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Low intensity ultrasound (approximately 10-6 W cm -2) in the frequency range 0.5-6.0 M Hz 
was employed to investigate the ultrasound absorption properties of doxorubicin (DOX) at 
several temperatures. At physiological temperatures, we found enhanced ultrasound 
absorption from DOX, and its closely related analogue daunorubicin (DNR), in the upper 
kilohertz frequency range. The findings do not conform to classical theory of ultrasound 
absorption, thus suggesting an ultrasound coupling with the drug molecules via structural 
and/or chemical relaxation processes. The absorption spectra are analysed from the point 
of view of the non-classical theory of sound absorption due to physical and/or chemical 
relaxations. Only one spectral difference between the two anti-cancer agents is observed, 
around 2 MHz, and may be attributed to the sole difference in the chemical make-up of the 
side chain of the two antibiotics. 
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There have been recent reports on the enhancement of 
the therapeutic efficacy of a widely used anti-cancer agent, 
namely doxorubicin (DOX), when exposed to therapeutic 
intensity ultrasound, i.e. 1 3 W c m  - 2  (see References 
1-3), and even at sub-therapeutic intensity levels 4. The 
cause for such enhancements in cell killing appears to be 
due to non-thermal processes. In vitro experiments have 
implicated enhanced production of superoxides when 
clinical levels of DOX were exposed to therapeutic 
intensity ultrasound through studies involving super- 
oxide dismutate, and the reduction of cytochrome c (see 
Reference 5). In vivo combination treatments of DOX 
and therapeutic intensity level ultrasound have found 
delays in tumor growth 5. 

In order to understand the underlying non-thermal 
mechanisms involved in leading to the observed enhanced 
cell killing, it becomes necessary first to investigate and 
characterize the dynamics of such anti-cancer drug 
interaction with the local environment. One common 
method of interrogating systems in thermodynamic 
equilibrium is to apply small harmonic perturbations of 
a thermodynamic parameter, such as temperature or 
pressure, and to monitor the system's relaxation 
response 6. In the present investigation, continuous low 
intensity ultrasound (approximately 1 0 - 6 W  cm -2) was 
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employed in a first attempt to understand the dynamical 
interactions of two clinically used anthracycline drugs, 
namely DOX and daunorubicin (DNR), with their local 
aqueous environment, at several temperatures via 
ultrasound absorption spectroscopy. 

Ultrasound absorption spectroscopy is a powerful tool 
that has been employed in the past for studying various 
protein and lipid conformational changes 7,8 and in the 
determination of the kinetic rate constants of a variety 
of reactions in solutions, including those involving 
protonation and deprotonation 9. The experimental data 
presented in this communication show that ultrasound 
absorption spectroscopy can possibly be used as a tool 
to aid in the identification of drugs whose cytotoxic 
activity is enhanced by ultrasound. 

The dimensionless absorption per wavelength, ~2, is 
employed as the quantitative measure of the diminution 
of the acoustic pressure and intensity as the wave travels 
a distance of one wavelength, 2. 

Materials and methods 
Doxorubicin was obtained from Adria Laboratories and 
Daunorubicin from Sigma Chemical Company. The 
chemical structure of these two anthracycline antibiotics 
is shown in Fioure 1. Both drugs were dissolved in 0.9% 
NaC1 saline buffer solution and aliquots were made under 
sterile conditions and kept frozen in the d~iCk until the 

0041 - 624X / 93 / 060447- 04 
@ 1993 Butterworth-Heinemann Ltd Ultrasonics 1993 Vol 31 No 6 447 



Doxorubicin and daunorubicin: D. B. Tata et al. 

.- . H ~  
d o 

j 
O. O. 0 

~-.CH 3 ~ . H / /  

O 

I 1 1 0  9 ~ C  

O 

6 °0° O / " 

~ . [  ...-Sg"~ C H 3 

NH 2 ©H 

Side Chain R: DOX = CH2OH DNR= CH3 

Figure  1 Chemical structure of DOX and DNR 

timc of measurement. The ultrasound absorption 
measurements performed in this investigation on drug 
suspensions were made at a fixed drug concentration of 
1001~gml ~ within a conventional Eggers and Funck 
type cylindrical resonator ~° within the operational 
frequency range of 0.5 6 MHz and in the temperature 
range of 5 3 7 C  for DOX and at 37 'C for DNR. All 
absorption measurements were repeated three different 
times for all temperatures investigated herein. The 
sensitivity of the acoustic resonator was determined 
through testing the accuracy of the known difference in 
sound velocity between degassed distilled H 2 0  and 0.9% 
NaCI solution at room temperature at several frequen- 
cies. The operational elements of the acoustic resonator 
and measurement procedures are reported elsewhere s. 
Briefly. the end walls of the resonant cavity are formed 
by two identical piezoelectric quartz transducers 
separated a distance d (=  5.5 cm) by a hollow Plexiglas 
cylinder, providing a sample volume of approximately 
3ml.  One transducer is excited continuously bv a 
Hewlett-Packard synthesized signal generator, at a 
predetermined frequency, and produces longitudinal 
plane waves in the fluid medium within thc cavity while 
the other transducer acts as the receiver. The amplitude 
of the resulting standing wave at the receiving transducer 
surface is monitored by a Hewlett-Packard 8552A, 8553B 
spectrum analyser. The amplitude of the standing wa~e 
is a maximum at resonance frequencies when the standing 
wave boundary conditions are fulfilled, i.e. when d is an 
odd numbcr of half-wavelengths s. 

