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Abstract

Perfluorocarbon emulsion has been studied as an oxygen carrier, due to its high oxygen content.
In clinical trials, it has shown stability in delivering oxygen to the target region. The purpose of the
present study was to increase the stability of the emulsion by coating its surface with calcium
phosphate. A layer-by-layer method was employed to coat the flexible emulsion surface. Consi-
dering the ionic affinity of calcium and phosphate to the lecithin emulsion surface, the first layer of
coating was calcium and the second layer was comprised of phosphate ion. The coated emulsion
demonstrated various oxygen release times depending on the thickness of the layers: from 0.04
sec. for a thickness of 8 nm to 0.17 sec. for a thickness 38 nm. Overall, the stability of the calcium
phosphate coated emulsion was increased, while its original function as an oxygen carrier was
maintained.
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1. Introduction

Artificial oxygen carriers are designed to fulfill the oxygen carrying function normally performed by red blood
cells (RBCs). There are, generally, two types of systems studied, hemoglobin and perfluorocarbon (PFC) based,
with many developers concentrating on the PFC emulsion [1]-[6]. The efficacy of the emulsion, however, is still
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limited by its poor stability, making it difficult to package as it easily flocculates and coalesces during process-
sing. Thus, it is important to produce a stable emulsion system that can withstand various processing and storage
conditions. This work created a rigid surface that encapsulated the particle with calcium phosphate and per-
formed the encapsulated particle in stability and as an oxygen carrier.

Various materials have been used to the particle surface such as metal core silica, silica, and polymer. 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 solu-
tion [7]-[9]. 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. Addi-
tionally, silica resists biodegradation and is only dissolved in a strong base. Silica also has the porosity for reac-
tants to diffuse in and out when it is utilized for the surface coating. These properties have made silica useful in
many applications [10] [11], as a biomarker by protecting the fluorescence molecules inside of the particles [12]
[13], and for drug delivery using the same mechanism as the biomarkers [14]-[18]. 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.

Several popular polymers used for surface coatings are latex, polystyrene, polyanaline, polypyrrole, and po-
lymethylmethacrylate [19]-[21]. 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. Examples of other types of
polymeric material are polyethylene glycol, polypropylene glycol, polyacrylic acid, polycopralactone, and cel-
lulose acetate. These are biodegradable and are better situated to deliver hydrophobic drugs. However, the dis-
advantages of these materials are that some require an unfriendly organic solvent during fabrication, and it is
possible to cause damage to the drug and surrounding tissues. 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 show 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.

Calcium phosphate coatings have been shown to increase the stability of liposomes in extreme conditions
such as low/high pH and UV-exposure [22] [23]. The drawbacks are required dilution of the suspension by 100
fold, which reduces the efficiency, and also an inability to control the thickness of the calcium phosphate shell.
In order to increase the stability, while maintaining its primary function as an oxygen carrier, this study created a
method of depositing thin layers of calcium phosphate on the emulsion surface. This methodology allows the
operator to control the thickness of the coating, while maintaining its oxygen transport capability.

2. Materials and Method
2.1. Materials

Soy lecithin and perfluorooctyle bromide (PFOB) were respectively purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL), and Oakwood Chemical, Inc. (West Columbia, SC). Packed red blood cells (RBC) were ob-
tained from the University Hospital Blood Bank at the University of Utah. The RBC were washed three times
with normal saline before being hemolyzed with a hypotonic phosphate buffer. After centrifugation, a superna-
tant of hemoglobin solution was obtained.

