; thus, the suspension was concentrated back to the original 

concentration using tangential flow filtration (TFF) (KrosFlo® Research lli Tangential 

Flow Filtration System, Spectrum Laboratories, Inc., Rancho Dominguez, CA). TFF is an 

ultrafiltration method that is able to remove water and ions from the sample. The 

polyethersulfone hollow fiber membrane (Spectrum Laboratories, Inc., Rancho 

Dominguez, CA) had a 100 kDa MWCO, with a surface area of 115 cm2. Finally, the 

particle size was measured with DLS.
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3.3.1.4 Visual Chacterization of Calcium Phosphate Coated Emulsion

The nanoemulsion was imaged under TEM with a negative stain method, which 

protected the fragile emulsion from the vacuum environment and high-energy electron 

beam. To prepare the sample for viewing, uranyl acetate (2% or 47 mM, 10 uL) was 

mixed with an equal amount of the sample, and a drop of this mixture was placed on a 

TEM grid and left for 20 seconds. The entire solution was removed using filter paper, and 

the grid was air dried for 30 minutes.

The uncoated emulsions were thought to be considerably less robust, thereby 

making the negative staining method necessary. Therefore, samples were simply prepared 

by placing 2 uL of each sample onto separate TEM grids, and allowing them to air dry 

overnight. The samples were observed under a FEI Tecnai™ TEM (FEI, Hillsboro, OR) 

at 80 keV.

3.3.2 Method: Performance of Calcium Phosphate Coated Nanoemulsion

3.3.2.1 Stability in Practical Conditions

The stability of the phosphate coated emulsion was tested under three different 

conditions. First, the suspension was sterilized with an autoclave, then kept at room 

temperature. Second, the sample was simply stored on a platform shaker at room 

temperature, and the final condition was storing the suspension statically, in the dark, at 

room temperature. Stability was monitored by tracking the particle size as a function of 

time. The samples were steam autoclaved at 120oC with an average pressure of 29 psi (SE 

510, Yamato, Santa Clara, CA). The sample (2 mL) was added to a 2 mL vial, and filling 

the vial to the top eliminated any headspace and the possibility of a reaction caused by 

gaseous pressure. A 2 mL vial was completely filled with the sample and mixed on a



platform shaker. The stability, monitored by DLS measurements, was evaluated at 15- 

minute intervals for a total of 150 minutes. Lastly, the samples were stored at room 

temperature, in the dark, for 50 days, with a measurement interval of a few days. Table 3

1 summarizes the methodologies.

3.3.2.2 Oxygen Release as an Oxygen Carrier

3.3.2.2.1 Experimental Preparation

The Aminco-Morrow Stopped-Flow Apparatus (Cat. No. 4-6412, American 

Instrument Co., Inc., Silver Spring, MY) was used, in combination with a 

spectrophotometer (serial number 2799, Beckman, National Technical Laboratories,

South Pasadena, CA), to observe the reaction rate of the two samples. The pistons used to 

inject the sample, and deoxygenated hemoglobin, were simultaneously driven by an air

operated plunger at 40 psi. The spectrometer set up had a slit at 0.82 mm for a wavelength 

of 550 nm, for observing the spectroscopic change of deoxygenated hemoglobin. The 

unshielded connector block (model NI CB-68LP, serial number CF315C, National 

Instruments Co., Carlsbad, CA) was used as the interface, and the results were recorded 

using LabView software (version 6.0, serial number G11X87212, National Instruments 

Co., Carlsbad, CA).

Four measured voltages from the spectrophotometer were used as reference 

points to estimate the oxygen content: 1) 100% light transmittance, 2) 0% light 

transmittance, 3) the deoxygenated hemoglobin (Hb), and 4) the oxyhemoglobin (HbO2) 

transmittances. The working window was between the Hb and the HbO2. When the Hb 

was mixed with the sample, the Hb absorbed the oxygen released from the sample,

95#



transforming it into HbO2, which was then used to calculate the concentration of oxygen 

originally in the sample. A detailed calculation process is presented in Appendix B.

In order to determine the oxygen release from the samples, hemoglobin collected 

from red blood cells was deoxygenated by nitrogen gas purging. Then, the deoxygenated 

hemoglobin was mixed with the samples in the stopped-flow apparatus. Table 3-2 

simplifies the entire procedure for the reader’s convenience.

In order to collect and deoxygenate hemoglobin, it was obtained from donated red 

blood cells, defined as “Collecting hemoglobin” in Table 3-2. The packed red blood cells 

(RBC) were obtained from the University Hospital Blood Bank at the University of Utah 

and hemolyzed. However, the blood was first washed by taking 5 mL of RBC and adding 

it to 45 mL of normal saline (150 mM sodium chloride (NaCl)). It was centrifuged in a 50 

mL conical tube at 750 x g for 5 minutes using a centrifuge (Legend X1R, Thermo 

Scientific, Waltham, MA). The supernatant was removed by pipette and discarded. The 

tube was again filled with saline, the RBCs resuspended, and the process was repeated 

twice. Once the wash was completed, the RBCs were hemolyzed with a hypotonic 

phosphate buffer (5 mM, pH 7.4), bringing the volume up to 45 mL. The tube was 

centrifuged at 4000 x g for 30 minutes, and the hemoglobin containing supernatant was 

collected.

In order to find the concentration of the hemoglobin, the collected hemoglobin 

(0.05 mL) was diluted in the phosphate buffer (1.95 mL, pH 7.2). The absorbance of the 

sample was measured with a UV-Vis (Cary 100, Agilent Technologies, Santa Clara, CA), 

and the concentration (c) of the collected hemoglobin was calculated using Beer’s law:
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where A was the measured absorbance, and the extinction coefficient (e) of one heme 

group in hemoglobin was 55.2 mM-1cm-1 at 541 nm [187], and the path length (b) of the 

quartz cuvette was 1 cm.

It is important to note that the concentration of the stock hemoglobin solution 

was too high to be accurately measured, so it was diluted 40 times. Thus, the 

concentration obtained from Eq. 3-3 was 1/40th of the actual value. The hemoglobin 

solution was then diluted to the desired concentration with the phosphate buffer.

Second, nitrogen purging, represented in Table 3-2 as “Deoxygenating 

hemoglobin,” deoxygenated the collected hemoglobin. To monitor the concentration of 

oxygen dissolved in the hemoglobin solution a Clark electrode was used, along with a 

high sensitivity Teflon membrane with 5 um thickness (model 5776, Y SI Inc., Yellow 

Springs, OH). The probe was calibrated by bubbling deionized water (60 mL) with 

nitrogen gas (95 mol.%) balanced with carbon dioxide (5 mol.%), during which the 

oxygen level was normalized to 0 %. Next, oxygen gas (25 mol.%) balanced with 

nitrogen gas (75 mol.%) was bubbled through, and the oxygen level was normalized to 

25 %, properly establishing an upper oxygen limit. This process was repeated three times 

to ensure precise readings. Once the calibration was completed, the flask was emptied, 

and then assembled without the input gas tube, as described in Figure 3-7. Then, the 

collected hemoglobin (60 mL) was added to the flask through the sample valve, and the 

nitrogen gas was blown into the headspace until the voltammeter showed zero. The 

deoxygenated hemoglobin was extracted via the sample valve using a 10 mL syringe.
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3.3.2.2.2 Control Experiments

There were two control experiments needed for accurate measurement of the 

oxygen parameters: 1) the limitations of the detector, determined by a serial dilution of 

deoxygenated hemoglobin and 2) establishing a new baseline for the effects of turbidity 

in coated and uncoated emulsion samples.

First, a spectrophotometer control test was performed to find the machines 

detection limitations. For the first control experiment (limitations of the detector as 

measured by deoxygenated hemoglobin), deionized water (60 mL) was deoxygenated 

using the bubbling method described above. Then, several concentrations of the 

deoxygenated hemoglobin (Hb) were prepared, and 3.5 mL of each concentration was 

loaded into the stopped-flow apparatus (Aminco-Morrow Stopped-Flow Apparatus, 

American Instrument Co., Silver Spring, MY) with a light-beam path of 4 mm. The slit 

was 0.8 mm, which allowed for the maximum window of detection at 10 volts for 100 % 

transmittance. An equivalent volume of deoxygenated water was loaded, then the two 

were manually mixed and the transmittance of the mixture was recorded using LabView 

software (National Instruments Co., Carlsbad, CA).

Second, a correcting factor that accounted for light scattering by the emulsion 

particles was determined. The uncoated and calcium phosphate coated emulsions were 

utilized for the second control experiment (scattering of light by the particles). Due to the 

relatively large particle size (~300 nm in diameter) when compared with hemoglobin, 

there were significant amounts of particle light scattering that needed to be corrected. The 

detector for the stopped flow apparatus was located 180° from the incident light, and it 

would be misleading to interpret losses in transmission due to scattering, as actual 

absorbance by hemoglobin molecules (Figure 3-8). The amount of light displaced by
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scattering was dependent upon the particle size and refractive index. In order to properly 

correct for the light scattering of the particle, the relative transmittance of the samples 

was measured by loading them into the stopped-flow apparatus, and running the 

procedure as normal. In order to avoid any uncertainty, the particle size of the samples 

was measured by DLS to ensure similar diameters across the various concentrations.

