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Abstract

High power ultrasound (20 kHz) was used to encapsulate a solution of perchlorotriphenylmethyl
triester (PTM-TE, a stable organic free radical) dissolved in hexamethyl disiloxane (HMDS) into a
polymerized shell of bovine serum albumin (BSA). The size distribution of the microspheres was
between 0.5 to 3 um with a maximum at approximately 1.2 um. The electron paramagnetic resonance
spectrum of PTM-TE consists of a single, sharp line which is sensitive to the surrounding
concentration of oxygen. It was found that the technique of encapsulating a solution of PTM-TE
dissolved in HMDS into the BSA microspheres resulted in an overall loss of EPR signal intensity
from the washed suspension of microspheres. However, the encapsulated PTM-TE/HMDS solution
remained sensitive to the partial pressure of oxygen in the surrounding environment. The
microspheres were found to be useful for determining the partial pressure of oxygen in the muscle
and tumor tissue of mice.
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1. Introduction

Sonochemistry results from the ultrasound- mduced formatlon growth and fast, almost

adiabatic collapse of cavitation bubbles in a Ilqwd 2 . Extremely high temperatures and
pressures prevail in the microscopic region of bubble collapse, known as the “hot spot” and in
aqueous solutions the thermal dissociation of water vapor in hot spots produces hydroxyl
radicals and hydrogen atoms 3. Inthe presence of air, hydrogen atoms can react with oxygen
to form the perhydroxyl radical which at neutral pH dissociates to form the superoxide radical
anion 4. Furthermore, when aqueous sonolf/sw is conducted in the presence of organic solutes,
a number of chemical =9 and biological 0-12 gffects can arise, depending on the physical
and chemical nature of the solute.

Recently, we have been developing a new series of particulate spln robes based on alkali metal
derivatives of phthalocyanlnes Lithium phthalocyanine (L|Pc) =17 and lithium
naphthalocyanine (L|Nc) 9 and its derivative 20-23 were synthesized and their properties
studied in detail. The materlals were characterized as crystalline solids composed of stacks of
neutral free radical molecules 24. The crystalline solids exhibit a highly exchange-narrowed
single line EPR spectrum, whose width is sensitive to the partial pressure of molecular oxygen
(pO,) in the environment. The structure and properties of these materials can be modified using
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a combination of low and high frequency ultrasound 25 \We are also developing soluble spin
probes for in vivo applications of EPR oximetry and imagining. However, some probes of
interest, such as perchlorotriphenylmethyl triester (PTM-TE), are highly hydrophobic in nature
and need to be injected using organic solvents that are not so compatible with the organism.
We have therefore investigated the use of ultrasonically synthesized proteinaceous
microspheres, following the work of Suslick and co-workers 26~

Proteinaceous microspheres have previously been synthesized using high power ultrasound
operating at a frequency of 20 kHz 26-29, Typically, human or bovine serum albumin (BSA)
dissolved inaqueous solution is irradiated in the presence of another immiscible organic solvent
in which a solute of interest can be dissolved. As described recently, proteinaceous
microspheres have a wide variety of potential biomedical applications 30, suslick, Swartz and
their co-workers 28:29 have successfully encapsulated nitroxides dissolved in an organic liquid
and have used these nitroxide-filled microspheres for in vivo determination of temperature and
oxygen concentrations using EPR spectroscopy. Nitroxides are stable free radicals and
therefore possess an unpaired electron which can be observed using EPR spectroscopy. Since
the electron is in close vicinity to the nitrogen atom, the absorption line of the electron is split
into three equivalent lines by the nitrogen nucleus. These lines become broadened in the
presence of oxygen due to Heisenberg exchange between molecular oxygen and the nitroxide,
so that line broadening of the nitroxide signal can be used as a measure of oxygen concentration
28, Though there are a variety of soluble EPR spin probes, such as nitroxides and triaryl
methane radical (TAM) that are suitable for oximetry, they lack the sensitivity required to
obtain reliable oxygen measurements especially in the most desired pathophysiological oxygen
range (0-76 mmHg) 31

