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Introduction

The treatment of locoregional breast cancer has evolved from radical mastectomy to targeted
local therapy with breast conservation. The efficacy of conserving treatments of breast cancers is
impeded by tumor hypoxia. It has been reported [1] that close to 50% of locally advanced breast
cancers exhibit hypoxic or even anoxic regions within a tumor mass. Poor oxygenation of
hypoxic tumors reduces their sensitivity to X-ray and y-radiation, which requires a high radiation
dose for efficacy compared to normally oxygenated tissues [2]. This increase is approximately 3-
fold in the case of X-ray therapy [3], which limits re-treatment options. This Concept Grant
performed initial investigation of the proposed novel strategy of radio sensitization of hypoxic
breast tumors by targeted oxygen release from perfluorocarbon oxygen carriers. In the proposed
approach, an emulsion of oxygen-saturated perfluorocarbon droplets, less than Spum in diameter
and as small as 100nm, was stabilized by a biocompatible amphiphilic block co-polymer, PEG-
PLLA. Though perfluorocarbon (PFC) emulsions have been studied for a long time as potential
blood oxygen careers and are currently approved for limited use during heart surgery [4], the key
difference of the proposed approach compared to the previously investigated use of PEG
conjugated hemoglobin as an oxygenation adjuvant to radiation therapy [5] is the potential for
active targeting and control of the O2 release at the tumor site. This report summarizes our initial
finding on the proposed method, including the method to produce the oxygen carriers,
characterization of their properties, and the response to an external excitation, such as elevated
temperature, reduced pressure, and radiation.

Body

We hypothesized that the preferential release of oxygen from PFC droplets inside or in the
proximity of the tumor can be achieved by targeted, localized heating, sonication, and radiation.
Because 02 solubility in PFC is substantially higher than in blood, oxygen release from PFC
droplets is not thermodynamically favored. When it does occur, the release location cannot be
controlled, as in the case of oxygenation with PEG conjugated Hb. We hypothesize that the
phase transition of PFC droplets to bubbles will increase the oxygen fugacity and favor the
transfer of oxygen into the blood stream. In order to cause phase transition, PFC inside the
droplets must be supersaturated. The supersaturation can be achieved by lowering pressure or
increasing temperature. Targeted (focused) ultrasound (US) can be used to selectively heat the
target. Other heating modalities (non-invasive & invasive) are available and commonly used in
hyperthermia and ablative therapies. In addition to thermal effects, the US transiently lowers the
pressure which also favors bubble formation.

Our investigation started with the development of the method for creating the stabilized
perfluoropentane (PFP) emulsions intended as the oxygen carrier system.

Task 1. Preparation of PFP emulsions

Stable microdroplets of PFP are formed using stabilizing surfactant coatings. Primarily, poly
(ethylene glycol) — co — poly (L-Lactide) (PEG-PLLA) were used by us as a stabilizing agent.
Structures of PFP and PEG-PLLA are shown in Figure 1. Most results were obtained using the
molecular weight of the block copolymers of 5000 Da and 4700 for PEG and PLLA respectively.
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PEG-PLLA is known to form micelles at critical micellar concentration (CMC) of 0.0071-0.0092
mM [6]. We characterized the size distribution of micelles for different concentrations of the
surfactant by dynamic light scattering. Size distributions were obtained at room temperature for
different polymer concentrations. Figure 2a shows distinct peaks, with the population of smaller
micelles centered at approximately 20 nm and larger micelles at ~85 nm. As the concentration of
PEG-PLLA decreases, the size distributions of micelles shifts toward lower values.

(a)

Figure 1: a) Structure of PFP. b) PEG-PLLA block co-polymer with 114 PEG units and 64 PLLA
monomer units.

The micellar morphology was visualized using transmission electron microscopy (TEM). Figure
2b shows the TEM image obtained for 0.25% PEG-PLLA polymer solution. Two groups of
micelles were observed. The size of smaller circular structures (Figure 3b) matched the size
distribution of smaller micelles observed in the solution of the same concentration characterized
by dynamic light scattering (peak of 18.1 + 3.2 nm in Figure 2a). Elongated lamellas in the TEM
image likely correspond to the population of larger micelles seen in the size distribution obtained
by dynamic light scattering (peak of 96 + 20.9 nm in Figure 2a).

PLLA forms a hydrophobic core with the hydrophilic PEG chains forming the outer shell.
Surfactants reduce the surface tension of the PFP-water interface, which increases the
coalescence time [7]. For non-ionic surfactants like PEG-PLLA, repulsive force is of entropic
nature (steric repulsion) [8]. The polymer layer at the interface experiences a decrease in entropy
when two droplets or bubbles approach each other. A decrease in entropy is not
thermodynamically favorable, and therefore repulsion occurs [9]. Therefore these droplets
stabilized by surfactants remain stable at room temperature.

The developed method for the preparation of the stabilized PFP emulsion starts with the
formation of the polymer solution of the stabilizing agent. Solution of 2.5% (w/v) PEG-PLLA



(5000 Da molecular weight of the PEG block and 4700 Da of the PLLA block; purchased from
Polymer Source, Quebec, Canada) was prepared by first dissolving the polymer in
Tetrahydrafuran (THF). Filtered water was then added to the polymer in THF solution to get an
aqueous solution of 0.5% (w/v) PEG-PLLA. This solution was transferred to a membrane tube
(SpectraPor, Spectrum Laboratories Inc, Rancho Dominguez, CA) with a molecular cutoff of
3500Da. The organic solvent was removed by dialysis against water. The dialysis was repeated
three times, with the final dialysis against phosphate buffered saline solution (PBS). PBS was
added to the dialyzed solution to replace the lost volume and form the final 0.5% (w/v) PEG-
PLLA solution. From here on, all copolymer concentrations are reported in w/v percentages.
After preparation, the solution was refrigerated until use. The formulation was later diluted with
PBS to obtain desired concentrations.

(&) SIZE ISTRIEUTION CURVES OF SURFACTANT 7 e W
a5 SOLUTIONS (b) TEM IMAGE OF 0.25% PEG-PLLA MICELLES |
729 S B s ‘
EU B R L) ,u > N
e — -0.26% PEGPLLA L '
5 . 1,125% PEG-PLLA k N el 3
. D525% PEG-PLLA & s '
; A IR | SPHERICAL
\ : BIMICELLES 1

-y
o

Differential intensity (%)
= 8

0 50 150 200

100
Diameter{nm)

Figure 2: a) Normalized size distribution curves for 0.25%, 0.125% and 0.0625% PEG-PLLA micelle
formulations measured using dynamic light scattering method at 25 °C. Peak values are marked for each
distribution. b) TEM image of the 0.25% PEG-PLLA solution showing micelles of size varying from 15
to 25 nm, and lamella structures.

To prepare the emulsion, using a pipette tip cooled to ~10 °C, 5 ml of polymer solution was
placed in a cooled container and liquid perfluoropentane (CsFi2) (Fluoromed, Round Rock, TX)
was added to obtain a 2 % (v/v) PFP—copolymer composition. The PFP-aqueous solution
composition in this report is always reported as v/v percentages. The mixture was stored on ice
to prevent PFP loss due to its high vapor pressure and low boiling point (~29 °C). The emulsion
was prepared by sonicating the mixture at 20 kHz using an immersed ultrasound probe (cup-horn
installation, Sonics, Newtown, CT). The sonication was continued for approximately 1 min until
the entire sample attained a milky appearance. The ultrasound exposure was carried out below
room temperature by placing the sonication chamber on ice.
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Figure 3: PFP emulsions with different surfactant concentrations

Task 2: Investigate factors affecting the size of PFP droplets in the emulsion

Different sonication frequencies and powers (ranging from low-power 20kHz cell disruptor to
660kHz high-power sonication inside sonochemistry apparatus (UES 5-660 Pulsar, Ultrasound
Energy Systems, FI) were used and the effect on the size distribution of the PFP nanodroplets in
the emulsion were examined. It was found that higher sonication frequency and ultrasound
power favor formation of smaller droplets until a limit controlled by the concentration of the
stabilizing agent was reached. Figure 3 shows representative microscopy images of the emulsion
obtained with different surfactant concentrations.

