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ABSTRACT. Prev ious i n v e s t i g a t i o n s  have considered the  u l t r a s o n i c  absorp t ion  i n  macro- 
mo lecu la r  s o l u t i o n s  t o  be a l i n e a r  f u n c t i o n  of concent ra t ion ,  a t  l e a s t  f o r  concent ra t ions  
less  than about 10% by  weight .  I n  the  present  study, a b s o r p t i o n  measurements were made 
a t  s i x  f requenc ies ,  f r o m  3.4 t o  15 MHz, a t  a temperature o f  20°C, i n  aqueous s o l u t i o n s  o f  
bov ine serum albumin (Mw66,000) in t h e  c o n c e n t r a t i o n  range t o  about 40%. These measurements 
revea l  a d i s t i n c t l y  n o n l i n e a r  dependence o f  the a b s o r p t i o n  on c o n c e n t r a t i o n  and p r o v i d e  
an assessment o f  the  degree t o  which l i n e a r i t y ,  i n  t h e  low c o n c e n t r a t i o n  range, can be 
considered.  I n t e r m o l e c u l a r  i n t e r a c t i o n s  a r e  b e l i e v e d  t o  be t h e  source o f  the  n o n l i n e a r  
c o n c e n t r a t i o n  e f f e c t s .  

I n t r o d u c t i o n  

The mechanism(s) by  which a c o u s t i c  energy 
i s  absorbed i n  b i o l o g i c a l  m a t e r i a l s  i s  u s u a l l y  a t t r i b -  
u ted  t?,9rocesses o c c u r r i n g  a t  the  macromolecular 
l e v e l .  
media i n  which t o  s tudy  such a b s o r p t i o n  processes, 
u s e f u l  measurements can be made i n  aqueous s o l u t i o n s  
o f  p e r t i n e n t  and a v a i l a b l e  biomacromolecules. Con- 
c e n t r a t i o n s  o f  l e s s  than about 10% b y  weight  p r o v i d e  
s imple macromolecular systems f o r  i n v e s t i g a t i o n ,  as 
it i s  g e n e r a l l y  assumed t h a t  i n t e r m o l e c u l a r  events  
do n o t  occur .  I t i s  uncer ta in ,  however, whether t h e  
absorp t ion  mechanism(s) respons ib le  i n  t h e  b iopolymer 
s o l u t i o n  case are  t h e  same processes invo lved i n  the  
a b s o r p t i o n  o f  sound i n  t i s s u e ,  s i n c e  t i s s u e  i s  a h igh-  
l y  s t r u c t u r e d  medium f o r  which t y p i c a l l y  about 15% 
of t h e  wet weight  i s  a t t r i b u t e d  t o  p r o t e i n s ,  75% t o  
water ,  and the  remain ing 10% t o  o t h e r  c o n s t i t u e n t s .  
In a d d i t i o n ,  t h e  u l t r a s o n i c  a b s o r p t i o n  e x h i b i t e d  by  
t i s s u e  i s  t h r e e  t o  f i v e  t imes g r e a t e r  than t h a t  
observed in,  f o r  example, a IO% p r o t e i n  s o l u t i o n .  

More recent  s t u d i e s  have i n d i c a t e d  t h a t  
absorp t ion  va lues t y p i c a l  o f  s o f t  t i s s u e s  may be 
ob ta ined b y  inc reas ing  t h e  biomacromolecula 
t r a t i o n  o f  specimen s o l u t i o n s  t o  about 45”/,! 
c o n c e n t r a t i o n  o f  b iopolymer under i n v e s t i g a t i o n  i s  
seen then t o  have a s u b s t a n t i a l  e f f e c t  on t h e  observed 
u l t r a s o n i c  absorp t ion ,  and p o s s i b l y  on t h e  mechanism 
respons ib le  f o r  t h a t  absorp t ion .  Prev ious s tudy con- 
c e r n i n g  t h e  c o n c e n t r a t i o n  dependence o f  u l t r a s o n i c  
absorp t ion  i n  b iopolymer s o l u t i o n s  have suggested a 
l i n e a r  dependence f o r  d i l u t e  s o l u t i o n s  ( l e s s  than 
about Is%)), and a d e v i a t i o n  f rom l i n e a r ’ t  