They were directly loaded in the apparatus as the first control experiment, and the 

transmittance was measured by the photometer.

3.3.2.2.3 Determination of Bohr Effect

One of the significant factors for loading oxygen to hemoglobin was pH because 

according to Bohr effect, hemoglobin should be less willing to bind oxygen at lower pH, 

such as pH 6.8 [188]. This was an important issue to address in order to find the proper 

conditions for good reproducibility. To create a proper pH range among the hemoglobin 

solutions, the pH was adjusted to the desired values (either 6.8, 7.2, or 7.8). Following the 

procedure in section 3.3.2.2.1., deoxygenated hemoglobin solutions were made, and then 

mixed with DI water, whose pH was matched with the hemoglobin solutions (either 6.8, 

7.2, or 7.8). The stopped-flow apparatus monitored the oxygen uptake, which was 

conducted five times for each sample to ensure the validity of the results. The averages as 

well as the standard deviations were calculated, which the error bars represent. This 

method also was applied to the uncoated emulsion. The oxygen uptake was measured five 

times with the apparatus, and the results were averaged with the standard deviations, 

representing the error bars.
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3.3.2.2.4 Oxygen Measurement of Calcium Phosphate Coated 

Nanoemulsion

To test the effects of layer coating thickness, four different samples were 

produced, each with a different number of calcium phosphate layers; the procedure is 

described in section 3.3.1.3. For the emulsion itself, the concentration of soy lecithin was

1.4 mM, and the added amount of PFOB was 2 vol.%. They were then coated with 

different numbers of layers of calcium phosphate (CaP) and mixed in the stopped-flow 

apparatus with the deoxygenated hemoglobin described in Table 3-2. The pH of the 

samples was adjusted to 7.2 with NaOH, a condition previously determined in section 

3.3.2.2.3. The amount of oxygen transferred from the CaP coated particle was monitored 

by spectroscopic changes in hemoglobin, and the results were verified by measuring each 

sample five times.

3.4 Results and Discussion

3.4.1 Calcium Phosphate Coating

3.4.1.1 Synthesis of Nanoemulsion in Oil-in-water Phase

The emulsion, synthesized by the stirring method in Figure 3-9 prior to extrusion, 

displayed a broad range of particle sizes, with most of them being greater than 1 um. 

Under cross-polarized light microscopy, the particles showed a Maltese-cross pattern that 

is indicative of a multilamellar formation at the emulsion surface [189]. After the 

emulsion had been extruded, the particle size became much smaller, almost invisible 

under bright-field microscopy, and the Maltese-cross shape previously seen had 

disappeared. The absence of the Maltese-cross was strong evidence that the phospholipid 

layer was no longer multilamellar, but rather a monolayer, separating the oil and water

100



phases (Figure 3-10 and Figure 3-11). The emulsion, isotopic liquid mixtures of oil, 

water, and surfactant, did not interfere with the polarized light and appeared dark [190]. 

After extrusion, the PFOB content was slightly reduced by 3.9 % (Figure 3-12); for 

example, if the initial volume of PFOB were 2.00 mL in 100.00 mL, the final volume 

would be 1.92 mL. This appears to be an inherent consequence of using the extrusion 

method, where a small amount of PFOB is simply retained within the unit.

During the emulsion synthesis, it became obvious that more soy lecithin in the 

emulsion reduced the amount of leftover PFOB. Above 1.1 mg/g of soy lecithin 

(or an overall concentration of 1.4 mM) did not exhibit any leftover PFOB (Figure 3-13

(A) and (B)). Moreover, the particle size increased with increasing soy lecithin, whereas a 

constant diameter was seen at lower amounts (Figure 3-13 (C) and (D)). The 

nanoemulsion-optimized condition was defined as having no PFOB leftover, and a 

particle size closest to the pore size of the membrane, 200 nm. This also limits the 

creation of liposomes and free surfactant structures. This specified condition has the 

following composition: soy lecithin (1.1 x 10-3 wt/wt), PFOB (3.9 x 10-2 wt/wt), and 

water (9.6 x 10-1 wt/wt).

3.4.1.2 Ionic Interaction of Emulsion

3.4.1.2.1 Optimization of Soy Lecithin Emulsion in pH

The pH titration test supported the notion that the phosphate group in soy lecithin 

was the site of ion interaction. Since the amine group in soy lecithin is quaternary, three 

methyl groups and one R group, it is not pH active. The phosphate in the head group of 

soy lecithin was the only chemical group that was expected to react with a proton.
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The zeta (Z) potential is a good indicator of the dispersion stability. Near zero mV 

in Z-potential results in minimal electrostatic repulsion between particles, so the greater 

absolute value of zeta (Z) potential, the better the stability due to the charge repulsion 

[140]. From the change in Z-potential with pH, the isoelectric point (pI) and the 

electrostatically stabilized condition were determined (Figure 3-14). The emulsion 

yielded a Z-potential of -38.5 mV, at pH 10.6, and upon the addition of acid, the zeta 

potential continued to increase until it reached 0 mV, at a pH of 4.1, the isoelectric point 

(pI). Continuing further, the Z-potential raised to +5.8 mV at pH 2.8. The pI was 

measured to be at pH 4.1, which was in agreement with the previously reported value 

[191]. Soy lecithin molecules are zwitterionic because of the positive quaternary amine 

and the negative phosphate groups (pH dependent), making them ampholytic which 

means the molecule can obtain equilibrium in either basic or acidic conditions.

The soy lecithin emulsion surface was saturated with the negatively charged OH" 

ions at pHs greater than 8.85, which is due to the electrostatic interaction between the 

positively charged quaternary amine and the free ion. The addition of more protons drives 

the equilibrium reaction, Le Chatelier Principle, toward the production of more water as a 

result there is an increase in Z-potential, described in Eq. 3-4.

H3O+ + OH- ^  2H2O Eq. 3-4

Once the pH reached the isoelectric point, the overall electric charge in the head group of 

soy lecithin became neutral. When the Z-potential started to plateau at pH 3, this 

suggested that essentially all of the phosphate groups had reacted with the protons, 

resulting in a net positive charge.

The head group of the soy lecithin molecule is bent, resting at about 90o [192],

102



and since the emulsion is formed by a complex array of soy lecithin, it was challenging to 

identify if either the amine or phosphate group was the primary binding site. From the pH 

titration and Z-potential, it was concluded that the phosphate group was the primary 

binding site for free ions, see Figure 3-15. The amine group electrostatically bound to 

hydroxide at high pH and released it at decreasing pH. At pH 9, all soy lecithin molecules 

were deprotonated, and as a result, the phosphate groups were negatively charged, 

creating a negatively charged surface. The zeta potential demonstrated an equivalence 

point at pH 5.33. The phosphate group carried one negative charge and was the conjugate 

base of RXR2HPO4, where Rx bound to the amine group and R2 was the hydrophobic 

portion of the molecule. The result of the zeta potential measurement showed soy lecithin 

emulsion accepting protons at pH 8.8 because the increased potential indicated the 

surface charge of the emulsion changed by binding the protons to the phosphate group of 

the soy lecithin molecule.

3.4.1.2.2 Affinity of Calcium and Phosphate to Emulsion Surface

The emulsion system was adjusted to pH 9 because this yielded the lowest Z- 

potential. When calcium ion was added, the Z-potential of the particle increased from 

-34 mV to -3 mV, and when hydrogen phosphate (HPO42-) was added, it decreased from 

-34 mV to -39 mV (Figure 3-16). The soy lecithin molecule, which was mostly 

deprotonated at pH 9, needs to be at a high pH for cation attraction. As a result, the 

change in potential with calcium absorption was greater than that caused by phosphate, 

which was a slight reduction.

At pH 9, the phosphate group is the dominant functional group for soy lecithin 

because the quaternary amine has been neutralized by the OH- anion (Figure 3-17). When
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calcium ion was added to the emulsion system, the ion associates itself with the 

phosphate group due to the lower solubility product constant. The solubility product 

constant (Ksp) values at 25 oC of calcium hydroxide (Ca(OH)2) and calcium hydrogen 

phosphate (CaHPO4) are 5.5 x 10-6 and 1 x 10-7 [193]; the lower the solubility, the easier it 

is precipitates. CaHPO4 has a lower Ksp value than Ca(OH)2; thus, it is easier for the 

calcium to bind to the phosphate group than the free hydroxide in solution or those 

adsorbed to the quaternary amine.