Unlike nitroxides, the EPR spectrum of PTM-TE under anoxic conditions consists of a single,
sharp line (peak-to-peak line-width, LW = 0.4 G) which broadens up to a maximum of 4.1 G
as the partial pressure of oxygen is increased to that of oxygen in air at atmospheric pressure
(i.e., 760 mmHg). Since PTM-TE exhibits a single line in the EPR spectrum, it should be easier
to detect at lower concentrations in vivo, compared to nitroxides. Thus it was of interest in the
current study to encapsulate PTM-TE dissolved in HMDS into sonochemically synthesized
BSA microspheres and to test their oxygen sensitivity in vitro and in vivo, i.e., in the tumor
and muscle tissue of the hind leg of a mouse.

2. Experimental Section
2.1 Chemicals

BSA (Fraction V, 99%) was purchased from Sigma-Aldrich, USA. Hexamethy! disiloxane
(HMDS, > 98% purity) was purchased from Acros Organics (New Jersey).
Perchlorotriphenylmethyl triester (PTM-TE) was synthesized as reported 32_ Al solutions
were made up using Milli-Q filtered water (conductivity < 1076 S cm™1).

2.2 EPR measurements

EPR measurements were performed using a Bruker ER300 spectrometer with TMyqq cavity
operating at X-band (9.78 GHz). The spectral acquisitions were carried out using software
developed in house. Unless mentioned otherwise, the EPR line-widths (LW) reported are peak-
to-peak width of the first derivative spectra. The EPR line-width versus partial pressure of
oxygen was recorded from X-band EPR measurements on LiPc equilibrated with oxygen/
nitrogen gas mixture as reported previously 18,
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2.3 Microsphere preparation — sonication procedure

An aqueous solution of bovine serum albumin (1.5 mL, 5% w/v) was placed in a glass vial
(1.D.=1.2 cm, H = 3.5 cm) to which was added PTM-TE (1 mL, 5 mM) dissolved in HMDS.
The two solutions were immiscible and since the BSA solution is of a higher density compared
to HMDS, the HMDS was in the upper layer. A titanium microtip (d = 2 mm) was then inserted
into the center of the glass vial and positioned at the interface of the two immiscible solutions.
Sonolysis was then conducted at a frequency of 20 kHz for various lengths of time and under
various ultrasound intensities. It was found that a power setting of 20% on the generator that
was supplied by Branson (digital sonifier 250) and a time of 60 s sonolysis with the sample in
an ice bath to prevent the temperature from rising during sonolysis were the best conditions
for producing PTM-TE/HMDS filled protein microspheres suspended in water. The
microsphere suspension was of a relatively small size distribution (d = 0.5 to 3 um) with a
mean particle diameter of approximately 1.2 um.

2.4 EPR linewidth time response to nitrogen exposure

A small amount of the microsphere suspension (20 uL) was encapsulated in a gas-permeable
Teflon tube (i.d. = 0.8 mm; Zeus Industrial Products, Orangeburg, SC) and the tube was sealed
at both ends as described previously 20,23 The sealed sample was inserted into a 3 mm quartz
EPR tube with both ends open. 100% N, gas (Praxair, Los Angeles, CA) was delivered into
the EPR tube through gas- impermeable silicon tubing. The EPR tube was placed into the
TM110 microwave cavity (X-band) in such a way that the sample was at the center of the active
volume of the resonator. The flow rate of nitrogen gas was maintained at 2 L/min. The total
pressure inside the EPR tube was maintained at 760 mmHg (atmospheric pressure), since the
other end of the EPR tube was open to the atmosphere.

2.5 Particle size analysis

The particle size analyzer was from Malvern Instruments (model; Zetasizer, nano-s) with the
capability to characterize particle sizes ranging from 0.6 nm to 10 um. Following sonolysis,
the particle suspensions were immediately transferred to a cuvette (Plastibrand, volume = 1.5
ml) and the particle-size distribution was determined.