Size distribution of PEG-PLLA micelles and PFP emulsions were analyzed using dynamic light
scattering (Delsa Nano S, Beckman Coulter, BREA, CA), which produced reliable size
measurements in the range from 0.6 nm to 7 um. Scattered light intensity measurements were
analyzed using an autocorrelation method and the size distribution curves were obtained by
fitting the measured autocorrelation functions using non-linear least squares method. Droplets
larger than 1 um precipitate from the suspension and thus cannot be reliably measured using light
scattering. Thus the size of larger droplets was characterized microscopically, using a
hemocytometer.

Morphology of PEG-PLLA micelles formed in the solution was characterized by transmission
electron microscopy (Tecnai 12, FEI, Hillsboro, OR). A small volume (10 pL) of the surfactant
solution of concentration 0.25% PEG-PLLA was placed on a 200 mesh carbon grid coated with
Formvar carbon film (200C-FC, Electron Microscopy Sciences, Hatfield, PA). The solution was
allowed to dry for 15 minutes, and the excess solution was absorbed with a filter paper. 10 pL of
phosphotungstic acid was added on the grid to stain the micellar structures. Staining time was for
30 seconds after which the excess solution was removed using a filter paper. The grid was then
placed in the vacuum chamber of the TEM, subjected to an accelerating voltage of 120 kV, and
imaged. Morphology of droplet residues from 0.25% PEG-PLLA 2% PFP emulsion solution was
also visualized using TEM by employing previously described method.



Table 1: Properties of perfluoropentane

Property Perfluoropentane Perfluoro-15-crown-5-ether
Average Molecular Weight: 288 g/g-mole 580.01 g/g-mole

Boiling point, T, 29 °C 145 °C

Liquid Density, 25 °C: 1.63 g/mL 1.78 g/mL

Liquid Density, 35 °C: 1.59 g/mL

Vapor Density, 1 atm: 10 (air=1)

Figure 4 shows the size distribution of the observed droplets, where the 400 nm diameter cutoff
reflects the resolution limit of optical microscopy. The average sizes calculated from the
distribution was 1.2 um for 0.25% PEG-PLLA stabilized droplets, 1.22 um for 0.125% PEG-
PLLA stabilized droplets and 1.29 pm for 0.0625% PEG-PLLA stabilized droplets. Higher
surfactant concentration favored partitioning of the PFP phase into numerous small droplets of 1
pm diameter and smaller (Figure 4a and b). Higher number of droplets of size larger than 5 um
was observed in 0.0625% PEG-PLLA emulsion (Figure 4c).
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Figure 4: Droplet size distribution in 2% PFP emulsions with different PEG-PLLA concentrations.

Dynamic light scattering was used to characterize droplet sizes below the resolution of optical
microscopy. The droplet size distribution measured by DLS (Figure 5a) shows the presence of
two droplet size populations. After drying the emulsion sample of 0.25% PEG-PLLA 2% PFP on
the carbon grid, the TEM image (Figure 5b) shows coronal residue of the PEG-PLLA surfactant



preserved on the surface after droplet evaporation. The image confirms the presence of droplets
of the two populations of droplet sizes consistent with DLS measurements.

Prior to acquiring DLS measurements, the sample was allowed to equilibrate for 2 minutes
during which rapid precipitation of larger droplets, seen in Figure 3, was noted. The range of
sizes affected by precipitation was estimated using Stokes law, which gives the terminal velocity

2
iqu (ps — p), where d is the droplet diameter, p is the shear

viscosity of the surfactant solution, p and ps are the PFP and solution densities, respectively.
Using the manufacturer reported PFP density (Table 1) and the measured value of pu (as
described below), it was found that during 2 minutes of equilibration 10 pm droplets,
precipitating at the terminal velocity, travel approximately 4 mm. Due to this precipitation, the
distribution of large PFP droplets (above 2 um) measured by dynamic light scattering was not
accurately obtained, while the effect of precipitation on the size measurements for droplets less
than 1 pm was negligible. Consequently, the measured size distribution of larger droplets,
affected by sedimentation, is better characterized by optical techniques (Figure 4) for particle
sizes larger than 2 pm. Both techniques indicate that higher surfactant concentration favors
formation of smaller droplets.
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Figure 5: a) Normalized droplet size distribution curves with the corresponding peak diameter values
obtained by dynamic light scattering at 25 °C. b) TEM image of droplet residue shows two different size
distributions of approximately 200 nm and 1 pm.
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Figure 6: a) Viscosity of surfactant solution (0.25 % PEG-PLLA) as a function of shear rate. Shear
thinning behavior is observed and viscosity decreases as temperature increase from 25 to 33 and 41 °C. b)
Emulsion (0.25% PEG-PLLA 2% PFP) viscosity as a function of temperature.

Shear viscosity of emulsions and surfactant solutions were individually measured using a cone
and plate rheometer (AR550 constant stress rheometer, TA Instruments, New Castle, DE). The
sample was placed on the horizontal plate and a ~1 degree shallow cone was rotated to shear the
sample with a known shear rate. A shear sweep experiment was conducted by varying the shear
rate from O to 500s-1 by controlling the rotational speed of the cone. The torsional force needed
to maintain the rotation was measured and used to estimate the corresponding shear stress in the
sample. Temperature of the rheometer plate was controlled to obtain viscosity curves at different
temperatures ranging from 25 to 45 °C.

Figure 6 shows the measured viscosities as a function of shear rate and temperatures. Viscosity
of the surfactant solution (0.25 % PEG-PLLA) decreased with an increase in shear rate,
indicating shear thinning behavior (Figure 6a). While measuring emulsion viscosities (0.25%
PEG-PLLA 2% PFP), the PFP evaporated quickly thereby reducing the sample volume, and
decreasing the number of droplets. Due to PFP evaporation, with time the viscosity of the
emulsion will approach the values obtained for surfactant solution. Figure 6b shows the
measured viscosity of the emulsion for the case when low shear rate measurements were
obtained first and then proceeding to the higher shear rate values. The result indicates that the
presence of PFP droplets tends to decrease the viscosity. It also shows that with time, as PFP
evaporates the measured viscosity values at higher shear rates approach those observed with the
surfactant solution. The measurements were repeated for different temperatures 25 °C, 33 °C and
41 °C. Viscosity curves shifted down at higher temperatures indicating decrease in viscosity with
temperature increase.