2.2. Synthesis of the Calcium Phosphate Coated Nanoemulsion

To synthesize the oil-in-water nanoemulsion, soy lecithin (1.1 mg/g) was added to PFOB (2 vol%) and DI water.
The sample was stirred at 1200 rpm for 30 min. at room temperature and extruded through the 200 nm pore size
membrane, seven times, at 150 psi. A titration method was utilized to optimize the surface charge of the emul-
sion with hydrochloric acid (HCI, 0.1 M) and to observe the ionic affinity between calcium and phosphate ions
on the emulsion surface at pH 9; calcium chloride (CaCl,, 3.0 mM, pH 9) and phosphate solution (3.0 mM, pH
9), from phosphoric acid (HsPO,), were separately titrated into the emulsion suspension. For calcium phosphate
coating, the preparation of scheme is in Figure 1. Various calcium phosphate (CaP) coated thicknesses were
produced with this alternating layer-by-layer method. First, the emulsion solution was adjusted to pH 9. Then,
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Figure 1. A summary of the synthesis procedure for the calcium phosphate emulsion coating and schematics of the calcium
phosphate coated emulsion in layer-by-layer. There are a total of four steps. (1) Addition of the three materials (Lecithin,
PFOB, and water) to a beaker in that respective order. Water, PFOB, and Lecithin are respectively represented by light green,
blue, and orange. The mixture was stirred at room temperature. (2) The mixture was sized to a uniform particle size (~280
nm in diameter). (3) Titration of ions: the first step to coat the emulsion surface. First, calcium chloride (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 color) added, and associated with the calcium ions adsorbed to the emulsion surface. (4) The
free ions, unassociated ions, were washed away.

the calcium chloride (1.4 mM, pH 9) was titrated to the emulsion with the same volume of the emulsion solution.
The phosphate solution (1.4 mM, pH 9) was titrated to the mixture for the next layer of coating with the same
volume of the emulsion solution. In each titration, the mixture was adjusted to pH 9. This process was repeated
for the desired thicknesses. Once the coating process was completed, the mixture was dialyzed for 3 days against
deionized water, with a 3,500 MWCO membrane. After dialysis, the suspension was concentrated back to the
original concentration using tangential flow filtration (TFF) (KrosFlo® Research Ili Tangential Flow Filtration
System, Spectrum Laboratories, Inc., Rancho Dominguez, CA).

2.3. Characterizations and Stability Test

The particle size and zeta-potential were characterized by Zetasizer Nano ZS (Malvern, UK). Transmission
electron microscope (FEI Tecnai™ TEM) was utilized for morphology observations, where the emulsion was
prepared with a negative stain, uranyl acetate (47 mM, 10 uL). The coated and uncoated emulsions (with and
without CaP), were observed at 80 keV.

2.4. Rate and Amount of Oxygen Release

Packed red blood cells (RBCs) were hemolyzed with a hypotonic phosphate buffer (5 mM, pH 7.4) to obtain a
hemoglobin solution whose concentration was measured by UV-Vis Spectroscopy. After determining its raw
concentration, the solution was adjusted to 120 uM and pH 7.2. Deoxygenated hemoglobin (Hb) was formed by
purging the solution with nitrogen gas until the dissolved oxygen probe was reading zero. In order to measure
the rate of oxygen release, Hb and a stopped-flow apparatus (American Instrument Co, Inc, Silver Spring, MY)
with a spectrophotometer (Beckman, National Technical Laboratories) were utilized. Four different samples
were produced, each with a different number of calcium and phosphate layers. The apparatus was a light-beam
path of 4 mm and the slit (0.82 mm). The transmittance of the mixture was recorded using LabView software.
By monitoring the change of transmittance at 550 nm, Hb was changed to oxygenated hemoglobin (HbO,). The
increase of spectra in transmittance at 550 nm was observed over time at 20°C after rapid mixing of the Hb with
the emulsion samples. An average of five successive stopped flow traces were recorded for each sample. The
amount of dissolved oxygen was simultaneously determined by the same method as the rate of release. An av-
erage of five successive stopped flow traces were recorded for each sample.

O
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3. Results and Discussion
3.1. Ionic Interaction of the Nanoemulsion

The pH titration test clearly supported the notion that the phosphate group in soy lecithin was the main 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 group that was expected to react with
a proton. The zeta-potential is a good indicator of the dispersion stability. Near zero mV results in minimal elec-
trostatic repulsion between particles, so the greater absolute value of zeta-potential, the better the stability due to
the charge repulsion. From the change in zeta-potential with pH, the isoelectric point (pl) was determined
(Figure 2(a) and Figure 2(b)). Soy lecithin molecules are zwitterionic due to 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.