2.6 Microscopy

2.7 Animals

Images of microspheres suspended in agueous solution were performed using inverted light
Nikon TE-2000U optical microscope. The agqueous microsphere suspension was injected into
a drop of an aqueous mounting medium on a glass microscope slide. A cover slip was then
placed on top of the drop and images were acquired with 630x magnification.

Transmission electron microscopy (TEM) images were acquired using a Philips CM12
microscope operating at 80 kV. Sonochemically prepared microspheres containing HMDS in
their core were adsorbed to a standard Formvar-coated grid by applying a drop of the
microsphere suspension to the grid. Following 3 min, the drop was carefully adsorbed onto a
piece of filter paper. The grid was allowed to dry in room air and the images were then acquired.

For scanning electron microscopy (SEM) the microspheres were synthesized using olive oil
instead of HMDS as the core. Olive oil was a very suitable solvent since it is of very low
volatility and therefore the microspheres do not deform under the low pressures required to
image using SEM.

Female C3H mice were obtained from the Frederick Cancer Research Center, Animal
Production Facility (Frederick, MD, USA). The animals were housed five per cage in a climate-
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and light-controlled room. Food and water were allowed ad libitum. The animals were 50 days
old and weighed about 25 g at the time of the experiment. The mice were anesthetized with
ketamine (200 mg/kg b.w.) and xylazine (4 mg/kg b.w.) by intraperitoneal injection. All
animals were used according to the Public Health Services Policy, the Federal Welfare Act,
and ILACUC procedures and guidelines.

Radiation-induced fibrosarcoma-1 (RIF-1) (1x10%) cells were injected subcutaneously into the
upper portion of the right hind limb of C3H mice and grown as a solid tumor. The size of the
tumor was measured using a digital Vernier caliper. The tumor volume was determined from
the orthogonal dimensions (d1, d2, d3) using the formula (d1*d2*d3)* /6. All measurements
were performed on tumors of a size 200-300 mm3.

2.8 Measurements of oxygen partial pressure in tissues

A 15-20 pL solution containing PTM-TE/HMDS encapsulated into proteinaceous
microspheres that were suspended in PBS solution was injected intramuscularly (n=3) or
intratumoraly (n=3) at a depth of about 2 mm using a 30 gauge needle while the mice were
under ketamine/xylazine anesthesia. Tumor volume was about 200-300 mm? on the day of the
experiment. The oxygen concentration in the normal and tumor tissue was measured using an
L-band (1.2 GHz) EPR spectrometer with a loop coil (Magnettech, Germany). The peak-to-
peak linewidth of the EPR spectra of the probe in the tissue was used to determine pO,. The
value of pO, in the tissue was obtained from a standard curve of the EPR linewidth versus the
oxygen concentration (for example, see Figure 3 in reference 20,

3. Results and Discussion

The ultrasound exposure conditions were examined in detail in order to derive at conditions
that would be most efficient for encapsulating the largest volume of PTM-TE/HMDS solution
into BSA microspheres. To do this, we studied the effect of sonolysis temperature, time, and
power on the intensity and linewidth of the EPR spectrum of sonochemically encapsulated
PTM-TE/HMDS in microspheres and compared this to that of a pure PTM-TE/HMDS solution,
as shown in Table 1. It is clear that under all conditions of sonolysis, encapsulated PTM-TE/
HMDS solutions remained sensitive to the oxygen concentration outside of the microspheres.
The EPR linewidth of a pure PTM-TE/HMDS solution under aerobic conditions was 4.11 G.
Under anoxic conditions (i.e., 100% nitrogen) the linewidth decreased to a value of 0.39 G. As
can be seen in Table 1, the change in linewidth for PTM-TE/HMDS solutions encapsulated in
BSA microspheres is similar to that of pure PTM-TE solutions.