The :z). for thc nlh resonance is directly related to thc 
half-power bandwidth of the resonance All,. i.e. 
z). = ,rAl".!), (see Reference 10). For the drug concentra- 
tion study reported here, it is assumed explicitly that thc 
measured :c,:. of the drug suspensions are comprised of an 
additivc sound absorption contribution from the drug 
molecules and from the solvent medium as (:O:.)dr,, ~ 
(~-)-)d.,~,.,~ ..... ~o,1 (~-).k,,h~,,, Consequently. from the 
above assumption, the excess absorption per wavelength 
duc to the presence of the drug is given by 

(~z2)d,,,~ = ~(Al~,,h,,i .... Al~oh~n,) .1,, I l l  

R e s u  I t s  

The  concentration independent DOX :z). frequenc? 
depcndencc is shown for several temperatures in Fi,qurc 
2, and is seen to exhibit a strong temperature dependence. 
At physiological temperature (37 C1 there is evidence for 

the existence of a prominent absorption peak situated ill 
the upper kilohertz frequency range, 350 kHz to 500 kHz. 
which is below that of the acoustic resonator's 
operational range (governed by the geometrical bound- 
ary conditions). In addition to the prominent peak, there 
is evidence of a shoulder situated in the neighbourhood 
of I MHz and a small secondary peak around 2 MHz. 
The excess absorption frequency characteristics of DOX 
and DNR are compared at 37 C in Figure 3. The 
ultrasound absorption spectral differences between DOX 
and DNR are computed and shown in Fiqm'u 4 
Throughout  the investigated frequency range DOX is 
noted to absorb greater ultrasound energy than DNR. 
In the lower frequency regions between 0.5 MHz to 
1.5MHz. both DOX and DNR exhibit similar 
monotonic decreases in absorption and a shoulder 
around 1MHz.  A salient difference between thc two 
sister compounds appears beyond 1.5 MHz where the 
DNR absorption spectrum continues to dccrease 
smoothly, while the DOX absorption spectrum is seen 
to increase into a secondary peak around 2 MHz. All 
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spectral features, exhibited in the figures, were observed 
to be present in the three repeated measurements, at all 
temperatures reported herein. 

Discussion 

The mechanical energy in the propagating pressure wave 
is absorbed by the drug suspension under study by two 
classes of mechanisms, namely the classical absorption 
processes and the physical relaxation process 9. Classical 
absorption arises as a consequence of the suspension 
having a finite viscosity and a finite thermal conductivity, 
which results, respectively, in shearing motions pre- 
dominantly between the solvent molecules and in thermal 
energy being transported along temperature gradients. 
Non-classical absorption mechanisms result, for 
example, when the chemical or structural equilibrium is 
perturbed by the changes in pressure and temperature 
induced by the sound wave. The two classical and many 
possible non-classical absorption processes contribute to 
the pressure amplitude and intensity absorption 
coefficient ~, respectively, in p(x)=po exp(-~x)  and 
I = I o exp ( -  2~x). The two classes of sound absorption 
processes are generally assumed to combine linearly as 

0~ = ~classical "4- 0~ . . . . .  lassical (2) 

Acoustic theory of sound absorption in liquid media 
predicts the ~2 behaviour with frequency, for both classes 
of processes. For classical processes, the solvent's ct2 is 
directly proportional to the ultrasound frequency in the 
10 6 Hz-10 7 Hz region, since the relaxations due to 
viscous mechanisms of a water-based medium are known 
to occur at extremely high relaxation frequencies 9 
(around several gigahertz). For a relaxation process 
occurring in the region of measurement, the frequency 
dependence is more complex and depends also upon the 
characteristic relaxation time, z, of the process, i.e. 
~2 ~ (~r)/{1 + (coz)2}. Typically, the sound absorption 
spectra of solutions of biomolecules are resolved in terms 
of several independent single relaxations, each having 
their characteristic relaxation time z. 

The measured frequency dependences of DOX and 
DNR clearly do not conform to the classical theory of 
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sound absorption. As stated above, in view of the 
non-classical theory, the (~2)drug includes contributions 
of one or more processes such as structural and/or 
chemical relaxation, each having their characteristic time 
constants zi and their maximal relaxation strengths 
(~2i)max" Consequently 

~).  = ~ 2(0~).i)ma x (fOZl) ( 3 )  
i 1 --}- ((.oTI) 2 

is the expected frequency dependence of the non-classical 
absorption. After a lengthy manipulation procedure, the 
structural and chemical relaxation strengths of the 
'solute' molecules are formulated to depend quadratically 
upon the differences in molar volume and enthalpy 
between the final (product) and initial (reactant) states 
of the induced transition, and directly proportional to 
the product of the (equilibrium) fractional population of 
molecules occupying the states of transition 6'9. 