Surface tension is the key factor affecting the dynamic response of emulsion to external triggers.
Interfacial tension of PFP was measured using pendant drop method [10].The experimental setup
is depicted in Figure 7. The system contains a 5 ml glass syringe with an interchangeable needle
with steel luer-type connector and a ground glass stopper (Hamilton Company, Reno, NV). The
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needle tip was placed inside a temperature controlled test chamber. A drop of PFP was formed
by injecting PFP through the needle into the chamber. The shape of the PFP drop was imaged
using a 10 X microscope magnification (Melles Griot, Irvine, CA) and captured with a CCD
camera (MS-4030, Sierra Scientific, Los Angeles, CA). The CCD camera was connected to the
computer using a digitizing card. The first image was captured 5-10 s after the formation of the
drop. The radii of curvature of PFP drops were determined from the image using Image 1.37
software. The PFP surface tension and its interfacial tension against aqueous solutions were
obtained by finding the best match between the imaged droplet shape and the theoretical
prediction of its shape obtained by solving the differential Laplace-Young equation with an
estimated PFP tension, detailed in reference [11] and the Appendix.
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Figure 7: Setup of pendant drop method

To validate our experimental procedure for the pendent drop method, interfacial energies of PFP-
air, PFP-water and PFP-PBS were measured and compared with the reported values, which are
55 dynes/cm for PFP-water interfacial tension and 9.5 dynes/cm for surface tension. It was found
that our measurements closely match literature values. The pendant drop method was then used
to measure the interfacial tension of PFP against the surfactant solution (0.25% PEG-PLLA) at
different temperatures. Figure 8 shows the average values of measured surface tension and
interfacial tension values of PFP. The results of Figure 8 show that interfacial tension of PFP-
PEG-PLLA solution was significantly lower than interfacial tension values of PFP-PBS system,
indicating a stabilizing effect of block copolymer surfactant. Interfacial tension of PFP against
varying concentrations of PEG-PLLA and other surfactant solutions has been reported in [11].
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Figure 8: Surface and interfacial tension of PFP against water, PBS and 0.25% PEG-PLLA surfactant
solution at 22 and 25 °C.

Task 3: Characterize oxygen release from stabilized PFP droplets

We investigated several compounds as fluorescent oxygen probes intended to characterize the
release of oxygen from the PFP emulsion carriers. We found that fluorescence of Ruthenium
compounds (such as tris-(2,2'-bipyridine) ruthenium (I1) dichloride) are readily quenched by
dissolved oxygen and are therefore suitable for characterization of the oxygen release from the
carriers. As an illustration, Figure 9a shows the fluorescent image of the degased solution of the
oxygen probe. As long as dissolution of the oxygen is avoided, the steady fluorescent intensity
was maintained. However, when the PFP emulsion, prepared and equilibrated to allow for the
oxygen saturation, was added to the solution, the fluorescent intensity decreased in the
immediate proximity of the oxygen-saturated PFP droplets (Figure 9b) indicating the release of
the oxygen into the solution. The decreased intensity spread with time, indicating oxygen
transport by diffusion and confirming our conclusion that the selected class of compounds can be
used to characterize the release of O2 from the carriers.
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Figure 9: Effect of oxygen release on the fluorescent intensity.

Task 4: The effect of elevated temperature, reduced pressure and radiation on phase transition
of carriers

We investigated the effect of different stimuli on the dynamics of the PFP emulsion, including
phase transition. Optical microscopy (Nikon Fluophot, Nikon Microscope Inc, Melville, NY)
was used to characterize the response of the stabilized PFP emulsion to elevated temperatures.
The emulsion samples were injected into microfluidic 640x640 pm square channels made of
cyclo-olefin copolymer (COC) (ThinXXS, Germany), and placed on the microscope stage. The
temperature was changed in step increments from ambient to 50°C using an external heated air
flow, set at different flow rates. The surface temperatures of the top and bottom surfaces of the
microfluidic chip were measured using needle thermocouples (Type T, Physitemp, Clifton, NJ).
The channel temperature was estimated as an average of the two surface temperatures. After
each change in the flow of heated air, 5 minutes were allowed for the measured temperature of
both channel surfaces to stabilize. The data were collected at temperatures ranging from 25 °C to
50 °C. The transitional behavior of microdroplets and formed microbubbles was captured using a
digital camera (Nikon D200, Nikon Inc, Melville, NY) mounted on the microscope. Both
concentration and temperature dependence of the size of the microbubbles were visualized.
Experiments were repeated for various PEG-PLLA concentrations.

The formation of microbubbles in 0.25% PEG-PLLA/ 2% PFP emulsion was also thermally
imaged in the same 640x640 um square microchannel maintained at 50 °C by a heating stage.
An evolving temperature distribution in the emulsion with the spatial resolution of 5 um spot
size was captured using a highly sensitive (sensitivity of better than 0.025°C) infrared
microscopy camera (Silver SC5000, FLIR Systems, Willsonville, OR).

In experiments, the surfactant solution with no PFP phase present was used as a control. After
initial injection into 640 x 640 um microfluidic channel microscopic observation indicated that
no bubbles were present and, after increasing the channel temperature to 45 °C, no new bubbles
were formed.

Temperature response of PFP emulsions with 0.25% PEG-PLLA solution was imaged, with the
results obtained shown in Figure 10. After injecting the emulsion into the channel at the room
temperature, a few small bubbles were seen inside. The reduced surface tension and the reduced
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dynamic pressure created during the injection of the emulsion into the channel are the likely
causes of the initial bubbles formation prior to heating. During heating experiments, the
microchannel temperature was allowed to equilibrate, and different sections throughout the
channel were then imaged, with two sections shown in Figure 10. The temperature settings were
changed sequentially from low to high. Once the target temperature was reached, the channel
was equilibrated for five minutes, and then imaged, which took another five minutes to complete.

The experiment was repeated for the emulsions formed with the following concentrations of
PEG-PLLA: 0.25%, 0.125%, and 0.0625%. The number of microbubbles formed at each
temperature increment and the average microbubble volumes were calculated from all images of
different sections of the channel, averaged and plotted as a function of temperature in Figures 11
and 12, where the error bars are equal to 95% confidence interval values. Increase in temperature
leads to an increase in the volume of the microbubbles observed prior to heating, and the
formation and growth of new microbubbles, as shown in Figure 10. The observed growth of the
number of microbubbles, which captures the competing effect of new bubble formation and
bubble coalescence, is approximately linear for the temperatures in the investigated range. The
average radius of the microbubble grows with temperature and time. Therefore, the results of
Figures 11 and 12 give the cumulative effect of these two factors.

The temperature response was similar for PEG-PLLA concentrations of 0.25% and 0.125%, with
the exceptions that the new number of bubbles formed was slightly higher for 0.125%, and the
increase in average bubble radius with temperature was slightly lower for 0.125%. There was a
significant increase in the average bubble radius when the concentration of PEG-PLLA was
0.0625%. The total number of bubbles decreased with 0.0625% PEG-PLLA concentration,
where small number of very large bubbles was observed.

To observe the contribution of PFP and dissolved gases in the solution to bubble formation and
growth, total volume of bubbles in the channel were calculated for all concentrations of PEG-
PLLA at different temperatures, shown in Table 2. Table 2 shows increase in total volume of
bubbles with temperatures, as well as the significant increase in the volume when the
concentration of PEG-PLLA was 0.0625%.