case o f  d i l u t e  s o l u t i o n s ,  a b s o r p t i o n  i s  a t t r i b u t e d  
t o  processes i n v o l v i n g  s o l v e n t - s o l u t e  i n t e r a c t i o n ,  
whereas f o r  more concentrated s o l u t i o n s ,  a b s o r p t i o n  
seems t o  a r i s e  f rom in te rmolecu la r  i n t e r a c t i o n  pro-  
cesses. I t i s  t h e  purpose o f  t h i s  s tudy  t o  examine 
t h e  c o n c e n t r a t i o n  dependence on the  u l t r a s o n i c  absorp- 
t i o n  c o e f f i c i e n t  as a f u n c t i o n  o f  f requency and 
concent ra t ion .  Such a r e l a t i o n  should a i d  i n  under- 
s tanding,  and r e a l i s t i c a l l y  v iewing,  the  dependence 
o f  u l t r a s o n i c  a b s o r p t i o n  as a l i n e a r  f u n c t i o n  o f  
c o n c e n t r a t i o n  f o r  d i l u t e  b iopolymer s o l u t i o n s ,  and 
i n  d e f i n i n g  more p r e c i s e l y  t h e  n a t u r e  o f  t h e  n o n l i n -  
e a r i t y  observed a t  t h e  h i g h e r  c o n c e n t r a t i o n .  

Since t i s s u e s  and organs a r e  o v e r l y  complex 

c e n t r a t e d  s o l u t i o n s  (g rea ter  than 15%). 4,3,bn *;o;;e 

Exper imenta l  Techniques 

The g l o b u l a r  p r o t e i n  bov ine  serum albumin 
(BSA) used i n  t h i s  s tudy  was ob ta ined f r o m  Calbiochem 
Corporat ion,  San Diego, C a l i f o r n i a ,  i n  c r y s t a l l i n e  form 

(Frac t ion  V, B Grade, 98”L pure by  e l e c t r o p h o r e s i s ) .  
Since u l t r a s o n i c  measurements were t o  be made i n  bo th  
fo rward  and back c o n c e n t r a t i o n  t i t r a t i o n s ,  s o l u t i o n s  
were prepared by  adding t h e  a p p r o p r i a t e  amount o f  
e i t h e r  BSA o r  s i n g l y  de ion ized and d i s t i l l e d  water  
t o  each t e s t  s o l u t i o n ,  and t h e  combinat ion mixed w i t h  
a magnetic s t i r r e r  w h i l e  be ing r e f r i g e r a t e d  a t  7OC 

u n t i l  complete s o l u t i o n  was achieved. The s o l u t i o n s  
o f  t h i s  s tudy  were n o t  f i l t e r e d  because t h e  h i g h  
concent ra t ions ,  above about Is%, made t h i s  process 
v e r y  d i f f i c u l t .  I t  has been found, however, t h a t  
i m p u r i t i e s  which would be f i l t e r e d  w i t h  a 5 . 0 ~  f i l t e r  
do n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  the  observed u l t r a -  
sonic  v e l o c i t y  o r  absorpt ion.7 

Upon comple t ion  o f  the  m i x i n g  process 
t h e  s o l u t i o n  was p laced i n  t h e  u l t r a s o n i c  measuring 
t a n k  (minimum volume about 500m1) ,  a l lowed t o  reach 
thermal  equ i  1 ibrium, and the  u l t r a s o n i c  measurements 
performed. 
specimen s o l u t i o n  was determined a f t e r  each u l t r a -  
son ic  measurement b y  evapora t ion  over  a i r  unt i 1 d r y  
and s t o r i n g  i n  a vacuum d e s s i c a t o r  f o r  24 hours b e f o r e  
weighing. I t has been found t h a t  concent ra t ions  
measured i n  t h i s  way have an u n c e r t a i n t y  o f  2 0.5%. 