3.4.1.2.3 Calcium Ion Cooperativeness and Binding to Emulsion Surface

Since calcium ion has two valences, it was important to understand if the added 

calcium was binding to one, or two, phosphates in the monolayer. By monitoring the free 

calcium ion concentration with different amounts of calcium added, a Hill plot was 

constructed, which shows the fraction of the soy lecithin molecules saturated with 

calcium as a function of calcium concentration. The Hill plot and the estimated trend line 

from Figure 3-18 were constructed using the following equations:

where 0 is the fraction of the occupied sites divided by total sites, n is the Hill coefficient, 

[Ca2+]free is the concentration of measured free calcium in molar, and KD is the 

dissociation constant. By the estimated trend line, the values of n and KD were 0.981 and

log0 = nlog([Ca2+]free) + lo g K Eq. 3-5

log0 = 0.981log([Ca2+]free) + 3.171 Eq. 3-6

3.171.



For infinite cooperatives, Hill coefficient, which is the slope of Hill plot, equals 

the number of binding sites. In fact, empirically, the coefficient is slightly less than or 

equal to the number of binding sites. In a real experiment, even though hemoglobin has 

four binding sites, the Hill coefficient of hemoglobin to oxygen, for example, is less than

4 due to the limitation of detection [130-132]. The estimated Hill coefficient (n) was 

0.981, which suggests that there was one calcium ion binding to each phosphate group 

within the soy lecithin monolayer. This value was not exactly the same as the number of 

binding sites per soy lecithin molecule. It is possible that the technical precision might 

have caused some of the soy lecithin molecules to overlap each other so that the added 

calcium ion could not reach the molecule.

The logarithm of the affinity constant (Ka) is equal to the negative logarithm of 

the dissociation constant (KD), shown as follows:

logKa = -logKD Eq. 3-7

The estimated log KD was 3.171, which results in a Ka of about 0.675 mM. Ka is the 

concentration occupying half of the binding sites, so the total concentration of binding 

sites was double, or 1.350 mM, which is in good agreement with the concentration of soy 

lecithin initially added, 1.4 mM. If both values are taken as absolutes, 96.4 % of the 

added soy lecithin had an associated calcium cation.

3.4.1.3 Synthesis of Calcium Phosphate Coating

Even though soy lecithin has two opposite charges on the head group, the soy 

lecithin emulsion is still able to bind calcium cations. In order to build the calcium 

phosphate coating, calcium ions were first added to the emulsion suspension, followed by
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the phosphate anion. This allowed the layer to be built up layer-by-layer, with alternating 

additions of calcium and phosphate (Figure 3-19). The effect of each layer was measured 

with zeta potential (Figure 3-20 (A)), and it confirmed the sequential layering of each 

species as described. The initial zeta potential of the emulsion was -34 mV, and once 

calcium ion was added to the emulsion system, it increased to -5 mV. With the following 

dose of phosphate, the Z-potential decreased to -30 mV. This same trend continued for 

each additional layer of calcium and each layer of phosphate, confirming the sequential 

growth process.

In order to verify the calcium phosphate (CaP) coating on the emulsion surface, 

the particle size was monitored by DLS. With each layer deposited on the emulsion 

surface the size of the particle linearly increased from 285 to 1400 nm. The CaP coating 

thickness was also measured to increase from 0 to 525 nm (Eq. 3-8).

The expected calcium and phosphate ionic bindings are shown in Figure 3-20

(B). Their binding can be modeled as bricks layers. The various thicknesses of calcium 

phosphate (CaP) was coated on the nanoemulsion surface (Figure 3-20 (C) and (D)). The 

thickness (CaPt) was calculated as follows:
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where SizeCaP and SizeEmulsion are the measured particle size from DLS after and before 

CaP coating; because DLS was measuring the particle size in diameter, the subtracted size 

was divided by 2.



3.4.1.4 Morphology Analysis of Coated Emulsion by Transmission 

Electron Microscopy

This section discusses the TEM analysis of coated and uncoated emulsions. The 

uncoated emulsion was prepared with a negative stain (Figure 3-21 (A)), and it revealed a 

uniform particle of 227.1 nm (+/- 128.7 nm). The CaP coated emulsion (27 mM of the 

added calcium) was measured at 250.4 nm (+/- 50.2 nm). The micrographs show a dark 

core with a light shell, a result of the electrons scattering off axis by elastic nuclear 

interaction known as Rutherford scattering. A thicker coating increased the elastic 

scattering due to the fixed mean-free path. This is also observed with elements of a higher 

atomic number that scatter more electrons than the lighter elements, making them appear 

darker. The molecular weight of PFOB (C8F17Br, 498.87 g/mol [194]) is greater than 

calcium phosphate (Cag(PO4)2, 310.18 g/mol [195]) and brushite (CaHPO4 #2H2O, 172.09 

g/mol [196]). Therefore, the darker core image (Figure 3-21 (B)) suggested the presence 

of PFOB, and the lighter contrast surrounding the particle was defined as the calcium 

phosphate shell.

When the calcium phosphate coating was further propagated with the added 

calcium (220 mM), calcium phosphate crystalline began to form on the emulsion (see 

Figure 3-21 (C), and at 600 mM, aggregation of the particles became apparent (see Figure

3-21 (D). Greater addition of CaP layers resulted in a greater particle size in TEM than 

DLS. This is a result of the aggregation that is likely to occur while the samples dry on 

the TEM grid.
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3.4.2 Performance of Calcium Phosphate Coated Nanoemulsion

3.4.2.1 Stability in Practical Conditions

The stability of the particle needed to be studied under practical application and 

storage conditions, such as long-term storage at room temperature, transportation 

conditions, and sterilization procedures. Both the calcium phosphate coated and uncoated 

emulsion samples were tested under all of these conditions, determining their stability 

with respect to time, mechanical perturbation, and thermal effects (Figure 3-22). The first 

condition tested was in the dark at room temperature for a period of 50 days. After 20 

days, the uncoated emulsion showed an increase in particle size, up to 450 nm in 

diameter, in addition to an increase in standard deviation. Meanwhile, the coated 

emulsion remained at a constant particle diameter for the full 50 days. Shaking the 

samples on a platform shaker for 150 minutes tested the physical stability of the samples. 

The coated sample showed much greater stability with no observable change in the 

particle size, but for the uncoated emulsion, flocculation became evident as the particle 

size constantly changed. The thermal stability of the particles was tested using an 

autoclave with the standard sterilization temperature of 121 oC. After autoclaving, there 

was no change observed in the coated emulsion’s particle size, but the uncoated emulsion 

became very heterogeneous after the treatment, with additional peaks in the particle size 

distribution spectra (1500 nm, 280 nm, and 100 nm). Even though the coated emulsion 

showed a size increase from 325 nm to 360 nm, it remained monodisperse, and the 

diameter increase was insignificant compared to the changes seen in the uncoated system.
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3.4.2.2 Oxygen Release as an Oxygen Carrier

3.4.2.2.1 Limitation of Photometer and Correction Factor

In order to find the limitations of the photometer, various concentrations of 

deoxygenated hemoglobin (Hb) were mixed with the deoxygenated buffer solution. The 

result showed that the relative absorbance started to plateau at an overall concentration of 

120 uM (Figure 3-23 (A); therefore, the Hb needed to be less than 200 uM because the 

stopped-flow apparatus would be inaccurate in detecting small changes at this 

concentration level.

##############Due to the relatively large size of the uncoated and coated nanoemulsions 

(~300 nm), the particles can cause significant light scattering, which generates error 

during absorbance measurements. In the stopped-flow apparatus, the photometer detector 

is located 180o from the incident light, and as a result, the scattered light is displayed as 

absorbed light, which can dramatically alter the interpreted results. Light scattering 

characteristics of the emulsion suspension showed that the maximum concentration was 

6 vol.% PFOB. Above this concentration, the amount of light scattered is too large, which 

makes it very difficult to analyze the spectra. This same concentration limit was 

replicated for the calcium phosphate coated particle. When the uncoated and coated 

emulsion systems were tested at 2 vol.% of PFOB, which was the concentration used in 

all subsequent measurements, the photometer detected 0.68 and 0.62 in the relative 

transmittance (Figure 3-23 (B)), respectively. These values were used as the new baseline 

for measuring and estimating the oxygen uptake by hemoglobin.
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3.4.2.2.2 Determination of the Bohr Effect

##############The collected, cell-free hemoglobin at various pHs was deoxygenated by nitrogen 

purging. The results suggest that oxygen uptake and the kinetic constant of the 

deoxygenated hemoglobin (Hb) both increase with increasing pH (Figure 3-24 (A)). The 

oxygen uptake was 174 uM at pH 6 .8 , 194 uM at pH 7.2, and 229 uM at pH 7.8 

(Figure 3-24 (B)), see Appendix B. When an equilibrium is established between air and 

the amount of oxygen dissolved in water, the oxygen content is estimated to be about 

20.95% [197], which was further evaluated using Henry’s law constant (1.3 mM atm-1 
[198]). The oxygen uptake at pH 7.8 was similar to the estimation (234 uM), making sure 

to account for the altitude of Salt Lake City (4,300 ft.). By comparing with the result, the 

actual measurement was 2.1% lower than the estimation.