The effect of time on the growth of the bubbles in a microchannel was examined separately with
the 0.25% PEG-PLLA stabilized emulsions and the results are summarized in Table 3. At 26 °C,
the initial bubbles population present prior to heating grew over time, with the 10 min increase
shown in Table 3. A rapid temperature increase from 26 °C to 45 °C resulted in a 1000 fold
increase in an average microbubble volume. After 10 minutes of holding temperature at 45 °C,
the average volumes of microbubbles further increased by a factor of 1.8, which is substantially
higher than the average volume increase at 26 °C over the same time. The initial number of
bubbles in the channel formed after injection of the sample is dependent on the injection, and the
pressure created inside the channel. It varies between different experiments, and also affects the
new bubbles formed at higher temperatures.
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Example 1 Example 2

Figure 10: Effect of temperature on the microbubble formation and growth in a 640x640 pm square
channel containing 0.25% PEG-PLLA stabilized PFP emulsion.
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Figure 11: Increase in the number of microbubbles plotted against temperature for PFP emulsions
stabilized with PEG-PLLA at different concentrations.
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Figure 12: Increase in average volume of bubbles as a function of temperature.
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Table 2: Total volume of the bubbles calculated for different concentrations of PEG-PLLA at different
temperatures of the microchannel

Total volume of the bubbles calculated as the number of bubbles times average
volume of the bubbles (*10° mm”)
Temperature (°C)
0.25% PEG-PLLA/ 2% | 0.125% PEG-PLLA/ 2% | 0.0625% PEG-PLLA/ 2%
PFP PFP PFP
25 0.50 1.5 52.21
30 0.88 18.6 2434.62
35 66.13 70.25 9016.05
40 189.36 251.9 19258.64
45 555.64 529.6 28783.73

Table 3: Increase in volume of the bubbles for (0.25% PEG PLLA/2% PFP) emulsion was tracked over a
time of 10 minutes at 25 and 45 °C, and the average volumes were calculated, with + 95% CI. The
numbers of bubbles used for calculating the averages are tabulated as n in the Table.

Temperature (°C) Average volume (mm’) at t = 0 min Average volume (mm’) at t = 10 min
25 4.05 %10 +2.6 *10” 1.06 ¥10™ +3.98 *10”

n=15 n=18
45 0.01 +0.0037 0.018 + 0.0047

n=11 n=11

To characterize the response of the PFP droplets to the change in pressure, Emulsion was
injected into a 640 micrometer square microfluidic channel. The channel was then sealed with
the exception of one port which was connected to a pressure regulator (PV830, Pneumatic
PicoPump, WPI). With the pressure regulator connected to house vacuum, the pressure within
the channel could be adjusted from 0 to -15 inHg.

The channel was observed using light microscopy at 400 X magnification. For each pressure
experiment, digital photographs of the initial state of the emulsion at STP were taken along the
microfluidic channel. The pressure within the channel was then reduced to -5, -10, or -15 inHg,
and images were collected approximately every 5 minutes. At the end of 30 minutes, the
pressure within the channel was returned to atmospheric pressure, and a final set of images were
taken.

Bubble dimensions were determined using standard image analysis functions found in Matlab's
Image Processing Toolbox. To distinguish bubbles from those with which they were in contact,
a watershed algorithm was used.
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Figure 13: Data from a typical experimental run. a) Sequence of images to be analyzed. b) Bubble radius
(dots) and average radius (circles). c) Moles of gas within bubbles (red circles) and average moles (filled
white circles).

Figure 13 illustrates a typical experimental run. Figure 13a shows a sequence of images of our
emulsion in the microchannel taken approximately every 5 minutes. Throughout the
experimental run, 11 separate segments of the microchannel were imaged in a similar manner.
At time equals zero the pressure in the channel was dropped from atmospheric to -15 inHg in this
instance, and the bubble dimensions were tracked (Figure 13b and 13c). At approximately 30
minutes, pressure was returned to atmospheric and the final set of bubble measurements was
taken. As was common to all experimental runs and may be seen in Figure 13a, b and ¢, when
returned to atmospheric pressure bubbles merely diminished in size and the system did not return
to a bubble-free state, indicating the bubbles are a mixture of PFP and dissolved gases.
However, bubbles were seen to shrink more than what would be accounted for using a gas law,
indicating gasses did dissolve into the aqueous phase, in part.
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Figure 14: a) Number of bubbles observed. b) Average bubble volume. c) Total bubble volume.
d) Average molar flux in to the gas phase per bubble surface area.

Experimental results at three reduced pressures, -5 inHg, -10 inHg, and -15 inHg are shown in
Figure 14. Figure 14a shows the number of bubbles created. It appears the extent to which
pressure is decreased is largely unrelated to the number of bubbles produced, suggesting bubble
growth depends more upon the presence of nucleation sites. Furthermore, histograms of bubble
appearance locations were found to better match the probability density function predicted by
nucleation occurring solely on the channel walls, verses within the bulk emulsion, again
suggesting a necessity of nucleation sites for bubble growth at all pressures examined. It is also
important to note that the vast majority of bubbles are formed at the time the pressure is
decreased, with less than 10% of observed bubbles appearing after such time.

From Figure 14b it is apparent that bubble size after 30 minutes at room temperature and
depressed pressure depends upon both the pressure and the number of bubbles present (or the
number of initial nucleation sites). However, as seen in Figure 14c, the total gas volume in the
system is proportional to the pressure drop and is only slightly correlated with the initial number
of bubbles. Figure 14d shows the average molar flux from the liquid into the bubbles, taking
Laplace pressure into consideration and assuming the ideal gas law holds. As the number of
bubbles increases, the molar flux decreases, suggesting bubble growth is determined by
dissolved gas concentration. It seems, from Figure 14, that the pressure and the number of
nucleation sites ultimately determine the average bubble volume and rate of growth.

A control experiment without PFP found no bubble growth, even at -15 inHg and 50 C.
However, an experiment with the PFP emulsion which was allowed to run over 5 days at room
temperature and atmospheric pressure found slow bubble growth with an average molar flux of
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0.001 nmol/min/mm2, less than an order of magnitude below the values seen at -5 inHg. That
experiment at atmospheric pressure was necessarily terminated as the channel filled with
bubbles, crowding out the emulsion and making bubble volume estimations difficult after 4 days.
Alternatively, when emulsions are closed off to the air, they eventually halt bubble growth.

At room temperature pure PFP was found to boil at -7 inHg, though only when nucleation sites
were present. At -23 inHg, the lowest pressure that we could achieve, PFP would not boil
without a nucleation seed. As the droplets in the emulsion are near perfect PFP spheres
surrounded by a surfactant shell, it is highly unlikely nucleation could occur within them. The
observed bubble growth is therefore not likely to be due to the transition of single droplets into
vapor by boiling at our experimental conditions. However, the solubility of PFP in water is very
low, thereby ruling out diffusion of PFP from droplets through the aqueous phase and into
bubbles as the predominant means of bubble growths.

The effect of radiation on the bubble formation was studied with cesium source of different
intensities. The addition of the radiation, separately and in combination with the elevated
temperature and/or reduced pressure, had no statistically significant effect on the observed
dynamics of the stabilized PFP emulsions.

Task 5: Effect of radiation localization

In our approach, we proposed to oxygenate cancerous tissues prior to X-ray treatment to improve
the efficacy of the radiation therapy. While the triggering of the oxygen release from PFC
carriers is effectuated by elevated temperature and/or reduced pressure, our objective was also to
conduct a preliminary investigation on the effect of the radiation on the dynamics and,
specifically, phase transition, of the oxygen carriers. While it was never expected that radiation
can provide sufficient energy to cause phase transition of PFP droplets, we allowed for the
possibility that radiation may enhance the process by creating nucleation sites that are the
necessary condition for the phase transition. Our experiments indicate that radiation has no effect
on phase transition when the emulsion is below the boiling point temperature and pressure of the
PFP droplets (accounting for the elevated pressure inside the droplets dues to surface tension
effects — the Laplace pressure), indicating that, indeed, radiation alone does not trigger the phase
transition. When we investigated the phase transition at elevated temperatures and pressures,
surprisingly the addition of the radiation also had no statistically significant effect. This
observation can be explained by the presence of sufficiently large number of nucleation sites in
the solution (such as micelles formed PEG-PLLA stabilizer, microscopic dust particles and very
small gas bubbles) and the surface of microfluidic channels (due to the roughness of the surface
and trapped microscopic gas bubbles) in which the experiments were conducted. Under these
circumstances, the suspension cannot be brought up to supercritical condition (because phase
transition occurs prior to this happening) at which radiation can be expected to contribute to the
formation of additional nucleation sites. It appears reasonable to assume that sufficient number
of nucleation sites will be present in vivo and radiation will have no or limited effect on the
phase transition of oxygen carriers in patients.