Compared to the pure PTM-TE in HMDS solution (Table 1), the intensity of the EPR line
following sonolysis and formation of microspheres was at best approximately 6 times lower
then the EPR line intensity of a pure solution of PTM-TE (5 mM) in HMDS. This indicates
that not all of the PTM-TE is encapsulated during sonolysis and secondly, there is a possibility
that some PTM-TE is lost through the chemical effects of ultrasound. Nevertheless, given the
intensity measurements shown in Table 1, it was concluded that a sonolysis time of 60 s in an
ice bath and at an ultrasound power of 20% were an optimum set of conditions for producing
BSA microspheres filled with PTM-TE/HMDS using our ultrasound exposure system.

Suslick and Grinstaff 26 have proposed that the mechanism for the sonochemical formation of
microspheres made of BSA (filled with various organic liquids) involves the formation of a
microemulsion of “oil” droplets in the aqueous phase stabilized by the protein molecules which
are in turn oxidized by superoxide resulting in the cross-linking of the cysteine residues of the
surrounding protein molecules. If this is the case, then the formation and stabilization of a
microemulsion consisting of droplets of HMDS (with solubilized PTM-TE) in aqueous BSA
solution, prior to the polymerization step, should depend on the pH of the BSA solution. Like
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any protein, BSA consists of both amine and carboxylic groups, the charge on which will be
determined by the pH of the aqueous solution, which in turn will also influence the stability
of the microemulsion °°.

The effect of pH of the aqueous BSA solution on the formation of HMDS-filled microspheres
is shown in Figure 1a for a given set of ultrasound exposure conditions. Under the conditions
of sonolysis in Figure 1 (i.e., t =60 s, f = 20 kHz; P = 20%), microspheres formed at a pH of
5.5and 9.1 were relatively large in size (mean particle diameter of 1.8 and 2.1 um, respectively)
compared those formed at either pH 4.3, 7.1 or 8.0. Sonolysis at a pH of 8.0 produced the most
narrow size distribution of all pH conditions (size range from 0.5 to 2 um; mean particle
diameter = 1 um). However, throughout the course of this study, it was decided to conduct all
experiments at a pH of 7.1 since this is the natural pH of an aqueous BSA solution (5% w/v)
and the resulting size distribution at pH = 7.1 ranged from 0.5 to 3 um with a mean particle
diameter of 1.2 um, as shown in Figure 1a. An optical microscopic image of the HMDS-filled
microspheres suspended in aqueous solution is shown in Figure 1b following sonolysis at pH
7.1. The image shows that the microspheres are spherical in shape when suspended in aqueous
solution.

TEM and SEM images of the microspheres formed at pH = 7.1 are shown in Figure 2.
Spherically shaped microspheres with a diameter of 2 um or less can be observed in this
particular TEM micrograph (Figure 2a). Furthermore, what appears to be a shell can be
observed surrounding the microspheres, although it is not certain whether this is the
polymerized shell or simply unpolymerized BSA protein adsorbed to the surface of the
microspheres. The high resolution SEM micrograph of microspheres filled with HMDS (Figure
2b) shows that the outer surface of the microspheres is extremely rough in nature. However,
we found that this surface roughness phenomenon was an artifact of the SEM procedure, which
is conducted under a vacuum of 0.4 mmHg. At this pressure, since HMDS is a volatile solute,
its evaporation from the microsphere core results in the rough surface structure observed. To
test this hypothesis, we synthesized microspheres in the same way but used olive oil as the
organic liquid. Olive oil has no volatility and as can be seen in Figure 2c, the true surface of
the BSA microspheres agpears relatively smooth. A similar effect was observed in an earlier
study by Suslick et al. 26,

It was of importance to test the time-response of encapsulated PTM-TE/HMDS solutions to
variations in environmental oxygen concentration, as shown in Figure 3. To do this, a solution
of encapsulated PTM-TE/HMDS that was exposed to the atmosphere was flushed with 100%
nitrogen gas. From the time point at which 100% nitrogen gas was introduced to the
microspheres (i.e., the arrow in Figure 3), it took approximately 6 minutes for the EPR linewidth
to decrease from that observed in air to that observed in the absence of oxygen. This time-
response is similar to that observed previously for nitroxide-filled microspheres 28 and
indicates that the microspheres formed in the current study are highly porous to oxygen.