U l t r a s o n i c  measurements were made u s i n g  
an automated v e r s i o n  o f  the  Pel lam and G a l t  method, 
c o n s i s t i n g  o f  a t r a n s m i t t i n g  and r e c e i v i n g  t r a n s -  
ducer, and employing s tandard pu lse  technique 

technique assumes t h a t  t h e  a b s o r p t i o n  o f  the  f l u i d  
under i n v e s t i g a t i o n  behaves e x p o n e n t i a l l y  as, 

The c o n c e n t r a t i o n  o f  BSA b y  weight  o f  t h e  
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System d e t a i l s  have been descr ibed elsewhere. 7;” The 

where P(0) i s  t h e  sound pressure ampl i tude a t  x=O, 
x i s  the  a c o u s t i c  pa th  l e n g t h  t r a v e r s e d  by  t h e  pulse,  
and (Y i s  t h e  ampl i tude a b s o r p t i o n  c o e f f i c i e n t  per  u n i t  
pa th  length .  Speed o f  sound measurements were made b y  
comparing the  phase o f  a rece ived p u l s e  w i t h  coherent  
re fe rence s i g n a l ,  as t h e  t ransducers a r e  moved r e l a -  
t i v e  t o  each o t h e r  a t  a cons tan t  known v e l o c i t y .  
T h i s  comparison r e s u l t s  i n  a p e r i o d i c  i n t e r f e r e n c e  
s i g n a l  used t o  eva lua te  the  phase v e l o c i t y  o f  the  
sound wave. 

Absorp t ion  c o e f f i c i e n t s  and sound v e l o -  
c i t i e s  i n  d i s t i l l e d  water  a t  20 C ob ta ined b y  t h i s  
system averaged over  f o u r  t r i a l s  a r e  w i t h i n  2 3%11,12 
and 2 0.05% o f  t h e i r  r e s p e c t i v e  accepted va lues.  
The system i s  capable o f  m a i n t a i n i n g  t e s t  l i q u i d  
temperatures t o  2 0.05OC. 
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Resu l ts  

The u l t r a s o n i c  absorp t ion  and v e l o c i t y  
i n  aqueous s o l u t i o n s  o f  bov ine  serum albumin (BSA) 
was measured as a f u n c t i o n  o f  c c n c e n t r a t i o n  a t  a 
temperature o f  20'~. V e l o c i t y  measurements were 
c a r r i e d  o u t  a t  a f requency o f  8.02 MHz, w h i l e  absorp- 
t i o n  measurements were made a t  s i x  f requencies,  i n  t h e  
range 3.41 t o  14.93 MHz. The BSA c o n c e n t r a t i o n  was 
v a r i e d  i n  b o t h  fo rward  and back c o n c e n t r a t i o n  t i t r a -  
t i o n s  t o  assure t h a t  t h e  process o f  p r e p a r i n g  t h e  
more h i g h l y  concentrated s o l u t i o n s  d i d  n o t  a l t e r  
i r r e v e r s i b l y  t h e  a c o u s t i c  p r o p e r t i e s  o f  t h e  s o l u t i o n .  

o f  t h e  excess f requency- f ree a b s o r p t i o n  c o e f f i c i e n t ,  
A, d e f i n e d  as, 

A = s o l u t i o n  a b s o r p t i o n  - s o l v e n t  a b s o r p t i o n  

The a b s o r p t i o n  d a t a  i s  presented i n  terms 

(2) 
( f  requency)Z 

= $  
The s o l u t i o n  a b s o r p t i o n  has been c o r r e c t e d  f o r  d i f -  
f r a c t i o r 3 e f f e c t s  u s i n g  t h e  technique g i v e n  by  Del 
Grosso. The s o l v e n t  i s -  t e r  and !f f y ° C  has a 
va lue  f o r  A o f  25.3 x 10 sec2 cm . 