Task 6: Oxygen release during and after phase transition

After characterizing the phase transition in response to the elevated temperature, reduced
pressure, radiation and the combination of these factors, the dynamics of the oxygen release
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during and after the phase transition was observed microscopically. Surprisingly, reduced
pressure and elevated temperature never resulted in the direct observation of the transition of a
given PFP droplet to a bubble despite a very large number of experiments carried out to observe
such transition. For example, at -23 inHg of negative pressure, which is the lowest pressure that
we could achieve with our setup, PFP droplets that we were observing would not boil and
undergo phase transition, both of which are the processes that require nucleation sites for their
initiation. As the droplets in the emulsion are near perfect PFP spheres surrounded by a
surfactant shell, it is highly unlikely nucleation site could occur within them, which would
explain why we were not able to observe the phase transition of any given PFP droplet. Instead,
the bubble formation, we hypothesize, always starts at an unknown nucleation site, which is
likely a microscopic air bubble, a micelle, dust particle, or imperfection on the channel wall -- all
below the resolution of our optical microscope (1000x limit). The formed bubbles start very
small and rise into in the focal plane of the microscope, where they are observed for some time
(typically few seconds) before rising out of focus. Because the location of the formed and
growing bubbles was unpredictable and bubbles rose during the experiment, the direct
observation of the effect of the phase transition on the release of the oxygen from the carriers
was not possible in our experimental setup. However, the background florescence was quenched
substantially faster during the process of the bubble formation and growth compared to the
quenching observed due to oxygen transport to the solution from droplets at room conditions
(Fig. 9). This result provides indirect support to our hypothesis that phase transition enhances
the release of the oxygen from the carriers triggered by heating and sonication.

Key research accomplishments

1. The method to produce sterically stabilized perfluorocarbon oxygen carriers has been
developed. This method can produces droplets 5 um in diameter or smaller, a clinically
relevant range. These droplets can be loaded with dissolved oxygen at very high
concentration, up to 80 vol% and remain stable during prolonged storage when kept in
refrigerator.

2. The dynamic response of the oxygen carriers in response to an elevated temperature,
reduced pressure, and radiation has been characterized and factors that influence the
response were determined. It was found that both temperature and pressure have a
significant effect on the carriers, their size and phase transition.

3. We have established that ruthenium compounds can be used as florescent oxygen probes
to characterize the oxygen release from the carriers.

4. 1t was found that oxygen slowly diffuses from the PFP droplets into the solution. Based
on our initial results, we believe that the rate of such release can be controlled by the
surfactant selection and by changing the concentration of the surfactant on the surface of
the droplets.

5. Preliminary results provide initial evidence that carrier phase transition, externally
triggered by an elevated temperature in a physiologically mild range (41-50C) and
reduced pressure, accelerates the release of the oxygen from the carriers. Both of these
external excitations can be targeted and applied non-invasively using focused ultrasound,
which creates a potential to trigger oxygen release non-invasively, prior to the radiation
therapy.
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Reportable outcome

One paper partially based on the results of this research has been already published [11
and Appendix] and two more (describing the temperature and pressure responses of the
PFP emulsions) are currently in preparation.

Three presentations were made [12-14] to disseminate the results.

A patent disclosure was filed with the University of Utah Technology and
Commercialization Office.

Conclusion

This project was directed at the initial development of a novel strategy of radio sensitization of
hypoxic breast tumors by targeted oxygen release from perfluorocarbon oxygen carriers. In the
proposed approach, an emulsion of oxygen-saturated perfluorocarbon droplets, less than Sum in
diameter and as small as 100nm, was stabilized by a biocompatible amphiphilic block co-
polymer PEG-PLLA. The proposed strategy is based on the hypothesis that the preferential
release of oxygen from PFC droplets inside or in the proximity of the tumor can be achieved by
targeted, localized heating and sonication. The preliminary results obtained during this project
support our hypothesis and provide sufficient evidence to warrant further research and the
development of the proposed approach.
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Perfluoropentane (PFP), a very hydrophobic, nontoxic, noncarcinogenic fluoroalkane, has generated much interest
in biomedical applications, including occlusion therapy and controlled drug delivery. For most of these applications, the
dispersion within aqueous media of a large quantity of PFP droplets of the proper size is critically important.
Surprisingly, the interfacial tension of PFP against water in the presence of surfactants used to stabilize the emulsion has
rarely, if ever, been measured. In this study, we report the interfacial tension of PFP in the presence of surfactants used in
previous studies to produce emulsions for biomedical applications: polyethylene oxide-co-polylactic acid (PEO-PLA)
and polyethylene oxide-co-poly-e-caprolactone (PEO-PCL). Because both of these surfactants are uncharged diblock
copolymers that rely on the mechanism of steric stabilization, we also investigate for comparison’s sake the use of the
small-molecule cationic surfactant cetyl trimethyl ammonium bromide (CTAB) and the much larger protein surfactant
bovine serum albumin (BSA). The results presented here complement previous reports of the PFP droplet size
distribution and will be useful for determining to what extent the interfacial tension value can be used to control the

mean PFP droplet size.

Introduction

The unique physical, chemical, and biological properties of
perfluoropentane (PFP, see Figure 1) have generated much
interest for its use in several biomedical applications such as
propellants for pressurized metered dose inhalers (pMDIs) for the
direct delivery of drugs to the lungs,' for ultrasound contrast
enhancement,’ and for the transport of oxygen in vivo in artificial
blood.*”7 PFP also shows promise in the field of drug delivery and
gene transfection.®!! Like almost all perfluorocarbons, PFP has
a high capacity to absorb oxygen. More importantly, the normal
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boiling point of PFP lies between room temperature and body
temperature. This means that PFP can be injected in the form of
liquid droplets dispersed in an aqueous medium and then con-
verted to bubbles using ultrasound. This conversion to bubbles
can be used to release anticancer drugs such as doxorubicin at a
site of interest' " or to occlude blood vessels that supply oxygen to
tumors.'> Obviously, the size of the blood vessels that can be
occluded in such a way depends on the PFP droplet size in the
injected emulsion. In addition, for the passive targeting of
hydrophobic drugs in PFP to tumors via the enhanced perme-
ability and retention (EPR) mechanism, the PFP droplets must
have the correct size range (10 — 100 nm) so that they pass only
through the walls of blood vessels that supply tumors.'' Thus, for
both applications, the ability to control the mean PFP droplet size
is of paramount importance. The interfacial tension value, as
determined by the surfactants employed, is most likely an
important determinant.