A typical emulsion yielded a zeta-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 pH 4.1, an isoelectric point in good agreement with
a previously reported value [24]. At pH values greater than 8.85, the positively charged quaternary amine of soy
lecithin is saturated with free OH™ ions, making the zeta-potential negative. The addition of more protons drives
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Figure 2. (a) zeta-potential as a function of added HCI and (b) compiled zeta-potential as a function of pH; the last two data
points overlap because both pH and zeta-potential changed slightly. (c) lonic affinity of calcium and phosphate to the emul-
sion surface at pH 9. Zeta-potential curve of the optimized emulsion at pH 9 with calcium and phosphate ions to find the af-
finity 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 val-
ues of the slope in the first three data points were 18 in calcium and 6 in phosphate. (d) 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 cal-

cium (Ca) ion increased the potential to —5 mV. Then, the first addition of phosphate ( POf;‘ ) decreased the potential to —30

mV.
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the equilibrium reaction, Le Chatelier Principle, toward the production of more water, and as a result there is an
increase in zeta-potential. Once the pH reached the isoelectric point, the overall electric charge of the head group
of soy lecithin is neutral. The zeta-potential started to plateau at pH 3, which suggested that all of the phosphate
groups had been neutralized with protons, resulting in a net positive charge.

The complexity of the array formed by the soy lecithin molecules made it difficult to tell which of the groups,
phosphate or quaternary amine, was actually the primary binding ion site. Complicating matters more is the fact
that the head group of the molecule is bent, resting at about 90° [25]. However, by measuring the zeta-potential
through a pH titration it was concluded that the affinity for free calcium ions toward the soy lecithin phosphate
was greater than that of free phosphate ions to the quaternary amine. The zeta-potential demonstrated an isoe-
lectric point at pH 5.33.

3.2. Ionic Affinity of Calcium and Phosphate

At pH 9 the emulsion system has its lowest zeta-potential at —34 mV. After the addition of calcium cation, the
zeta-potentialincreased to —3 mV, compare this to when phosphate ion (HPO; ™) was added and the zeta-poten-
tial only decreased to —39 mV, a change of only 5 mV (Figure 2(c)). At pH 9, the phosphate group is the domi-
nant functional group for soy lecithin because the quaternary amine has been neutralized by the OH™ anion.
When calcium ions were added to the system, the ion associates itself with the phosphate group due to the lower
solubility product constant. The solubility product constant (Ks,) values at 25°C of calcium hydroxide (Ca(OH),)
and calcium hydrogen phosphate (CaHPO,) are 5.5 x 10° and 1 x 1077, respectively [26]; and the lower the so-
lubility, the easier it is precipitates. CaHPO, has a lower K, value than Ca(OH)y; thus, it is easier for the cal-
cium to bind to the phosphate group than the free hydroxide in solution or those adsorbed to the quaternary
amine. Even though soy lecithin has a net neutral charge on its head group, it is still able to bind calcium cations.
Building a calcium phosphate shell begins with the addition of calcium ions, followed by a dose of phosphate
anions, alternating additions of these two species allowed layer-by-layer buildup of the coating. The deposition
of each layer was confirmed with zeta-potential (Figure 2(d)), which showed alternative positive and negative
surface charges. The initial zeta-potential of the emulsion was —34 mV, but after the addition of calcium it in-
creased to —5 mV. With the sequential dose of phosphate, the zeta-potential decreased to —30 mV. This same
trend continued for each additional layer of calcium and phosphate, confirming the sequential growth process.

