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Abstract

The efficiency of therapeutic drugs is greatly reduced when they are administered 

systemically, while their potential for harm is distributed across the entire body. 

Synergistic relationships between high intensity focused ultrasound (HIFU) and agents of 

membrane disruption such as amphipathic polymers could selectively disrupt localized 

cell membranes and release bound chemical agents in the near vicinity to minimize side 

effects and increase the specificity of such agents.

Human red blood cells were incubated with polypropylacrylic acid (PPAA) 

concentrations from 0.8 |J.g/ml to 1.6 p.g/ml, and then exposed to pulses o f high intensity 

focused ultrasound (HIFU) at intensities ranging from 572.68 W/cm2 to 1979.31 W/cm2. 

Release o f hemoglobin, a measure o f membrane disruption, was measured with UV 

spectrophotometry, and cavitation was quantified using LabView and MATLAB. Sham 

samples were run with no HIFU or no PPAA. Membrane disruption increased 

dramatically when both components were present. Polymer concentration did not appear 

to affect the extent of cavitation, while intensity of HIFU clearly was proportional to cell 

disruption. A synergistic effect was observed between these two agents, lending promise 

to the development of drug conjugation therapies.
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Introduction

Current methods for delivering chemotherapeutic agents to target areas of the 

body are known to have strong detrimental systemic effects, such as depression of the 

immune response, nausea and vomiting, fatigue, infection, and hair loss (Mayo Clinic, 

2000). These agents travel through the bloodstream and affect tissue through which they 

pass. If chemical agents could be rendered inactive until they reached their target tissue, 

undesirable side effects could potentially be eliminated. Polypropylacrylic acid (Fig. 1) 

has been shown to disrupt cell membranes in vitro at concentrations as low as 10 |ag/ml 

(Murthy et al., 1999).
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Figure 1. The structure of polypropylacryilic acid (PPAA) and the related molecule 

polyethylacrylic acid (PEAA).

At concentrations below this level, PPAA has no significant membrane disruption 

activity. However, it has been hypothesized that PPAA molecules could act as cavitation 

nuclei in the presence of high intensity focused ultrasound (Mourad and Porter, 2000). A



closely related molecule, polyethylacrylic acid (PEAA), (Fig. 1), has already been shown 

to be a cavitation stimulating agent (Mourad, 2000). As Young (1988) describes, 

cavitation is the phenomenon that occurs when sound waves strike bubbles in liquid and 

cause their diameter to oscillate. These oscillations generate mechanical forces around 

the bubble and can also cause the bubble to collapse, releasing the energy contained in its 

structure. The repeating oscillations o f a bubble are called stable cavitation, while the 

formation and collapse of bubbles is called transient cavitation. Cavitation o f either form 

may act synergistically with the disruption potential of PPAA to disrupt cellular 

membranes within the foci of the ultrasound transducer.

Recent research has shown that HIFU can disrupt cell membranes in conjunction 

with contrast agents, which cause the aggregation of gasses dissolved in a liquid into 

microbubbles (Poliachik, 1999; Hadley, 2000). However, contrast agents are simple 

molecules that have little other potential. It has been shown that chemical agents can be 

conjugated to PPAA (Murthy et al., 1999). If synergy between HIFU and PPAA could 

be achieved, chemotherapeutic agents could be delivered via this polymer to tumor sites 

and rendered active only upon their exposure to HIFU pulses. There is currently a lack of 

information regarding the reactivity of polymers such as PPAA with the mechanical 

forces generated by HIFU. Using red blood cell lysis as a measure o f membrane 

disruption, it is hypothesized that there will be a synergistic effect between PPAA and 

HIFU that will initiate the release of hemoglobin.
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Materials and Methods

Blood samples were obtained from human donors and the red cells were separated 

from the plasma components by centrifugation at 14000 xg and 25° C. These red cells, 

once completely washed in pH 7.4 phosphate buffered saline (PBS) (Sigma), were 

resuspended in PBS of three different pHs as seen in Table 1 below. Suspensions were

o

diluted to a concentration of 1x10 RBCs/ml. The cells were then distributed in 1 ml 

aliquots to sample tubes and incubated in a 37° C water bath for 10 minutes. Sham tubes 

or HIFU only tubes were incubated alone, while other tubes were allowed to incubate 

with varying amounts of PPAA ranging from 0.8(j.g/ml to 1.6|a,g/ml (see below). 