##############When the same method was applied to the uncoated emulsion, raising the pH 

showed an increase in the amount of oxygen increase. The oxygen uptake was 264 uM at 

pH 6.8 , 270 uM at pH 7.2 and 284 uM at pH 7.8. However, the quality of the data got 

worse with introduction of more noise. The standard deviation (error bars) was 

significantly greater from +/-1.5 at pH 6.8 and 7.2 and +/-3.2 at pH 7.8 when the pH was 

increased to 7.8, and was also demonstrated in the absence of the emulsion particle 

(Figure 3-24 (C) and (D)). The difference between the oxygen uptake at pH 6.8 and that 

at pH 7.8 was smaller than the water and hemoglobin control (Figure 3-24 (B)). It is 

possible that the Hb was mixed with a solution containing a greater concentration of 

oxygen, so the larger concentration gradient caused the Hb to take up more oxygen. In 

short, this control experiment confirmed that the fast mixing method is suitable for 

measuring the oxygen content of the emulsion particles. Also, a higher pH was shown to 

improve oxygen capacity at the expense of data integrity, and at the lower pH 6 .8 , the Hb
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did not sufficiently uptake oxygen from the emulsion particles. Therefore, in order to 

have the greatest amount of oxygen content with the highest quality data, this control 

experiment was conducted at pH 7.2.

According to the Bohr effect, the oxygen affinity of hemoglobin drops with 

decreasing pH (Figure 3-24 (A)). In other words, the tendency to release oxygen increases 

in acidic conditions. This observation was in good agreement with the Bohr effect. The 

deoxygenated hemoglobin (Hb) had a greater oxygen uptake at higher pH values. As pH 

decreases, protons increasingly bind to hemoglobin amino acids; this decreases the 

hemoglobin affinity for oxygen by reducing the number of binding sites (Figure 3-24 

(B)). When the emulsion was added to the solutions at various pHs, the results were the 

same, agreeing the Bohr effect (Figure 3-24 (C) and (D)). As concluded earlier, the 

control experiment suggested an optimal pH of 7.2. These control experiments concluded 

that the fast mixing method is suitable for studying the transfer of oxygen between 

hemoglobin and emulsion particle.

3.4.2.2.3 Oxygen Release and First Association Constant (&ai)

The relationship between the thickness of the coating and amount of oxygen 

released was determined in this section of the project. Increasing the coating thickness 

caused the amount of oxygen released to drop from 77 uM to 45 uM, and the kinetics 

constant (Kx) decreased from 2.8 s-1 to 0.6 s-1 (Figure 3-25), see Appendix B.

The mass transport pathway starts with the soy lecithin monolayer, after which, 

the oxygen must travel through the calcium phosphate shell, the second layer. The total 

length of the soy lecithin molecule, including head group and tail, is 5.03 nm [199], and
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the thickness of the calcium phosphate coating varied between 8 to 38 nm. It was 

expected that the diffusion time for the coated emulsion would be significantly longer 

than that of the uncoated particle due to the extra barrier. The oscilloscope reading shown 

in Figure 3-25 (A) demonstrated a smoother curve, compared to that of the control 

experiment with the solvent and hemoglobin in Figure 3-24 (A). This is thought to be a 

consequence of the gradual release of oxygen gas, which led to a prolonged exchange 

between particle and deoxy-hemoglobin due to a limited number of collusions [200-202]. 

The overall reaction rate became more dependent on the diffusion of particles rather than 

transport of oxygen across the barriers. To summarize, a slower release of oxygen 

generated a smoother, more gradual, change in the transportation of oxygen.

##############Even though hemoglobin has four positions to which oxygen can associate itself, 

this study was only concerned with the kinetics of the first oxygen to bind to the deoxy

hemoglobin (Hb) because the other three are nonlinearly related to each other with 

respect to time. Therefore, a pseudo first-order reaction was assumed, Eq. 3-9, and it was 

used to calculate the first order kinetics rate coefficient (fcai) .

where [HbO2] was the concentration of the oxygenated Hb, t was the time for the first 

binding reaction, and Y was the fraction of hemoglobin absorbance at 550 nm. By 

plotting the logarithm of Y as a function of time, kai was obtained from the slope. 

According to this relation, kai showed a lower value with a thicker coating, which

d [HbQ2] 

dt
kai [Hb02] Eq. 3-9

log Y = -2.3kai t Eq. 3-10



confirmed the idea that the coating thickness controlled the release oxygen. The amount 

of oxygen inside the coated particle was less than the uncoated emulsion; hence, the 

oxygen uptake by Hb was lower than the uncoated emulsion. In order to verify the final 

oxygen content in the samples the reaction was continuously monitored until the 

transmittance level plateaued. In Figure 3-26 (A) and (B) the thicker calcium phosphate 

coating resulted in a longer diffusion time of oxygen across the interface.

3.4.2.2.4 Estimated Diffusion Coefficient of Released Oxygen

The release of drugs in vivo can vary greatly due to a vast number of variables, 

thus, in vitro modeling is used to estimate the performance of the particle as it would in 

vivo. The Hixson-Crowell model is the simplest model used to approximate oxygen 

release through the membrane and coating. This is because oxygen located closer to the 

surface of the particles would diffuse out first, an assumption that is very compatible with 

the Hixson-Crowell. The “drug” in the Hixson-Crowell model is represented by oxygen 

in this experiment, and its diffusion coefficient was calculated. Two samples were tested: 

a monolayer membrane, which only had a surfactant layer, and a calcium phosphate 

coated particle. Even though the Hixson-Crowell model is based on the dissolution of a 

solid particle, the relative change of the diffusion coefficient between the uncoated and 

coated particles proved that the coating does reduce the release rate of oxygen. As 

described in Table 3-3, the diffusion coefficient of oxygen through the coated particle 

dropped by 5%, relative to the uncoated particle, and remained constant independent of 

the shell thickness.

By treating the oxygen inside the emulsion as a drug, the Hixson-Crowell cube 

root law was applicable to the emulsion system. It was able to estimate the amount of
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drug released by taking into account changes in the particle’s surface area and diameter. 

The diameter of drug (or oxygen in this case) remained the same regardless of particle 

characteristics, and the overall oxygen release time was dependent on the thickness of 

layer (Figure 3-27). For the calcium phosphate coated particle, it should be noted that the 

derived diffusion coefficient does not differentiate between the membrane and mineral 

layers, only one inclusive layer is considered.

In order for this system to be useful, the water layer surrounding the particle must 

be sufficiently thick when compared to the particle diameter; in other words, the particle 

should be smaller than 500 um in diameter to apply the Hixson-Crowell law [203]. By 

applying the Noyes-Whitney equation to the Hixson-Crowell law, the change of particle 

size in radius as a function of time can be estimated as follows:
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r2 = r2---^  Eq. 3-11

where ro is the initial radius, D is the diffusion coefficient, Cs is the drug concentration, t 

is drug release time in seconds, and p is the density of a particle. The time consumed for 

complete release of the drug is when the radius (r) equals to zero. Then, Eq. 1-2 is re

written as follows:

t = Eq. 3-12
2DCS H

Even though the measured oxygen was 76 uM, excluding the dissolved oxygen in 

the continuous phase of the emulsion system, the measured oxygen uptake indicated that 

the number of particles determined the overall oxygen concentration in the system. 

However, the individual particle contained pure PFOB, which has an oxygen content of



4.5 mM at 4,300 ft. when in equilibrium with air. A more detailed calculation is described 

in Appendix C.

Using this concept, the diffusion coefficient could be estimated by Eq. 3-2, 

assuming all oxygen was released from the particle. For example, the radius (r) of the 

uncoated emulsion particle was 137 nm (only considering the PFOB liquid), Cs was 4.5 

mM, and the density was 1.93 g/mL. The estimated diffusion coefficient of the uncoated 

emulsion was 3.28 x 10-5 cm2 s-1, which is lower than in PFOB (3.5 x 10-5 cm2 s-1), but 

greater than in water (2.5 x 10-5 cm2 s-1) and plasma (2.2 x 10-5 cm2 s-1) [181].

Furthermore, the estimated diffusion coefficient was greater than the diffusion coefficient 

of oxygen uptake by the red blood cell (2.1 x 10-7 cm2 s-1) [204].
This result is due to the following: 1) the nanoemulsion had a smaller size 

(280 nm) than the cell (8-10 um); the larger particle decreases the overall interfacial 

surface area, which provides the less open gate flow of oxygen from the particle [181]; 2) 

the emulsion had a monolayer of lipid while the cell had a bilayer, therefore, the emulsion 

had a shorter barrier for gas transfer; 3) the concentration difference between inside and 

outside the emulsion in this experiment system was high because the environment outside 

of the emulsion was deoxygenated; and 4) the oxygen concentration inside the emulsion 

was much higher due to the solubility of oxygen in PFOB. Even changing emulsion size 

altered the diffusion rate; the greater particle size of PFOB based emulsion showed a 

slower release of oxygen to the surroundings [181].