The u l t r a s o n i c  a b s o r p t i o n  ( i n  terms o f  A) 
o f  aqueous s o l u t i o n s  o f  BSA i s  shown as a f u n c t i o n  
o f  BSA c o n c e n t r a t i o n  i n  F i g u r e  1 ,  f o r  t h e  f requency 
3.41 MHz, w i t h  d a t a  p o i n t s  p l o t t e d  f o r  forward and 
back c o n c e n t r a t i o n  t i t r a t i o n .  F i g u r e  2 i s  a compos- 
i t e  ( w i t h  d a t a  p o i n t s  omi t ted)  o f  d a t a  taken a t  the  
s i x  f requenc ies  o f  measurement. Two observa t ions  
can be r e a d i l y  made f rom these p l o t s .  F i r s t ,  the  
a b s o r p t i o n  d a t a  ob ta ined as t h e  BSA c o n c e n t r a t i o n  
was g r a d u a l l y  increased t o  about 38% ( forward con- 
c e n t r a t  i on  t i t r a  t i on), w i t h  i n  expe r imenta 1 e r  r o r  , 
was t h e  same as t h a t  ob ta ined as t h e  BSA s o l u t i o n  
was d i l u t e d  (back c o n c e n t r a t i o n  t i t r a t i o n ) .  T h i s  
imp l ies  t h a t  t h e  s o l u t i o n  p r e p a r a t i o n  procedure v e r y  
l i k e l y  d i d  no t  i n f l u e n c e  i r r e v e r s i b l y  t h e  a c o u s t i c  
p r o p e r t i e s  o f  t h e  s o l u t i o n .  Whi le  d a t a  3f t h i s  t y p e  
i s  o n l y  shown f o r  one frequency, t h i s  r e s u l t  was 
t y p i c a l  o f  a l l  f requenc ies  measured. Second, t h e  
r e l a t i o n  between t h e  a b s o r p t i o n  and BSA c o n c e n t r a t i o n  
i s  n o n l i n e a r  throughout  t h e  f requency range o f  obser- 
v a t i o n .  

F i g u r e  3 i s  a l o g - l o g  p l o t  o f  t h e  3.41 and 
14.93 MHz data,  f rom which t h e  s lope 1.2 i s  d e t e r -  
mined. The o r d i n a t e  i n t e r c e p t s  a r e  f requency depen- 
dent .  From such curves t h e  e m p i r i c a l  r e l a t i o n  
between u l t r a s o n i c  a b s o r p t i o n  and BSA c o n c e n t r a t i o n  
may be w r i t t e n  as, 

A = K C I a 2  (3 1 
where C i s  t h e  BSA c o n c e n t r a t i o n  and K i s  a f u n c t i o n  
o f  frequency. 

quency i n v e s t i g a t e d ,  f o r  t h e  con n t r a t i o n  n u n i t s  

P l o t t i n g  t h e  va lues f o r  K as a f u n c t i o n  o f  f requency 
on a log- log  p l o t ,  as shown i n  F i g u r e  4, y i e l d s  a 
s t r a i g h t  l i n e  of s lope -0.55 and i n t e r c e p t  of 53.21, 
f o r  f requency,  fmx in  u n i t s  o f  MHz. T h i s  p rov ides  
t h e  e m p i r i c a l  eqbat ion  

Table 1 shows va lues  o f  K f o r  each f r e -  

o f  gm/IOOcc and A i n  u n i t s  o f  I O f 3  sec2 cm- i . 

(4) -0.55 K = 53.21 f, 

Combining (3) and ( 4 ) ,  t h e  e m p i r i c a l  equat ion  f o r  t h e  
excess f requency- f ree a b s o r p t i o n  as a f u n c t i o n  o f  BSA 
c o n c e n t r a t i o n  i s  

A = 53.21 f m - 0 ' 5 5 C 1 . 2  (5) 
Comparison o f  measured a b s o r p t i o n  da ta  w i t h  

t h a t  p r e d i c t e d  by equat ion  (5) i s  shown in  F i g u r e  5, 
f o r  t h e  f requenc ies  3.41, 8.02, and 14.93 MHz. 
Acceptable agreement i s  obta ined.  To t e s t  t h e  empir- 
i c a l  r e l a t i o n  over  a mare extended range of these 

parameters, a b s o r p t i o n  d a t a  of a number o f  i n v e s t  i -  
ga torsd  f o r  10% BSA s o l u t i o n s ,  a t  temperatures near 
t h e  20 C measurement temperature o f  t h i s  study, a re  
shown i n  F i g u r e  6 as a f u n c t i o n  o f  f requency,  over  
t h e  f requency range 1 t o  165 MHz. While some devia-  
t i o n  o f  t h e  measured a b s o r p t i o n  va lues f rom t h a t  o f  
t h e  e m p i r i c a l  equat ion  occur  a t  t h e  h i g h e r  f requenc ies  
(g rea ter  than about 100 MHz), good agreement ( t o  w i t h -  
i n  10%) i s  ob ta ined between f rom 1 t o  50 MHz. 