Figure 1a shows the chemical structure of PFP (CsF,, molec-
ular weight 288 g/gmol), a member of the perfluorocarbon family.
PFP is a liquid at room temperature but is a vapor at body
temperature with a normal boiling point of 29.2 °C (Fluoromed,
L. P. Product Information). At 25 °C, its density of 1.63 g/mL is
much greater than that of water and its kinematic viscosity is
much lower than that of water at 0.4 cSt."* ™' As a result of its
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Figure 1. Chemical structures of (a) PFP, (b) PEO-PLA, (c) PEO-
&-PCL, and (d) CTAB.

nonpolar, hydrophobic nature, the solubility of oxygen in PFP at
25°C (mole fraction 5.8 x 10~%) is much higher than in water (mole
fraction 2.3 x 10°) (Fluoromed, L. P. Product Information). PFP
has also proven to be a nontoxic, noncarcinogenic biocompatible
material. "'

Because of the hydrophobic nature of PFP, it has a very high
interfacial tension against water and does not readily disperse or
dissolve in hydrophilic fluids. Hence, lowering the interfacial
tension of PFP with surfactants is important to improving its
dispersion in aqueous media. For the delivery of doxorubicin in
PFP droplets to tumors, Rapoport et al.'' used surfactants
polyethylene oxide-co-polylactic acid (PEO-PLA, L form) and
polyethylene oxide-co-poly-e-caprolactone (PEO-PCL), which
are uncharged block copolymers. The hydrophobic block (PLA
or PCL) is thought to adsorb onto the PFP surface, and the
hydrophilic PEO block is thought to form a “brush” that
stabilizes the droplets against coalescence.

In contrast, cetyl trimethyl ammonium bromide (CTAB) is a
well-known cationic surfactant with a relatively low molecular
mass. The chemical structures of the surfactants are shown in
Figure 1b—d. Above a certain concentration known as the critical
micelle concentration (cmc), these surfactants form spherical
core—shell-type micelles."® Typical cme values for CTAB and
BCP surfactants with similar molecular weights, from the litera-
ture, are shown in Table 1.

Bovine serum albumin (BSA) is a negatively charged glob-
ular protein and the most abundant protein in mammalian
serum (4 wt % in human serum). It possesses a prolate ellipsoid
tertiary structure with dimensions of 4 x 4 x 14 nm. BSA has
been shown to adsorb and denature at the air—water interface
and reach an equilibrium surface tension of ~53 dyn/cm.*®
Kripfgans et al. studied the PFP-BSA emulsion stability and
droplet size distribution for occlusion therapy and ultrasound
contrast applications.'? They found that the PFP droplets in
BSA solutions were stable against spontaneous vaporization at
physiological temperature (37 °C) and ultrasonic scanning up
to certain pressure thresholds and that their mean diameter
and number density could be controlled by altering the con-
centration of BSA.

(16) Lu, C.; Guo, S.; Liu, L.; Zhang, Y.; Li, Z.; Gu, J. Aggregation behavior of
MPEG-PCL diblock copolymers in aqueous solutions and morphologies of the
aggregates. J. Polym. Sci., Part B: Polym. Phys. 2006, 44, 3406—3417.
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Table 1. Molecular Weights of the Surfactants Used in This Study and
cmc Values from the Literature for CTAB and BCP Surfactants with
Similar Molecular Weights

literature cmc value in

surfactant molecular weight ~ PDI distilled water (mM)
PEO,14—PLAg;s 9700 1.04 0.0071—-0.0092¢
PEO4s—PCLy; 4600 1.15 0.00014—0.0074"
CTAB 365 1.00 0.76—0.92¢
BSA 66000 1.00 0.0000767

“@Reference 14. ? References 15 and 16. ¢ References 17—21. ¢ Refer-
ence 22.

Because of their high molecular weights, BCP surfactants such
as PEO-PLA and PEO-PCL possess a significantly lower cmc
than smaller, nonpolymeric surfactant CTAB.'#~2!

The biocompatibility and biodegradability of PEO-PLA
and PEO-PCL have been exploited in several biomedical
applications such as bioresorbable sutures, orthopedic
screws, coating materials, implants, and drug delivery.'***~%
Micelles formed by PEO-PLA and PEO-PCL are of particular
interest because they can be used to sequester anticancer drugs,
which are then delivered to tumors using PFP droplets."
CTAB, a cationic surfactant, has been used in several cos-
metic products, topical antiseptic creams, and recently for the
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isolation of DNA from solutions containing other polysac-
charides.***°

No critical micelle concentration can be defined for BSA because
it is not an amphiphilic surfactant. However, an apparent critical
micelle concentration of ~0.076 M is reported in the literature.
BSA has been studied as a potential emulsifier for PFP for
occlusion therapy and ultrasound contrast enhancement.'

The interfacial behavior of hydrogenated or oxygenated fluoro-
alkanes in aqueous solutions containing low-molecular-weight
surfactants, Pluronics,"> and phospholipids™!®***" has been docu-
mented. However, the interfacial tension of perfluoropentane in
aqueous solutions containing surfactants of any type has not, to
our knowledge, been reported in the literature. Thus, the goal of
this work is to compile and compare the interfacial tension of the
PFP/water interface in the presence of the surfactants used in recent
studies'"'? to stabilize PFP emulsions for biomedical or pharma-
ceutical use.

Experimental Section

Materials. Research-grade PFP was purchased from Fluoro-
med L.P. and stored in a refrigerator at 0 °C in a sealed container.
PEO;14-b-PLAgs diblock copolymer (Table 1) was purchased
from Polymer Source Inc. (Canada) in a crystalline form. Because
PEO-PLA crystals do not readily dissolve in water,'® the aqueous
solution of this BCP was prepared following a multistep process.'!
First, 0.125 g of the polymer was dissolved in 5 mL of THF with
20 mL of distilled water. Next, the organic solvent was removed
by running the solution through a membrane tube with a molec-
ular weight cutoff of 3500 Da (Spectra/Por, Spectrum Labora-
tories Inc., GA) followed by dialysis with water and 0.15 M
Dulbecco’s phosphate buffer solution (PBS). Distilled water was
used to replace the volume of the organic solvent removed during
the previous step to obtain the final 0.5% by weight PEO-PLA
solution. The solution was allowed to homogenize by gentle
agitation and was stored in a refrigerator when not in use. The
solutions were diluted with 0.15 M PBS to obtain the desired
concentrations. PEO45-b-PCL,5 diblock copolymer (Table 1) was
also obtained from Polymer Source Inc. (Canada), and micellar
solutions were prepared in a similar fashion.

Analytical-grade CTAB was purchased from Sigma. A | mM
solution of CTAB in 0.15 M PBS was prepared and mixed by
gentle agitation for 1 to 2 min and stored at room temperature.

Purified BSA (RIA and ELISA grade) was purchased from
Calbiochem (San Diego, CA). Solutions were prepared in 0.15 M
PBS, stored at ~0 °C, and used within 24 h of preparation.

Surface and Interfacial Tension Measurements. Gas-tight
glass syringes (250 uL), flat-tipped stainless steel needles
(14 gauge), and a two-way stainless steel valve were purchased
from the Hamilton Company.

The syringe, needle, and valve were thoroughly cleaned before
use and dried. The valve was used to control the flow of PFP from
the syringe to the needle and control the size of the liquid drops. A
glass environmental cell was cleaned thoroughly with distilled
water and allowed to dry completely. For interfacial tension
measurements, this cell was filled with surfactant solution.

The needle was then placed into the airtight glass cell as shown
in Figure 2. For interfacial tension measurements, the needle tip

(34) Simoes, M.; Pereira, M.; Machado, I.; Simoes, L.; Vieira, M. Comparative
antibacterial potential of selected aldehyde-based biocides and surfactants against
planktonic Pseudomonas fluorescens. J. Ind. Microbiol. Biotechnol. 2006, 33,
741-749.

(35) Porebski, S.; Bailey, L.; Baum, B. Modification of a CTAB DNA extraction
protocol for plants containing high polysaccharide and polyphenol components.
Plant Mol. Biol. Rep. 1997, 15, 8—15.