In order to examine the applicability of PTM-TE/HMDS encapsulated microspheres for EPR
oximetry in vivo, we measured the EPR signal obtained following intramuscular (left hind
limb) and intratumoral (RIF-1, right hind limb) injection of the microspheres into female C3H
mice. The mice were 50 days old and weighed about 25 g at the time of the experiment.
Following anesthetization with ketamine (200 mg/kg b.w.) and xylazine (4 mg/kg b.w.) by
intraperitoneal injection, a 15-20 pL solution containing proteinaceous microspheres
suspended in PBS solution was injected intramuscularly (n=3) or intratumorally (n=3) at a
depth of about 2 mm using a 30 gauge needle. Figure 4 shows the EPR spectrum observed 20
minutes following injection of microspheres into the muscle and tumor tissue. The choice of
20 minutes was determined from an investigation of the change in linewidth of the EPR
spectrum following injection into the tumor or muscle tissue, as shown in Figure 5. It is clear
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that immediately after injecting the microsphere preparation into either muscle or tumor tissue,
there is an initial sharp decrease in the linewidth within the first 5 to 10 min. of injection,
followed by an extremely stable linewidth up to a total of 120 minutes following injection. The
initial drop in linewidth is due to the microspheres initially being exposed to air in the syringe,
where the air exposed microspheres have a linewidth of over 4 G (see Table 1). The
microspheres equilibrate with their surroundings in the tissue relatively quickly, as evidenced
by the steady linewidth observed following the 5 to 10 min equilibration time.

The linewidths from the two EPR spectra shown in Figure 4 were 1.16 and 0.7 G for the muscle
tissue and tumor, respectively. This indicates that the microsphere preparation is sensitive to
oxygen. The average linewidth determined from three separate such injections into three
different mice was used to determine the partial pressure of oxygen in the tumor and muscle
tissue. The tumor was found to contain an average pO, of 9 + 6 mmHg (mean + SD; n = 3)
whereas the pO5 for the muscle tissue was determined to be 40 + 8 mmHg (mean + SD; n =
3). The pO, measurement for muscle tissue in the current study is comparative to earlier studies
and, more importantly there is a clear difference between the muscle and tumor pO,.

Finally, the loss of EPR signal intensity was also determined from the same injection
experiments used in Figure 5, as shown in Figure 6. Note that the signal intensity (determined
from double integration of the EPR line) is dependent on the concentration of PTM-TE, and
not the partial pressure of oxygen; oxygen only affects the EPR line width. It is clear that
following injection, the EPR intensity decreases more rapidly in the tumor tissue compared to
the muscle tissue. It is known that a tumor readily consumes albumin from the blood serum
34, Therefore, it is possible that the faster decay of the EPR signal from tumor tissue could be
due to faster destruction of the microspheres compared to normal tissue, resulting in the release
and metabolism of PTM-TE by tumor cells.

4. Conclusions

Sonolysis of a separated mixture of aqueous BSA solutions and PTM-TE dissolved in HMDS
results in the formation of stable microspheres that can be used for EPR oximetry. The EPR
spectrum of PTM-TE consists of a single, sharp line so this probe is more sensitive for oxygen
detection compared to nitroxides, which exhibit a three line EPR spectrum due to splitting of
the paramagnetic electron signal by the nitrogen atom. The PTM-TE/HMDS filled
microspheres could be re-suspended in aqueous PBS solution at natural pH, and their potential
use for the in vivo measurement of oxygen concentration in tissues was shown to be viable.
Using a tumor mouse model, it was possible to determine a distinct difference between normal
tissue (muscle) and tumor pO,.
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Figure 1.
Proteinaceous microspheres formed following sonolysis of a suspension of aqueous BSA

solution (5 % w/v, 1.5 ml) and HMDS (1 ml); (A) the effect of solution pH on size distribution
and (B) optical microscopy of spheres suspended in water at pH = 7.1. Conditions of sonolysis
were; t =60 s; f = 20 kHz; P = 20%.
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Figure 2.