3.3. Calcium Phosphate Coating

In order to verify the encapsulation of calcium phosphate on the emulsion surface, the particle size was moni-
tored using DLS. With each layer deposited on the emulsion surface the various thicknesses of calcium phos-
phate are shown in Figure 3. For TEM observation the uncoated emulsion was prepared with a negative stain
(Figure 4 (a)), revealing a uniform particle of 227.1 nm (+/— 128.7 nm), when coated with CaP (27 mM calcium)
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Figure 3. (a) The particle size at various thicknesses of calcium phosphate coating. By constantly adding the calcium phos-
phate, from 0 to 680 mM, the particle size increased from 280 nm to 1400 nm in diameter. (b) The coating thickness was
calculated by subtracting the particle size from the initial size (281 nm) from 0 to 27 mM. The thickness was increased to 38

nm in 27 mM of the added calcium ion.
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Figure 4. 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 par-
ticles 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 calcu-
lated 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 hm (+/— 250
nm).

the particle grew to 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. Darker regions of the
micrograph occur due to increased elastic scattering cause by a fixed mean free path, indicative of a thicker
coating or higher atomic number elements. The molecular weight of PFOB (CgF1,Br, 498.87 g/mol) is greater
than calcium phosphate (Caz(PO,),, 310.18 g/mol) and brushite (CaHPQO4-2H,0, 172.09 g/mol). Therefore, the
darker core image (Figure 4(b)) suggested the presence of PFOB, while the lighter area surrounding the particle
was defined as the calcium phosphate shell. When the calcium phosphate thickness was increased in Figures 4(c)
and Figure 4(d), by adding calcium (220 mM), calcium phosphate crystalline began to form on the emulsion,
and at 600 mM, aggregation of the particles became apparent. Greater addition of CaP layers resulted in a great-
er particle size. This is a result of the aggregation that is likely to occur while the samples dry on the TEM grid.

3.4. Rate and Amount of Oxygen Release

The relationship between the thickness of the coating and amount of oxygen released was studied and the results
showed an increase in coating thickness which caused the amount of oxygen released to drop from 77 uM to 45
UM, and the kinetic constant (k;) decreased from 2.8 s* to 0.6 s (see Figure 5). The mass transport pathway
starts with the soy lecithin monolayer, after which, the oxygen must travel through the calcium phosphate shell.
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Figure 5. 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 he-
moglobin. (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.

The total length of the Soy Lecithin molecule, including head group and tail, is 5.03 nm [27], and 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. 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 Hb because the other three are non-linearly related to each other
with respect to time. Therefore, a pseudo first-order reaction was assumed, Equation 1, and it was used to calcu-
late the first order kinetics rate coefficient (k, ).

d[HbO, ]
T k, [HbO, ] (1)
logY =-2.3k, t @)

where [HbO,] 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,
k,, was obtained from the slope. According to this relation, k, showed a lower value with a thicker coating,
which 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 mo-
nitored until the transmittance level plateaued. The thicker calcium phosphate coating resulted in a longer diffu-
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sion time of oxygen across the interface

4. Conclusion

In summary, the three objectives of this study were to size the emulsion particle to a desired diameter, to coat
the sized particle with calcium phosphate, and to determine the stability and the oxygen release/content. The
emulsion mixture was unable to naturally form uniform, dispersed particles, so it was extruded through a poly-
mer membrane under constant pressure. The emulsion was pushed through the membrane seven times in order
to ensure that the particles were uniform and dispersed. The result was a reduction in size from 1 um to 280 nm
in diameter. The uniform size and dispersion of the particles were essential for the coating procedures that fol-
lowed. In order to ensure the optimal dispersion of particles, the zeta-potential was monitored as a function of
pH, since some type of surface charge was necessary to avoid flocculation, coalescence, or creaming. The op-
timal dispersion was found to be at pH 8.8, where a strong negative charge encapsulated the particles. The
change in zeta-potential was 32 times greater with calcium than with phosphate, indicating that the soy lecithin
molecule had a higher affinity for positively charged calcium over the negative phosphate. The binding coeffi-
cient of the calcium ion to soy lecithin was studied, using a Hill Plot, to estimate the amount of the calcium that
would be needed for a full coating. The results showed binding of one calcium ion to one soy lecithin molecule.
In order to verify the layer-by-layer growth, zeta-potential was used to monitor changes in surface charge. When
the calcium ion was added to the emulsion system, the potential increased, and it 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. Using a fast mixing method, with a
stopped-flow apparatus and hemoglobin, oxygen release/content of the coated emulsion was measured. Com-
bining 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 M.
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