(36) Bertilla, S. M.; Thomas, J.-L.; Marie, P.; Krafft, M. P. Cosurfactant effect
of a semifluorinated alkane at a fluorocarbon/water interface: impact on the
stabilization of fluorocarbon-in-water emulsions. Langmuir 2004, 20, 3920—3924.

(37) Burgess, D. J.; Yoon, J. K. Influence of interfacial properties on perfluor-
ocarbon/aqueous emulsion stability. Colloids Surf., B 1995, 4, 297—308.
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Figure 2. Experimental apparatus for surface/interfacial tension
measurements. (A) Light source, (B) syringe, (C) two-way valve,
(D) air-tight glass cell, (E) microscope, (F) CCD camera, (G)
temperature monitor, and (H) computer.
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Figure 3. Image of a PFP drop in PEG-PLA surfactant solution
captured by the CCD camera.

was submerged in surfactant solution and the temperature in the
cell was constantly monitored using a wire thermocouple in direct
contact with the solution.

All measurements were performed at room temperature
24 £1°C).

PFP drops were injected into the surfactant solution, and
images were captured using the CCD camera (Figure 3.). The
first image was captured 5—10 s after the formation of the drop.
The images were converted into pixel coordinates and then into
coordinates in centimeters using Image 1.37 software.

The images were next analyzed using an axisymmetric drop
shape analysis profile (ADSAP) program™ that fits the drop
coordinates to the Young—Laplace equation (Y—L equation) of
capillarity.

The Y—L equation as described here is specifically for pendant
drops and is derived by force balance over the suspended drop.
This equation relates the pressure difference Ap across an inter-
face between two fluids to the curvature of the interface, caused by
the phenomenon of surface tension.

Ap =y(1/Ri +1/Ry) (1)

where y is the surface/interfacial tension and R; and R, are the
principle radii of curvature. The ADSAP program uses nu-
merical integration to develop theoretical drop profiles
to match the experimental drop profiles (Figure 4). The
surface/interfacial tension, drop volume, drop surface area,

(38) Tripp, B. C.; Magda, J. J.; Andrade, J. D. Adsorption of globular proteins
at the air/water interface as measured via dynamic surface tension: concentration
dependence, mass-transfer considerations, and adsorption kinetics. J. Colloid
Interface Sci. 1995, 173, 16—27.
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Figure 4. Comparison of the theoretical and experimental interface profile of a drop obtained through ADSAP.

Table 2. Literature and Experimental Values of the Equilibrium Surface Tensions of Surfactants at 25 °C Measured in This Study

equilibrium surface literature value

material concentration (mM) solvent tension (dyn/cm) (in distilled water) bond number
PFP (99% purity) 9.41 9.42¢ 0.42
CTAB 1 distilled water 29 35-38°
0.15M PBS

1 0.15 M PBS 27 0.46

0.4 27 0.41
PEO-PLA 0.15 0.15 M PBS 43 45—-46¢ 0.41

0.26 47 0.41
PEO-PCL 0.54 0.15M PBS 47 49—52¢ 0.39
BSA 0.015 0.15 M PBS 43 53¢ 0.40

“References 48—51. ” References 17 and 21. ¢ References 41 and 52. ¢ References 45 and 46. € References 38 and 47. The average standard deviation in

the measured surface tension is 1 dyn/cm.

and radius of curvature of the drop were obtained by running
the ADSAP program.

Results and Discussion

Bond Numbers. The Bond number (Bo) is a dimensionless
group that represents the ratio between the gravitational force and
surface/interfacial tension forces acting on a pendant drop*** and
is equal to

Bo = ApgR.’/y (2)

where Ap is the density difference at the surface or interface, g is the
acceleration due to gravity, R, is the radius of curvature of the drop
at the apex, and y is the surface or interfacial tension.

Spherical drops are obtained when this ratio is small.

In the presence of surfactants, the drop assumes a pendantlike
ellipsoidal shape rather than a spherical shape because of the
adsorption of molecules at the interface, resulting in a decrease in
interfacial tension and an increase in the Bond number.

(39) Tripp, B. C. Dynamic Surface Tension of Model Protein Solutions
Measured via Pendant Drop Tensiometry. Ph.D. Dissertation, The University
of Utah, Salt Lake City, UT, 1993.

(40) Kim, J.-W.; Kim, H.; Lee, M.; Magda, J. J. Interfacial tension of a nematic
liquid crystal/water interface with homeotropic surface alignment. Langmuir 2004,
20, 8110—8113.

(41) Tanodekaew, S.; Pannu, R.; Heatley, F.; Attwood, D.; Booth, C. Associa-
tion and surface properties of diblock copolymers of ethylene oxide and DL-lactide
in aqueous solution. Macromol. Chem. Phys. 1997, 198, 927—944.

4658 DOI: 10.1021/1a100307r

For an accurate pendant drop experiment, it is necessary that
the drops have a pendantlike or ellipsoidal shape rather than
a spherical shape. For spherical drops, the fit between the
experimental and theoretical drop profile becomes independent
of the surface/interfacial tension values.*** This occurs when
Bo < 0.1.

Bond numbers were calculated for the pendant drops for all of
the systems studied. The average values are listed in Tables 2
and 3. For accurate results, the Bond number should lie between
0.1 and 0.6.*° For all of our systems, the Bond numbers for the
pendant drops were within this range.

The highest Bond numbers were obtained for systems involving
CTAB surfactants, which were also the systems with the lowest
surface/interfacial tension values.

Surface Tension of PFP at the Liquid/Air Interface. The
surface tensions of PFP, distilled water, 0.15 M PBS, and
various surfactant solutions were all measured against satu-
rated air at room temperature. These measurements, which
are not novel, are compared to values reported by previous
authors as a check on our materials and experimental techni-
ques. The measurements were repeatable with a low standard
deviation (Table 2). Table 2 lists the measured equilibrium
surface tension of the surfactant solutions (in PBS buffer) as
well as literature values for solutions containing the same or
similar (for the BCP) surfactants at their cmc’s in distilled
water. Our measured values are in reasonable agreement with
literature values, with the possible exception of the BSA
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Table 3. Interfacial Tensions of PFP against Water or 0.15 M PBS
Containing Various Surfactants at the Concentrations Given

surfactant interfacial
concentration tension (dyn/cm) bond

interface surfactant (mM) (£1—4dyn/cm)  number
PFP-PBS 49 0.14
PFP-Water 54 0.15
56¢
PFP-PBS PEO-PLA 0.0103 38 0.17
0.052 31 0.15
0.103 29 0.17
0.26 27 0.18
PFP-PBS PEO-PCL 0.54 30 0.17
PFP-PBS CTAB 0.05 17.7 0.42
0.1 15.2 0.44
0.2 12.6 0.46
0.4 8.5 0.52
0.6 10 0.48
0.8 10.7 0.46
1 10 0.58
PFP-PBS BSA 0.015 31.1 0.58
0.045 334 0.58
0.075 28.0 0.52
0.152 31.9 0.56
0.227 30.8 0.56

“ Reference 53.

solution. As reported previously,* the surface activity of proteins
often varies with the supplier and also changes after repeated
freeze—thaw cycles. The surface tension of distilled water (68 dyn/
cm) was also found to be a little lower than the literature value of
72 dyn/cm, which we attribute to the accumulation of contami-
nants in water over the course of the experiment or fluctuations in
room temperature. The lowest surface tension value is obtained
using surfactant CTAB, which is unsurprising because it has the
highest cmc value. As mentioned in Table 1, the literature values
for the cmc’s of PEO-PLA and PEO-PCL BCPs in aqueous
solutions are very low,!#15:24262941746 CTAB  however, has a
cmc value that is at least 2 orders of magnitude larger. Above the
cmc, the surface tension becomes approximately independent of
concentration, presumably because the concentration of unimers
stays close to the cmc value and unimers are much more surface-
active than micelles. Hence, even though our surfactant solution
bulk concentrations were greater than the cmc value, the equi-
librium surface tension values are nearly the same as the values
reported at the cmc (Table 2). Similarly, for BSA, an apparent
cme of ~0.076 #M has been reported in the literature,”* with a

(42) Yang, L.; Zhao, Z.; Wei, J.; El Ghzaoui, A.; Li, S. Micelles formed by self-
assembling of polylactide/poly(ethylene glycol) block copolymers in aqueous
solutions. J. Colloid Interface Sci. 2007, 314, 470—477.