Although it is difficult to discern the type(s) of 
mechanism(s) involved in producing the ultrasound 
absorption profiles, the time constants of the process 
giving rise to the prominent peak in DOX at 
physiological temperature can be estimated. This is 
accomplished by assuming explicitly a single two-state 
transition process leading to a significant sound 
absorption in the lower frequency range, i.e. Equation 
(3) becomes 

(~r,) 
ct2 = 2(ct2) . . . .  (4) 

1 + (mzi) 2 

Evaluation of the time constant is accomplished by 
observing that the points of inflection can be obtained 
from the data of Figures 2 and 3. Thus, the second 
derivative of ct2 with respect to frequency, in Equation 
(4), is set equal to zero. The main peak's point of inflection 
can be determined from the absorption plot and fitted 
into the second derivative equation equated to zero. This 
condition is found to be fulfilled when car = f i n f l / f r e l a x  = 

+ xf3. Consequently, frelax = fi,fl/X/3" 
(C(,~)max c a n  now be determined from the known value 

of (ct2) at the point of inflection and through Equation 
(4), namely (Ct2)m~x= (0~) . ) inf l /X/3/4.  F r o m  the DOX 
absorption plot (Figure 3), the point of inflection is 
determined to be situated around 0.7 MHz and this yields 
fre |ax ~ 0.4 MHz and (0~2)max/COnC. = 60. The DNR 
absorption data do not reveal a point of inflection in the 
prominent peak (Figure 3); presumably it lies at a 
frequency below that of the resonator operation range. 

It is difficult to comment on the relaxation strength or 
the frequencies of relaxation in the low temperature 
studies reported herein for DOX, due to a lack of 
discernible points of inflection from the absorption 
spectra. Further investigative efforts with specially 
constructed low-frequency resonators should yield 
fruitful information on the acoustical and kinetic 
parameters. 

The difference in ultrasound absorption between the 
two closely related analogues near 2 MHz presumably 
results due to the one single difference within their side 
chains (Figure 1). DOX has a ketol side chain which is 
known to play a significant role in facilitating 
non-enzymatic production of superoxides in the presence 
or absence of transition metals. However, DNR has a 
ketone side chain, and is known to reduce molecular 
or absence oI transltlOn metals. However, DNR has a 
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oxygen poorly, even when strongly bound to transition 
metals xx If the oxidation of the ketol side chain is 
enhanced through DOX configurational changes, then it 
is reasonable to hypothesize that ultrasound can be 
utilized as a therapeutic tool to induce molecular 
configurational changes, and thus to increase the rate of 
electron transfer to molecular oxygen. The frequency 
range in which there is maximum coupling of the pressure 
wave with the drug constituents can be expected to be 
determined through ultrasound absorption spectroscopy. 
Our data and model presented above may, in part, 
explain our previous in vitro finding of (therapeutic 
intensity) 1.5 MHz ultrasound enhanced cytotoxicity of 
DOX, but not that of DNR in Chinese hamster ovary 
cells 

Ultrasound absorption studies from a number of 
different biomolecules have shown similar absorption 
peak frequency locations (i.e. well below the MHz range) 
to the prominent peaks found in this study, which are 
bclicved to arise through conformational changes 
induced via proton transfer reactions of various amino 
acid residues ~2"~3. In view of this, we hypothesize that 
the main prominent peak from DOX and DNR may be 
attributed to a protonation~-+de-protonation scheme at 
various groups on the drug molecules, particularly, at 
the amine on the sugar, and between the carbonyl and 
hydroxyl groups of benzo and hydro quinone moieties, 
respectively. It is equally appealing to hypothesize that 
the low frequency prominent peaks may be attributed to 
the ultrasound coupling to the drug's cyclic chemical 
reduction and auto-oxidation pathway. The anti-tumour 
activity of these agents has been claimed to be, in part, 
due to continuous reduction and auto-oxidation of their 
quinone moieties, which generates significant amounts 
of superoxides, hydrogen peroxides, and hydroxyl 
radicals ~4 ~v. The validity of this hypothesis can 
potentially have far reaching clinical consequences 
whereby ultrasound could be utilized as a tool to enhance 
production rates of reactive oxygen species {such as 
superoxides, hydroxyl radicals and hydrogen peroxides) 
from selective redox cycling anti-cancer drugs at their 
natural redox cycling frequencies. Depending on the 
validity of the above hypothesis, ultrasound absorption 
spectroscopy could then play an active role in screening 
out redox cycling drugs and determine their natural redox 
cycling frequencies. An exhaustive literature search has 
revealed an intriguing observation: out of the several 
anti-cancer drugs investigated with ultrasound, by and 
large, the ones which contain a quinone moiety, namely 
DOX, DNR, mitomycin c, and diaziquinone, have 
yielded positive enhancement in cytotoxicity. Preliminary 
low frequency ultrasound investigations at 0.5 MHz and 
at a therapeutic intensity level of l W cm 2 in the 
presence of DOX or Fe(III) bound DOX has revealed 
substantial generation rates of hydroxyl radicals over the 
duration of ultrasound irradiation TM 
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