The calcium phosphate coated emulsion proved that a thicker coating decreased 

the amount of oxygen released over a given time; the oxygen released was from 76 uM to 

45 uM. Zero nanometer thickness is synonymous with the uncoated emulsion. The 

thickness was determined by the difference between the uncoated and the coated
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emulsion. Eq. 3-11 was used to estimate the diffusion coefficient. The coated emulsion 

increased the particle size by the coating thickness, but the containment space for the 

dissolved oxygen went unchanged from the uncoated emulsion. The calcium phosphate 

coated emulsion system assumed that the calcium phosphate coating layer was not 

dissolved in the solvent during the reaction with the deoxygenated hemoglobin solvent. 

Therefore, the drug, defined as oxygen in this system, was released in a limited range by 

the coating thickness. Setting the final radius (r) in Eq. 3-10 as the coating thickness and 

the initial radius (ro) as the measured particle size by DLS, the average diffusion 

coefficient of the coated emulsion was 3.10 x 10-5 cm2 s-1 (± 2.31 x 10-7), shown in Table 

3-3. Additionally, the result suggested that the thicker the coating, the longer the oxygen 

release from the particle.

Previously, the Roughton model for oxygen diffusion and reaction with 

hemoglobin was used to simulate the oxygenation of red blood cells [204]. Later, this 

model was improved by using a Laplace transform [205]. These theoretical approaches 

focused on the understanding of the diffusion coefficient via the bilayer membrane in the 

red blood cells. The Roughton model used oxygen outside of the red blood cell that 

diffused into it and interacted with hemoglobin. This model was not ideal for this study, 

but the fundamental concept of diffusion through the membrane was considered. The 

fundamental kinetics reaction (Eq. 3-13) was also accounted for in this study.

k-i

Hb(O2)n^  Hb(O2) n+1 Eq. 3-13
ki

where n = 0, 1, 2, and 3 by assuming the association constant (kx) and the dissociation 

constant (k-x) were the same for all n’s [205].
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In this study, however, the Hixson-Crowell law (Eq. 3-11), see Figure 3-28, which 

focuses on the surface area of the particle, was used to determine the amount of oxygen 

released. This technique was used because of the small particle size and the increase in 

overall surface area and concentration with a smaller individual diameter. Even though 

the emulsion is not a solid particle, it can be treated as such because

1) the emulsion in this study was in the submicron region (~280 nm) and 2) the difference 

in oxygen concentration between the inside and outside of the particle was high so the 

monolayer boundary had little effect. Therefore, the Hixson-Crowell equation is more 

suitable than the Roughton model in this study because the Hixson-Crowell equation 

estimates drug release from the solubility of the solid.

The advantage of this method, combined with the deoxygenated condition, had 

less error by directly observing the reaction of the media in a shorter period of time. The 

experimental setup caused an extremely high concentration gradient, but the different 

diffusion coefficients show that the coating does indeed slow down oxygen release. The 

diffusion coefficient for the calcium phosphate coated emulsion was constant, regardless 

of coating thickness.

Other studies have found that the oxygen diffusion coefficient through an 

artificial lecithin bilayer membrane was 2.10 x10-5 cm2 s-1 at 25 oC [206, 207]. The 

calculated value of the oxygen diffusion coefficient through this study’s emulsion particle 

was 3.28 x10-5 cm2 s-1 at 20 oC, which was greater. This comparative increase in the 

diffusion coefficient is thought to be a result of either the lecithin monolayer (versus a 

bilayer), or a larger concentration gradient between the particle and surrounding fluid. 

Nevertheless, this calculation proved that the Haxison-Crowell model would be suitable 

to estimate the diffusion coefficient. Furthermore, the oxygen diffusion coefficient
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through the calcium phosphate coating was lower, at 3.10 (+/- 0.02) x 10-5 cm2 s-1, 
significantly less than the uncoated emulsion. This was expected, as the coated surface 

would add an additional barrier for the oxygen molecules to overcome.

3.4 Summary

This study described the encapsulation of the nanoemulsion with calcium 

phosphate and its performance regarding stability and the release of oxygen. The 

nanoemulsion was made with the desired phase, as determined from the ternary diagram 

results. Then, the emulsion surface was coated with calcium phosphate by optimizing the 

reaction conditions, such as pH and ion activity. The stability of the coated emulsion was 

analyzed in various conditions, such as elevated temperatures, physical perturbation, and 

time. The coated emulsion showed improved stability across all environments and 

treatments when compared with the uncoated one. The uncoated and the coated emulsions 

both showed that they do indeed release oxygen; however, the presence of the calcium 

phosphate coating caused a slower rate of oxygen release.
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Table 3-1 The summary of stability tests for uncoated and coated nanoemulsion by 
calcium phosphate.

Tested stability Tested methodologies Duration Temperature
Thermal stability Autoclave 4 hours 20 oC-121oC

Physical stability Shaker 150 minutes 20 oC

Time stability Storage 50 days 20 oC

Table 3-2 The summary of the experimental procedure for oxygen release from coated 
and uncoated emulsions.

Preparation and reaction
of deoxygenated Experimental steps 
hemoglobin_________________________________

1. Wash the red blood cells 5 times with normal saline.

2. Hemolyze the washed cells with phosphate buffer
(5 mM, pH 7.4).

Collecting hemoglobin 3. Measure the concentration of hemoglobin using UV-
Vis.

4. Dilute the hemolysis solution to the desired
concentration of hemoglobin.

1. Calibrate the Clark electrode using the bubbling

Deoxygenating hemoglobin method.
2. Deoxygenate the hemoglobin by nitrogen purging in the

gas phase.

Monitoring reaction with 1. Calibrate the instrument.

hemoglobin 2. Measure the reaction of the samples with the

deoxygenated hemoglobin.
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Table 3-3 The measured oxygen in the uncoated and coated emulsion particles, the 
estimated diffusion coefficient, and relative change of diffusion coefficient from the 
uncoated emulsion with various coating thicknesses. The measured oxygen refers to the 
results from fast mixing method (Figure 3-23 (B)) and is represented by the drug 
concentration (Cs) in Eq. 3-11. Using the equation and the results, the diffusion 
coefficient was estimated.

Calcium phosphate 
coating thickness 
(nm)

Measured oxygen 
in the system 
(uM)

Estimated
diffusion
coefficient
(cm2 s-1)

Relative change of 
diffusion coefficient 
from 0 nm coating 
thickness

0 76.0 3.28 x 10-5 NA

8 68.4 3.12 x 10-5 Decreased by 5.9%

24 60.8 3.08 x 10-5 Decreased by 4.1%

38 45.6 3.10 x 10-5 Decreased by 5.5%
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Figure 3-1 A model depicting concentrations of oxygen from the gas bubble to the PFOB 
droplet, adapted from [181, 208]. Initially, the emulsion particle (PFOB droplet) was 
filled with nitrogen gas, and a known amount of oxygen was bubbled through.
Measuring the amount of oxygen in solution allowed for the determination of oxygen 

loaded into the particle. The pathway of oxygen transfer (CO2) would be gas bubble ^  

membrane ^  medium ^  PFOB droplet. The concentration of oxygen from the gas 

bubble would drop as it passes through the membrane (Cm,g) into the suspending medium 
(Cm). Assuming there was no interruption in the medium, the concentration of oxygen 

(Cm) would be constant until oxygen transferred to the surface of the PFOB droplet, at 
which point it is reduced significantly (Cm, equil). With the assumption that the PFOB 
droplet absorbs all of the transferred oxygen, the concentration of oxygen would be back 
to the initial level (Cp).
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Dissolved

oxygen

Water Gas 

bath sparger with emulsion

Figure 3-2 The schematics of the experimental setup for the bubbling method (or gas- 
sparged oxygenator), modified from [208]. The gases pressure and flow rate were 
monitored by P and F. The heater controlled the temperature of the experiment, and by 
stirring the solution in a gas-sparger, the bubbled gas was well dispersed throughout the 
solution. In order to measure the amount of oxygen taken by the emulsion, initially filled 
with nitrogen gas, the dissolved oxygen electrode probe was submerged in the solution. 
PFC is an acronym for perfluorocarbon.
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A  Deoxygenated 
solution

Deoxygenated
hemoglobin

B A: sample reservoir 
B: sample reservoir 
C: mixing chamber 
D: collected sample