Following incubation, the tubes were placed in a Chandler tank and exposed to 15 pulses 

of HIFU at varying intensities ranging from 572.68 W/cm2 to 1979.31 W/cm2. Cell 

samples were removed from the tubes with a syringe and added to microcentrifuge tubes. 

These were spun at 14000 xg for 2-3 min, and the supernatant was withdrawn along with 

any released hemoglobin and transferred to another microcentrifuge tube. The 

supernatant was then analyzed using UV spectrophotometry to determine the amount of 

free hemoglobin in suspension. Hemoglobin absorbs light most strongly at 541 nm, and it 

was at this wavelength that measurements were taken. Complete hemolysis was measured 

using red blood cells that had been entirely lysed with the addition o f distilled water. This 

UV value was considered total membrane disruption, and was used to calculate a percent 

hemolysis value for the samples that had been exposed to HIFU and PPAA.

HIFU pulses were delivered through a 1.1 MHz transducer that was permanently 

set into the polyacrylamide Chandler tank. These pulses were 1 ms in length, and were 

delivered every second for 15 s. Amplitudes varied from 200 mVPP (millivolts peak to



peak) to 400 mVPP. A sinusoidal function was delivered as a burst from the function 

generator. This signal was recorded on one channel o f the oscilloscope. The 

backscattered noise that is indicative of cavitation was measured with a 5 MHz 

hydrophone also permanently fixed in the tank. This signal was recorded on another 

channel o f the oscilloscope, and was also recorded by the LabView program on a 

computer linked to the apparatus. The function generator was triggered from that 

program as well. Using these recorded signals from the hydrophone, MATLAB was used 

to quantify cavitation. The program, written by Maile Hadley (2000), used a basic 

integration of the cavitation signal to assign a numerical value to the amount of activity. 

This value could then be correlated with cell membrane disruption in order to establish a 

relationship between the two.

Table 1. Conditions used for HIFU/PPAA synergy tests. Each trial was performed in 
triplicate and the results were averaged.

Trial pH HIFU Intensity (W/cm^) PPAA concentration (p,g/mL)

4

1 5.0 572.68 0.8
2 5.0 1258.1 0.8
3 5.0 1979.31 0.8
4 5.0 572.68 1.6
5 5.0 1258.1 1.6
6 5.0 1979.31 1.6
7 6.1 572.68 0.8
8 6.1 1258.1 0.8
9 6.1 1979.31 0.8
10 6.1 572.68 1.6
11 6.1 1258.1 1.6
12 6.1 1979.31 1.6
13 7.4 572.68 0.8
14 7.4 1258.1 0.8
15 7.4 1979.31 0.8
16 7.4 572.68 1.6
17 7.4 1258.1 1.6
18 7.4 1979.31 1.6
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Results

Cavitation activity increased with the intensity o f HIFU applied, as did hemolysis 

in a proportional manner. An approximately linear relationship was observed between 

HIFU intensity and cavitation (Fig. 2).

Figure 2. Relative cavitation versus HIFU intensity with 1.6 |ag/ml PPAA added.

Similarly, increasing HIFU intensity caused an increase in percent hemolysis (Fig. 3).

Figure 3. Percent hemolysis versus HIFU intensity with 1,6|ig/ml PPAA added.



Varying the levels of PPAA did not appear to make an appreciable difference in 

the amount of hemolysis or cavitation observed. At all three intensities as well as at each 

pH level hemolysis and cavitation are maintained at near the same amounts (Figs. 4-7).
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Figure 4. Percent hemolysis at two pHs and two PPAA concentrations with 1980 W/cm2 
HIFU bursts.