Microspheres formed following sonolysis of an aqueous solution of BSA (5 % wi/v; 1.5 ml)
and HMDS (1 ml). Conditions of sonolysis were; t =60 s; f = 20 kHz; P =20%; pH = 7.1. (A)
Transmission electron microscopy image (x 6000 magnification); (B) scanning electron
microscopy image (x 26000 magnification) and (C) scanning electron microscopic image of
microspheres filled with olive oil, in place of HMDS (x 2200 magnification).
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Figure 3.

Time response for the change in EPR linewidth observed when air exposed PTM-TE/HMDS-
filled BSA microspheres are flushed with 100% nitrogen. The arrow indicates the time point
at which flushing with 100% nitrogen gas begins. Proteinaceous microspheres were formed
following sonolysis of a suspension of aqueous BSA solution (5% wi/v, 1.5 ml) and PTM-TE
(5 mM in 1 ml HMDS). Conditions of sonolysis were; t =60 s, f = 20 kHz; P = 20 %, pH =
7.1
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Figure 4.

EPR spectra observed (A) 10 min after intratumoral and (b) 14 min after intramuscular injection
of PTM-TE/HMDS filled microspheres into the (A) right and (B) left hind leg of a female C3H
mouse; age = 50 days, weight ~ 25 g, anesthetization with ketamine (200 mg/kg b.w.) and
xylazine (4 mg/kg b.w.) by intraperitoneal injection. Proteinaceous microspheres; 15-20 pL
solution in PBS. Conditions of sonolysis were; t =60 s, f = 20 kHz; P = 20 %, pH = 7.1.
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Figure 5.

EPR linewidth from PTM-TE/HMDS filled microspheres following intramuscular and
intratumoral injection of into the left and right hind leg of female C3H mice, respectively; age
=50 days, weight =~ 25 g, anesthetization with ketamine (200 mg/kg b.w.) and xylazine (4 mg/
kg b.w.) by intraperitoneal injection. Proteinaceous microspheres; 15-20 pL solution in PBS.
Conditions of sonolysis were; t =60 s, f = 20 kHz; P = 20 %, pH = 7.1.
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Figure 6.

Decay of the EPR signal intensity following intramuscular and intratumoral injection of PTM-
TE/HMDS filled microspheres into the left and right hind leg of female C3H mice, respectively;
age = 50 days, weight ~ 25 g, anesthetization with ketamine (200 mg/kg b.w.) and xylazine (4
mg/kg b.w.) by intraperitoneal injection. Proteinaceous microspheres; 15-20 pL solution in
PBS. Conditions of sonolysis were; t = 60 s, f = 20 kHz; P = 20 %, pH = 7.1.
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Effect of the sonochemical™ induced encapsulation of PTM-TE/HMDS solution (5 mM) into proteinaceous

microspheres on the sensitivity of the EPR linewidth (LW) to air.

Sonolysis LW (G) LW (G) ALW (G) Intensity (a.u.)
TCIt (s)/P (%) Air 100% N,

PTM-TE" 411 0.39 3.72 100
0/30/30 4.40 0.41 3.99 11.0
0/60/30 4.07 0.43 3.64 10.4
0/120/30 4.08 0.43 3.65 12.8
0/180/30 4.10 0.43 3.67 16.4
0/30/20 4.51 0.41 4.10 6.0
0/60/20 4.70 0.43 4.27 16.8
0/120/20 4.29 0.42 3.87 17.1
20/30/20 4.39 0.41 3.98 15.1
20/60/20 412 0.40 3.72 9.4
20/120/20 4.45 0.41 4.04 6.7

7LConditions of sonolysis were; f = 20 kHz; pH = 7.1. The sonochemical power input from the generator is denoted as P (%). 0°C indicates that sonolysis

was conducted with the sample in an ice bath.

*
A solution of PTM-TE in HMDS; i.e., not encapsulated.
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