Figure 3-3 Schematics of mechanism of oxygen kinetics measurement using hemoglobin 
and stopped-flow apparatus. A) A schematic showing the proposed method to measure 
the oxygen capacity and rate of release from the emulsion particle, which utilized the fast 
mixing method. Creating a very high oxygen concentration gradient allowed the 

deoxygenated hemoglobin to effectively react with the oxygen released by the particle. 
This is a measurement of kinetics, not a mass transfer method. B) The setup of the 
stopped-flow apparatus, modified from [209]. Two solutions (emulsion system and 
deoxygenated hemoglobin) were loaded into two drive pistons via the reservoir syringes. 
Once loaded a constant pressure was applied to the plunger, and the solutions were mixed 
in the mixing chamber where the reaction was observed spectroscopically. The stopping 
piston ensured mixing with a constant volume. After the reaction was observed in the 
mixing chamber cell, the waste solution was removed through the exhaust valve.
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Lecithin Lecithin

Figure 3-4 The ternary diagram of soy lecithin/PFOB/water. As described in Chapter 2, 
there were four phases from A to D: A) oil-in-water, B) water-in-oil, C) gel-like in oil-in- 
water, and D) gel-like in water-in-oil. The red dots indicate the composition for 
synthesizing the emulsion and compares the unextruded emulsion with the extruded one. 
The composition of 0.96 wt/wt of water was the minimum soy lecithin content needed to 
form an emulsion with no excess PFOB. The red dot in A was selected to test the 
hypothesis that a multilayer of surfactant could be reduced to monolayer with extrusion. 
There was a rich excess of surfactant with a spherical shape, 200 nm in diameter, but it 
was not too viscous to pass through the extrusion membrane. The red dots in B were 

selected by calculating the theoretical surface area of a spherical emulsion with 200 nm in 
diameter. It was assumed that each lecithin molecule had a surface area of 

72 A2 [210, 211] and one emulsion particle would contain 2.897 x 10-19 moles of lecithin 
molecules for a 200 nm diameter. $

Figure 3-5 The pipette marked (red) tip. Three tips (10 uL, 200 uL, and 1000 uL) were 
marked in fives. Using the custom measurement method, the excess PFOB was precisely 
measured with a 6 % error range on 10 measurements.
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Concentration of calcium (M)

Figure 3-6 Calibration curve of electrode in series of free calcium concentration with 
standard deviation (+/- 0.3).

Figure 3-7 A schematic showing the deoxygenation of hemoglobin. A) Input gas 
direction, B) gas switch open/close, C) input gas valve, D) input gas tube, E) sample, F) 
stir bar (Teflon, % inches), G) Clark probe, H) input/output sample direction, I) sample 
switch open/close, J) sample valve, K) sample tube collection, L) pressure equilibrium 
valve, M) pressure equilibrium tube, N) water in a beaker, and O) stir plate. The flask 
was suspended 2 cm above the stir plate, and thermal insulation was placed in between 

the plate and the flask. The samples were stirred at 100 rpm, and the probe was 
submerged just below the liquid surface. When the probe was calibrated with nitrogen 
and oxygen, the input gas tube (D) was sitting beneath the sample. When the hemoglobin 
was deoxygenated by the nitrogen gas, the input gas tube (D) was removed from the input 
gas valve (C).
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Figure 3-8 A schematic of light scattering by particles (blue). When the incident light was 
emitted to the particles, some (red) went to the detector, and some (green) was scattered 
by the particles.
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Figure 3-9 A summary of the synthesis procedure for the calcium phosphate emulsion 

coating. There are a total of four steps. A) Addition of the three materials (soy lecithin, 
PFOB, and water) to a beaker in that respective order. Water, PFOB, and soy lecithin are 
respectively represented by light green, blue, and orange. The mixture was stirred at 1200 
rpm for 30 minutes at room temperature. B) The mixture was sized by extruding through 

a 200 nm pore size membrane at 150 psi, seven times. This step resulted in a uniform 
particle size (~280 nm in diameter). C) Titration of ions: the first step was to coat the 

emulsion surface. First, calcium chloride (dark green) was added to the emulsion 
suspension. Due to the ionic attractive force, calcium ions were adsorbed to the emulsion 
surface. Next, the suspension had phosphate (pink) added and associated with the calcium 
ions adsorbed to the emulsion surface. D) The free ions, unassociated ions, were washed 
away while under dialysis for 3 days.
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Figure 3-10 Bright field images (A and B) and cross-polarized images (C and D) by 
optical microscope with 200x magnification. The unextruded and extruded emulsion 
samples also show air bubbles in the bright-field images. The unextruded emulsion can 
be seen in A and C, while the extruded emulsion is shown in B and D. The unextruded 
emulsion has the Maltese-cross pattern under the cross-polarization and large particles 
under the bright-field, which is evident of a multilamellar emulsion [49], The Maltese 
cross disappeared and the particle size became smaller once the emulsion was extruded 
through the 200 nm pore size membrane.
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Figure 3-11 Schematics of multi and single-layer emulsions. A) Illustrations of the 

multilamellar emulsion droplets, reprinted from [156], which caused Maltese-cross 
patterns to appear under polarized light illumination. The emulsifier, which is anchored in 

the oil phase, is a monolayer, but excess molecules form multiple layers. The layers then 
intertwine to form a network of connecting particles, which influences light scattering 

and interacts with the polarized light. B) A schematic of the monolayer emulsion 
droplets. Unlike the multilamellar emulsion system, the extra emulsifiers do not connect 

the monolayer system, the particles remain distinct and separate. Because the emulsion 
has a monolayer, the light scattering from the monolayer is hardly observed by optical 

microscopy.

W avenumber (cm'1) Wavenumber (cm'1)

Figure 3-12 The FT-IR results of the unextruded and extruded emulsions. A) The 
spectrum of the samples was from 4000 cm 1 to 950 cm'1, and B) the spectrum was 

focused on the PFOB region and ranged from 1300 cm 1 to 1000 cm1. Ultimately, there 
was no PFOB lost as a result of extrusion.
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Figure 3-13 The measured PFOB leftover and the particle size after extrusion for various 

concentrations of soy lecithin at 9.6 x 10-1 wt/wt of water by following the direction from 
Figure 3-3 and with mean and standard deviation in three measurements: concentration of 
soy lecithin A) from 0 to 124 mg/g and B) from 0 to 3.6 mg/g. The excess PFOB was 
measured by following the steps described in section 3.3.1.1 after the emulsion was 
extruded through the membrane with mean and standard deviation calculated for all three 
measurements. The equal and greater concentration of soy lecithin at 1.1 mg/g showed 
that there were not excess PFOB. The concentration of soy lecithin C) from 0 to 124 
mg/g and D) from 0 to 3.6 mg/g. The particle size was increased to 27 mg/g of soy 
lecithin. The lower concentration demonstrated the constant size.
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Figure 3-14 The titration curves of the emulsion. A) zeta (0-potential as a function of 

added HCl and B) compiled zeta potential as a function of pH; the last two data points 
overlap because both pH and zeta potential changed slightly.
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Figure 3-15 A schematic depicting how the soy lecithin molecule interacts with protons. 
At high pH, hydroxide approaches the positively charged amine group. By decreasing the 
pH, the hydroxide is binding to the added proton, creating water [212, 213]. At the 
isoelectric point, the molecule is neutral containing one positive and one negative charge, 

respectively, the amine and phosphate groups. Decreasing the pH further, the added 
proton is bound to the phosphate group, and the net charge of the molecule becomes 

positive.
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Figure 3-16 Ionic affinity of calcium and phosphate to the emulsion surface at pH 9. Zeta 
potential curve of the optimized nanoemulsion at pH 9 with calcium and phosphate ions 
to find the affinity to the emulsion surface by titration with mean and standard deviation 
in three measurements. The zeta potential changed from -40 mV to -21 mV by adding 

calcium, while phosphate changed from -40 mV to -46 mV. The absolute values of the 
slope in the first three data points were 18 in calcium and 6 in phosphate.

0
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Figure 3-17 The schematics of reaction to soy lecithin molecule by the calcium and 
phosphate titrations at pH 9. A) The soy lecithin molecule at pH 9. The hydroxide is 
closely located to the amine group in soy lecithin due to electrostatic interaction, 
nullifying the charge of the quaternary amine. B) Titrating soy lecithin with calcium, at 
pH 9, the calcium ion would bind itself to the phosphate group. C) Addition of hydrogen 
phosphate at pH 9 does not attach to the soy lecithin head group.