(43) Jiang, W.; Wang, Y.-D.; Gan, Q.; Zhang, J.-Z.; Zhao, X.-w.; Fei, W.-Y.;
Bei, J.-Z.; Wang, S.-G. Preparation and characterization of copolymer micelles
formed by poly(ethylene glycol)-polylactide block copolymers as novel drug
carriers. Chin. J. Process Eng. 2006, 6, 289—295.

(44) Dai, Z.; Piao, L.; Zhang, X.; Deng, M.; Chen, X.; Jing, X. Probing the
micellization of diblock and triblock copolymers of poly(I-lactide) and poly-
(ethylene glycol) in aqueous and NaCl salt solutions. Colloid Polym. Sci. 2004,
282, 343—-350.

(45) Vangeyte, P.; Leyh, B.; Auvray, L.; Grandjean, J.; Misselyn-Bauduin,
A. M.; Jerome, R. Mixed self-assembly of poly(ethylene oxide)-b-poly(e-
caprolactone) copolymers and sodium dodecyl sulfate in aqueous solution.
Langmuir 2004, 20, 9019—9028.

(46) Vangeyte, P.; Leyh, B.; Heinrich, M.; Grandjean, J.; Bourgaux, C.; Jerome,
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aqueous solution. Langmuir 2004, 20, 8442—8451.
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28, 63—-75.
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Coutinho, J. A. P., Surface Tension of Liquid Fluorocompounds. J. Chem.
Eng. Data 2006, 51, 1820—1824.
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constant equilibrium surface tension of 53—55 mN/m at higher
concentrations.*®#’

Interfacial Tension of PFP against Aqueous Solutions. In
the absence of any surfactants, the interfacial tension of PFP
against pure distilled water was measured to be 54 dyn/cm, in
excellent agreement with the literature value of 56 dyn/cm.>
Against 0.15 M PBS, the measured value was 49 dyn/cm. These
very high values reflect the hydrophobicity of PFP, and hence
surfactants are needed to disperse PFP in water.

In the presence of the block copolymer surfactants, the inter-
facial tension of PFP against water was measured in our labora-
tory to be about 27 dyn/cm for PEO-PLA and about 30 dyn/cm
for PEO-PCL (Table 3). All concentrations studied were above
the cmc of the block copolymers, which probably explains why no
concentration dependence is observed in Figure 5.

In the presence of BSA, the interfacial tension of PFP against
water was measured to be about 31 dyn/cm (Table 3) at all
concentrations studied. In the presence of CTAB, a cationic
surfactant, the interfacial tension of PFP against water reaches
its lowest value, about 11 dyn/cm, at a concentration that is about
one-half of the reported cmc value (Figure 5). As with the surface
tension, the differing IFT behavior between CTAB on one hand
and BSA, PEO-PLA, and PEO-PCL on the other hand can be
explained by the much larger cmc value of CTAB. In all surfactant
solutions, the unimer concentration should be close to the cmc
value, and this is at least 2 orders of magnitude larger for CTAB
than for the macromolecular surfactants. Thus, more surface-
active species are available for adsorption onto the PFP surface
when in contact with the CTAB solution. Given the very low cmc
values of PEO-PLA and PEO-PCL, they are surprisingly effective
in lowering the tension of the PFP/water interface. This suggests
that the molecular size of the adsorbed species is also an important
consideration. Globular BSA has dimensions of 4 nm x 4 nm x
14 nm,>* spherical random coils of PEO-PLA have a hydro-
dynamic radius of about 35 nm,"* and the fully extended CTAB
tail has a length of 2.2 nm and a width of 0.3—0.5 nm.*

Significance to PFP Pharmaceutical Emulsion
Preparation

Aqueous emulsions containing perfluorocarbons such as
PEP,'""' perfluorobutane,™ or decafluoropentane®” that are suitable
for biomedical applications such as occlusion and drug delivery

(49) Rohrback, G. H.; Cady, G. H. Surface tensions and refractive indices of the
perfluoropentanes. J. Am. Chem. Soc. 1949, 71.

(50) McLure, 1. A.; Soares, V. A. M.; Edmonds, B. Surface tension of
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11982, 78, 2251-2257.
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Figure 5. Interfacial tension between 0.15 M PBS and PFP as a function of bulk surfactant concentration at 24 °C. (®) PEO-PLA, (a) BSA,
and (W) CTAB. The vertical arrow gives the location of the literature cmc value for CTAB; the cmc values for BSA and PEO-PLA are both
below 0.01 mM. Note that some error bars are not visible because they are smaller than or equal to the size of the symbols used because of very

small standard deviations (<1 dyn/cm).

have been prepared using surfactants PEO-PCL, PEO-PLA, BSA,
and sodium cholate''>" without knowledge of the interfacial
tension value. The results presented here show that all three of the
macromolecular surfactants give similar values for the IFT value at
high surfactant concentrations, approximately 30 dyn/cm. Perhaps
this is the IFT value that produces the optimum drop size
distribution (10—100 nm for EPR'"), a proposition that we are
checking by preparing PFP emulsions using CTAB as a surfactant.
The results presented here also can be used to infer the minimum
amount of surfactant that can be used to stabilize PFP emulsions.
For example, Kripfagans et al. has reported using BSA concentra-
tions 0f 0.015—0.24 mM (~1—16 mg/mL)."> The results in Figure 5
suggest that this is excessive because the IFT reaches its asymptotic
value at a BSA concentration below 0.015 mM.

Conclusions

The very high interfacial tension value of PFP against water or
PBS can be substantially lowered by all of the surfactants studied:
BCP surfactants PEO-PLA and PEO-PCL, low-molecular-
weight cationic surfactant CTAB, and anionic protein surfactant
BSA. All of the macromolecular surfactants have been used
previously to prepare stable PFP emulsions, whereas molecular-
sized CTAB has not. All of the macromolecular surfactants give a
similar value for the PFP/water tension (~30 dyn/cm) that is

4660 DOI: 10.1021/1a100307r

independent of concentration, at least above very low reported
cme values. CTAB, which has a cmc value that is orders of
magnitude larger, gives a limiting value for the tension of the PFP/
water interface that is lower (10 dyn/cm). Given its low cmc value,
PEO-PLA is surprisingly effective in lowering the tension of the
PFP/water interface, probably because of its colloidal size.
Furthermore, adsorption of the BCP likely gives rise to a PEO
“brush” that stabilizes PFP droplets against coalescence or
protein adsorption. The reduction in the surface tension of PBS
buffer (against air) by PEO-PLA is also large. This may be
relevant to biomedical applications in which the PFP liquid
droplet is converted to a vapor within the body using ultra-
sound,'" and the PFP vapor contains a significant mole fraction
of oxygen because of the dissolution of oxygen from the surround-
ing aqueous solution into the PFP bubble.*®
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