Figure 5. Relative cavitation activity at two pHs and two PPAA concentrations with 
1980 W/cm2 HIFU bursts.

Merely doubling the amount of PPAA added to each tube does not double or even 

significantly affect the level of cavitation or hemolysis (Figs. 4 and 5). However, the 

nearly identical shapes of each graph demonstrate a potential relationship between the 

percentage of hemolysis and the cavitation activity.
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Figure 6. Percent hemolysis at two pHs and two PPAA concentrations with 1260 W/cm2 
HIFU bursts.
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Figure 7. Relative cavitation activity at two pHs and two PPAA concentrations with 1260 
W/cm2 HIFU bursts.

At the lower HIFU intensity there does not seem to be a relationship between polymer 

amount and activity level (Figs. 6 and 7). Again, the graph shapes are very similar, with 

a slight discrepancy between pH levels at 1.6 fjg/ml.



Discussion

A comparison of controls (Appendix) containing polymer and blood without 

HIFU treatment and tubes containing blood and exposed to HIFU but no polymer with 

experimental results may demonstrate that the expected synergistic relationship between 

HIFU and PPAA may very well exist. Our findings also show that hemolysis is likely the 

result of cavitation (Fig 2 and 3) because of the clearly similar shapes of the curves 

generated by these two variable amounts. However, it was also expected that, as in 

previous studies with PEAA (Hadley, 2000), the action of PPAA would be dependent on 

pH. This was not the case, however, as it appears that the active range o f PPAA extends 

beyond the 5.0-7.4 range tested in this study. One possible explanation for this increased 

stability is the longer hydrocarbon chain of the propyl group. One hypothesis for the 

mechanism of action in these molecules is an association o f the propyl group of the 

polymer with the cell membrane in question. The longer hydrocarbon chain, being 

hydrophobic, would be more likely to integrate deeper into the lipid bilayer o f a cell than 

the shorter ethyl group of PEAA, and thus would be more strongly attached and resistant 

to possible conformation changes that might occur in a wider spectrum of pH. One 

possible mechanism of hemolysis relied on this assumption of hydrocarbon integration.

The PPAA likely acts as a cavitation nucleus, as is demonstrated by the high 

levels of cavitation measured in PBS with only PPAA added (Appendix). If the PPAA 

molecules were able to closely associate themselves with the cell membrane as proposed 

above, then the shearing forces created by their cavitation (Rooney, 1974) would likely 

generate enough stress to create tears in the lipid bilayer. While it had been hoped that a 

pH specificity would be found in order to use this as a guide for therapeutic action, the



9

lack o f specificity opens a number of new avenues for exploration using this synergy. It 

would appear that PPAA could be utilized virtually anywhere in the body due to its 

stability. The question now becomes one of targeting. Conjugation of antibodies to the 

polymer is a promising possibility, with the ability to conjugate chemical agents already 

demonstrated (Murthy, 1999). Theoretically, a polymer with both an antibody specific to 

the target tissue and a therapeutic agent conjugated to it could be highly specific in its 

delivery with the added application of ultrasound activation. The next step, however, is 

to test the synergy in the disruption of more relevant cells. A follow up study is in 

progress at the University of Washington using the same techniques but working with rat 

C-6 glioblastoma cells, which closely resemble some forms o f human cancer and are 

simple to culture in vitro. If successful in vitro, these tests will be attempted in vivo and 

could lead to a significant advancement in cancer treatment.

#
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Appendix

Polymer pH Amount o f Hemolysis
5.0 0%
6.1 0%
7.4 0%

Appendix 1. Control for hemolysis activity by polymer alone.

HIFU Intensity (W /cnr) Amount o f Hemolysis
572.68 0%
1258.1 -1%

1979.31 -1%
Appendix 2. Control for hemolysis by HIFU bursts alone.
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