Log ( [ C a f  (M)

Figure 3-18 Hill plot of calcium binding to the emulsion at pH 9, with the mean and 
standard deviation from three measurements. Hill coefficient was 0.981. The logarithm of 
the dissociation constant was 3.171.
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Figure 3-19 Schematics of calcium phosphate coating on the emulsion surface. A) 
Schematics of the calcium phosphate coating on the soy lecithin oil-in-water emulsion. 
Alternating the addition of calcium and phosphate, the calcium phosphate coating was 
built on the particle surface. B) The molecular schematic of the calcium phosphate coated 
soy lecithin emulsion. At pH 9.0, the amine group would attract hydroxide (OH-), and 
calcium would be more favorable to binding on the phosphate in the head group than the 
hydroxide due to the lower Ksp.
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Figure 3-20 Characterizations of the coating by zeta potential and particle size. A) 
Changes in zeta potential with the addition of each layer of the calcium phosphate 
coating. The initial zeta potential was -35 mV, and the first addition of calcium (Ca) ion 
increased the potential to -5 mV. Then, the first addition of phosphate (PO43-) decreased 
the potential to -30 mV. B) The particle size at various thicknesses of calcium phosphate 
(CaP) coating. By constantly adding the calcium phosphate, from 0 to 680 mM, the 

particle size increased from 280 nm to 1400 nm in diameter. The CaP coating thickness 
was calculated by subtracting the particle size from the initial size (281 nm), C) from 0 to 
680 mM, and D) from 0 to 27 mM. The thickness was increased to 20 nm in 27 mM of 
the added calcium ion.
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Figure 3-21 Transmission electron microscopy images of the emulsion and the calcium 
phosphate (CaP) coated emulsion. A) The negatively stained emulsion. The emulsion size 
was 227.1 nm (+/- 128.7 nm), statistics calculated from 20 particles. B) The CaP coated 
emulsion with 14 mM of added calcium and phosphate. The particle size was calculated 
based on 20 particles with an average of 250.4 nm (+/- 50.2 nm). The particle has a dark 

core with a lighter outline, which suggested proper formation of the calcium phosphate 
shell, with a measured thickness of 11 nm (+/- 3 nm). This is similar to the value 

calculated from DLS. C) The particles formed by adding 40 mM of calcium and 

phosphate solutions. Once the addition exceeded 30 mM, the calcium phosphate 
crystalline was also formed in the system. There were few emulsion particles, coated with 
CaP, with an average particle size of 320.7 nm (+/- 133.6 nm). D) The addition of 
calcium and phosphate was 650 mM, and all of the particles aggregated. The size of 
aggregations, measured by dynamic light scattering, was about 1300 nm (+/- 250 nm). It 
was possible that the particles became more aggregated while the sample dried on the 
TEM grid.
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Figure 3-22 Comparing the stability of the calcium phosphate coated nanoemulsion, 

compared with the uncoated emulsion. The particle size was monitored, via DLS, after a 
set time under various conditions: A) Physical perturbation: the particles of the uncoated 
emulsion showed more fluctuation with increasing time in the shaker, while the coated 
emulsion was constant with a narrower standard deviation. B) Storage in the dark: the 
coated emulsion had a constant particle size over time, but the uncoated emulsion 
increased in size after 20 days. Autoclave: the particle size of C) the uncoated and D) the 
coated emulsions. The uncoated emulsion was 285.3 nm (+/- 138.2 nm in full-width half 
max (FWHM)) before autoclaving, and after it had a much broader size (312.3 nm +/- 
296.8 nm in FWHM) with multiple peaks (110.2 nm, 312.3 nm, and 5560.0 nm). The 
calcium phosphate coated emulsion was 322.5 nm (+/- 172.4 nm in FWHM) before 
autoclaving and 340.2 nm (+/- 217.1 in FWHM) afterward.
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Figure 3-23 Control experiments of the photometer in stopped-flow apparatus: the 

limitation of relative absorbance and the light scattering due to nanoparticles. A) The 
relative absorbance of the deoxygenated hemoglobin. This assumed the photometer was 

limited to 120 uM of Hb to accurately detect the changes due to chemical reaction. B) 
The relative transmittance of the emulsion (280 nm), and the calcium phosphate coated 

emulsion (330 nm). The uncoated and the coated emulsion suspensions were measured at 
2 vol.% of PFOB to minimize the effects of light scattering.
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Figure 3-24 The oxygen uptake by deoxy-hemoglobin in water and in water with 
emulsion at various pHs. A) The oscilloscope trace of transmittance versus time for the 

Hb in a controlled aqueous environment, as described in section 3.3.2.2.3. The pHs of Hb 
and water samples were pH 6 .8 , pH 7.2, and pH 7.8. B) The oxygen uptake by the Hb at 
various pHs. The transmittance voltage was converted to molar concentration using the 
method described in Appendix B. C) The oscilloscope trace of transmittance versus time 
for the Hb in controlled pHs. The uncoated emulsion was mixed with the Hb matching 
the pHs in both solutions. D) The oxygen uptake by the Hb at various pHs. At pH 7.8, the 

signal was unstable while the rest of pHs were constantly increased. As (B), the higher 
pH demonstrated the greater oxygen uptake. However, the standard deviation at pH 7.8 
was the greatest while the rest of pHs were constant at 2.
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Figure 3-25 The oxygen capacity and release rate from emulsion particles. A) The 

oscilloscope trace of transmittance in volts versus time for the Hb and the calcium 
phosphate coated emulsion at pH 7.2. With increasing coating thickness, the Hb was less 

saturated with oxygen. B) The oxygen uptake by Hb at various coating thickness with the 
mean and standard deviation taken from five measurements. The transmittance voltage 
was converted to molar concentration of oxygen uptake by hemoglobin (Appendix B). C) 
The logarithm of the absorbance versus time for the Hb and CaP emulsion. D) The first 
order kinetic constant of the oxygen uptake by Hb with the mean and standard deviation 
taken from five measurements. Increasing the coating layer thickness slowed, and 
reduced, the amount of oxygen absorbed by hemoglobin.
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Figure 3-26 The oxygen release time from emulsion particles. A) The transmittance 

measurement in volts of the calcium phosphate coated emulsion with various thicknesses 
until it reached equilibrium. B) The amount of time taken for the oxygen release from the 

samples. The thicker the coating, the longer it took to release oxygen. The amount of 
oxygen released from the emulsion was 87 uM at 0 nm thickness, 82 uM at 8 nm 

thickness, 80 uM at 24 nm thickness, and 82 uM at 38 nm thickness following the 
calculation in Appendix B.$

d = 2r

dr

Figure 3-27 A schematic of the eluted drug particle, which demonstrated a change in 
surface area over time; d is diameter, r is radius, and dr is the change in radius. When 
time was changed by dt, the amount of drug released was estimated by multiplying the 
change of radius (dr) and surface area (4r2n).
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Figure 3-28 The Roughton model for oxygen diffusion in the red blood cell, modified 
from [204]. The model shows only one side of the cell for simplicity. Oxygen outside of 
the cell diffused in, then it interacted with the hemoglobin inside [205].



CHAPTER 4

CONCLUSION AND FUTURE WORK

The principle goals of this research were to synthesize a biocompatible emulsion 

encapsulated by a calcium phosphate coating in the desired phase, increasing its stability, 

while maintaining its function as an oxygen carrier. The emulsion needed to meet the 

following criteria in order to be viable:

1) The perfluorooctyle bromide (PFOB)-based emulsion should be in the desired 

phase, such as oil-in-water.

2) The size of the emulsion particles should be synthesized using a reproducible 

procedure.

3) The sized emulsion particles should be coated with a 

biocompatible/biodegradable material such as dicalcium phosphate.

4) The coated emulsion particles should demonstrate the increased stability, 

while maintaining their performance as oxygen carriers.

Chapter 2 described the mapping of the ternary phase diagram using two different types 

of surfactants - anionic (1,2 dioleoyl-sn-glycero-3-phosphatidic acid (DOPA)) and 

zwitterionic (L-a-phosphatidylcholine (soy lecithin)) - and the constant materials of two 

immiscible liquids (oil and water). I hypothesized that the anionic surfactant would have a 

smaller region for the oil-in-water phase because the stronger repulsive force between the



head groups of surfactants would require fewer molecules to form particles if both types 

of surfactants formed the same-sized particle. Generally, visual inspection and shear 

stress measurements were utilized to identify the phase boundaries. These methods, 

however, did not yield convincing results. While visual inspection was essential for 

mapping the diagrams and observing the phase changes in the given materials, more 

evidence was required to verify the phase boundaries. Therefore, specialized techniques, 

such as buoyant density, fluorescence quenching, Fourier transform infrared spectroscopy 

(FT-IR), and cryogenic electron microscopy (cryo-EM), were used to conduct the 

analysis.

Buoyant density estimated how the oil and water were dispersed and associated in 

the emulsion. Fluorescence quenching supported and disproved the proposed oil-in-water, 

water-in-oil, and bicontinuous phases. FT-IR quantitatively determined the amount of oil 

that was employed to form the emulsion. Finally, cryo-EM was used to observe the 

morphology of the emulsion in each phase, using images to verify the proposed phase 

behaviors. I determined the desired region of the oil-in-water (O/W) phase by answering 

the questions in the flow chart shown in Figure 2-1. The results showed that the ternary 

phase diagram with soy lecithin had the larger region of O/W phase, thereby supporting 

the hypothesis. This result was caused by the different packing factor in each surfactant. 

Since the larger region provides more reliability for producing the desired synthesis 

experimentally, I selected the diagram with soy lecithin for the calcium phosphate 

coating.

The three objectives of Chapter 3 were to 1) size the emulsion particle, 2) coat the 

sized particle with calcium phosphate, and 3) determine the stability and the oxygen 

release/content. I was not sufficiently able to obtain uniform, dispersed particles using
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the fast mixing method. Therefore, I sized the emulsion particles by extruding them 

through a polymer membrane under constant pressure. The emulsion particles were 

passed through the membrane seven times in order to ensure that the particles were 

uniform and dispersed. The emulsion size was reduced from 1 micron to ~280 nm in 

diameter. The uniform size and dispersion of the particles facilitated the initial 

experiments for the coating. In order to ensure the optimal dispersion of particles, 

monitoring the zeta potential performed pH titration. Since the emulsion would be 

unstable causing it to flocculate, coalesce, or cream if its potential came close to zero 

millivolts, a well-dispersed emulsion would carry a greater value, either in positive or 

negative volts. The optimal dispersion was found to be at pH 8 .8 . Since the soy lecithin 

molecule was zwitterionic, containing both negative and positive charges, I studied the 

ionic affinity of the head group by adding calcium and phosphate. The change in zeta 

potential was 32 times greater with calcium than with phosphate, indicating that the soy 

lecithin molecule accepted the positive ion from the phosphate group more easily. I also 

studied the binding coefficient of the calcium ion to the soy lecithin emulsion in order to 

estimate the amount of the calcium that would be needed for coating using the Hill plot. 

The results showed that one calcium ion was needed to bind to one soy lecithin molecule. 

In order to verify the layer-by-layer coating, the zeta potential monitored the change in 

voltage. When the calcium ion was added to the emulsion system, the potential increased. 

The potential returned to its initial value when the phosphate ion was added. Using these 

monitoring techniques, the emulsion particles were coated with calcium phosphate to 

various thicknesses ranging from 8 nm to 38 nm.

In order to test the stability of the coated emulsion, I performed three types of 

stability tests on the product: a thermal test using an autoclave, a physical test using a
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shaker, and a time test by storing the emulsion. These stability tests could also be 

conducted during the management of the product prior to injecting it into patients. The 

coated emulsion showed greater stability than the uncoated one. After all of the tests, the 

particles of the coated emulsion remained the same size and well-dispersed. I assessed the 

oxygen release/content of the coated emulsion by using the fast mixing method with a 

stopped-flow apparatus and hemoglobin. Combining these tools, the oxygen from the 

particle was measured quickly and accurately. When the thickness of the coating on the 

emulsion particle was increased, the amount of oxygen released over a given time 

decreased from 77 uM to 45 uM. I used the Hixson-Crowell cube root law to estimate the 

diffusion coefficient, which showed the differences between diffusion coefficients for the 

uncoated and the coated emulsions. The coated emulsion had the lower coefficient, and 

all of the coated emulsions exhibited constant diffusion coefficients.

In sum, the results of the study proved the hypothesis by demonstrating 1) the 

fundamental understanding of the emulsion system through the construction of the ternary 

phase diagram, 2) the coating on the emulsion flexible surface with biocompatible 

material, and 3) the increased stability and better performance of the emulsion as an 

oxygen carrier.

Future research will focus on applying the product in vitro, testing the stability of 

the product when it mixes in blood and determining whether circulating the product with 

blood simulates the blood vessel. The particle size will be monitored for its stability. 

Another avenue of future research will be to assess the emulsion’s degree of separation 

from the blood. Due to the high density of PFOB, theoretically the product should 

separate from blood as it circulates in the human body. The results from this study
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indicate that the calcium phosphate coated oxygen carrier can be a great future product 

that improves upon the stability of current oxygen carrier products.



APPENDIX A

CALCULATION OF ENCAPSULATION OF PFOB BY THE

ABSORBANCE

[ P F O B  =  V° !PF0B Eq. A-1

A B S PFOB theoretical A B S PFOB p u re ^  [P F ° B ]  Eq. A-2

A B S PFOB true =  A B S PFOB expX  ( l  — s surfactant exP ^  Eq. A-3
\ ^ ° ssurfactant pure/

E n c a p s u l a t i o n P F O B =  {— ABSpF0B true— \ x 1 0 0 %  Eq. A-4
VABSppoB theoretical'

where [PFOB] indicates the concentration of PFOB in the total volume. The volume of 

PFOB is known in the experiment and the total volume is the addition of both PFOB and 

water. ABSpFOB theor-etk̂ represents the expected absorbance from IR if the PFOB is 

entirely encapsulated by the emulsion system without the excess liquid. The surfactants, 

DOPA and soy lecithin, present the wavenumbers in both 2930 cm-1 and 1200 cm-1 so 
that the measured absorbance of the emulsion demonstrates the surfactant and PFOB at 

the same wavenumber. In order to make a correction, the empirical absorbance of PFOB 

is subtracted by the surfactant, and the ratio between the pure and experiment surfactant 

results in the amount of the surfactant in the PFOB wavenumber. Once the absorbance of
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PFOB is corrected by the true absorbance, the actual amount of the encapsulation is 

calculated by the ratio between the theoretical and the true absorbance (Eq. A-4).



APPENDIX B

CALCULATION OF CONCENTRATION OF OXYGEN IN 

EMULSION SYSTEM

B.1 Calibration Curve of Oxygenated and Deoxygenated Hemoglobin

T = V-Vmin Eq. B-1
! max_ ! min

Abs = — log(T) Eq. B-2

[HbO2] = a • Abs + b Eq. B-3

where V was the measured voltage of initially oxygenated and deoxygenated 

hemoglobins, Vmin and Vmax were the voltages at 0% transmittance and 100% 

transmittance in the solvent used for the emulsion, Abs was the absorbance, and [HbO2] 

was the concentration of oxygenated hemoglobin with constant values (a and b). The 

concentration of initially oxygenated hemoglobin was measured by UV-Vis (3.3.2.2.1.2) 

at 540 nm, and the [HbO2] for deoxygenated hemoglobin was confirmed by measuring it 

with a Clark electrode. Then, the calibration curve of [HbO2] was developed linearly by 

knowing these two values due to Beer’s law.
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B.2 Concentration of Oxygen Uptake by Deoxy-hemoglobin in Solvent

Eq. B-4

Absmeasured - log(Tmeasure i Eq. B-5

[°2] solvent [Hb02] •MwHb^O! b inding^po
Eq. B-6

m w 0

where Vmeasured was the measured voltage of reaction between deoxy-hemoglobin and the 

solvent used in the emulsion, Tmeasured was the converted transmittance from Vmeasured, and 

Absmeasured was the converted absorbance from Tmeasured. The concentration of oxygenated 

hemoglobin ([HbO2]) was estimated by applying Absmeasured to Eq. B-3. Once [HbO2] was 

estimated from Eq. B-3, it was converted to the oxygen concentration in Eq. B-6. MW 

and MW0z were the molecular weight of the hemoglobin (64,500 Da [214]) and the 

oxygen gas (32 g/mol), O2 binding was the concentration of the oxygen binding per 

grams of hemoglobin (1.34 mL O2/g [133]), and p0z was the density of the oxygen

(1.331 kg/m3).

B.3 Concentration of Oxygen Uptake by Deoxy-hemoglobin from Particle

Eq. B-7

— TparticlexC Eq. B-8

Abs' = — log(T') Eq. B-9
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2i sample
[HbQ2] particlê MŴ °2bindinĝ po2 

MW0z
Eq. B-10

2 2i sample L°2J solvent Eq. B-11

where Vparticle was the measured voltage of the reaction between deoxy-hemoglobin and 

the sample. The transmittance of the reaction was multiplied by the correction factor (C), 

which was from Figure 3-19 (B) as a function of concentration. The correction factor was 

the inverse of the relative transmittance (T’). Then, the corrected transmittance was 

converted to absorbance in Eq. B-9. The estimated absorbance was applied to Eq. B-3 to 

find the concentration of the oxygenated hemoglobin. Then, the concentration was 

utilized to find the oxygen concentration in the sample solution (Eq. B-10) using the 

same values as mentioned in Eq. B-6 . In order to obtain the oxygen content by the 

particles, the oxygen concentration from the sample was subtracted by the solvent

(Eq. B-11).



APPENDIX C

CALCULATION OF HENRY’S LAW CONSTANT OF PERFLUOROOCTYLE 

BROMINE AT ROOM TEMPERATURE

Since the experiment was performed at room temperature (20 oC), the Henry’s 

law constant of PFOB was converted from 37oC to 20oC using the Van’t Hoff equation 

[215] as follows:

kH(T20°c) = kH(T37°c) • e[C (T2o°c t 37°c)] Eq. C-1

where T was temperature in Kelvin, kH was the Henry’s law constant 0.0516 bar-m3-mol-1 

at 37oC [181], and C was the constant in Kelvin. Constant C of oxygen was 1700 [216].
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