l i n e a r  dependence upon c o n c e n t r a t i o n ,  i t  i s  u n c e r t a i n  
whether such behavior  i s  e x h i b i t e d  b y  t h e  sound ve lo -  
c i t y .  As shown i n  F i g u r e  7, i t  appears t h a t  a l i n e a r  
dependence on c o n c e n t r a t i o n  p r e v a i l s ,  a l though some 
d e v i a t i o n  f rom l i n e a r i t y  (about I?') seems t o  be e v i d e n t  

, a t  concent ra t  ions g r e a t e r  than about  30X. 

Whi le  t h e  a b s o r p t i o n  e x h i b i t s  a v e r y  non- 

0 iscuss i o n  

The u l t r a s o n i c  a b s o r p t i o n  o f  aqueous s o l u -  
t i o n s  o f  bov ine  serum albumin has been found t o  
increase i n  a n o n l i n e a r  manner w i t h  inc reas ing  so lu -  
t i o n  concent ra t ion .  T h i s  a l t e r s  the  prev ious  b e l i e f  
t h a t  the  c o n c e n t r a t i o n  dependence o f  a b s o r p t i o n  cou ld  
be descr ibed as l i n e a r  f o r  concent ra t ions  less  than 
about  15%. I t  thus  appears t h a t  in te rmolecu la r  i n t e r -  
a c t i o n  c o n t r i b u t e s  a p p r e c i a b l y  t o  measured a b s o r p t i o n  
throughout  t h e  e n t i r e  c o n c e n t r a t i o n  r e g i o n  o f  rneasure- 
ment. However, n o n l i n e a r i t y  i s ,  n o t  e x c e p t i o n a l l y  
pronounced a t  t h e  low s o l u t e  concent ra t ions  aqd t h i s  
may j u s t i f y  t h e  assumption o f  l i n e a r i t y  by  e a r l i e r  
workers. 

dance, v iz . ,  f-O.55 
t a i n e d  f o r  dex t ran , l7  ( - O - 5 & )  and i s s i m i l a r  t o  t h a t  
ob ta ined f o r  h e m o g l o b i J  ( f - O . 7 ) .  

g l o b u l a r  p r o t e i n s ,  may be expected t o  e x h i b i t  s i m i l a r  
frequency dependencies, t h e  n e a r l y  i d e n t i c a l  f r e -  
quency dependence o f  dex t ran ,  a m a t e r i a l  which d i f f e r s  
so markedly  i n  mo lecu la r  we igh t ,  chemical composi t ion,  
mo lecu la r  s i z e ,  and s t r u c t u r e  i n d i c a t e s  t h a t  a common 
i n t e r m o l e c u l a r  i n t e r a c t i o n  mechanism may be respon- 
s i b l e  f o r  t h e  observed a b s o r p t i o n  i n  these s o l u t i o n s .  
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Figure  1 Excess f requency- f ree  a b s o r p t i o n  versus 
BSA concent ra t ion ,  3.41 MHz, 2OoC. 
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Figure  2 Excess f requency- f ree  a b s o r p t i o n  as a 
f u n c t i o n  o f  BSA c o g c e n t r a t i o n  a t  t h e  s i x  f requenc ies  
o f  measurement, 20 C. 
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Figure  3 Excess f requency- f ree a b s o r p t i o n  versus 
BSA concent ra t  ion, ZO'C. 
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fm (MHZ) 

3.41 

5.74 

8.02 

10.32 

12.59 

14.93 

27.5 

22.0 

17.9 

14.7 

13.5 

12.3 

Table 1 Values of t h e  i n t e r c e p t  K a t  t h e  s i x  
measurement f requenc ies .  
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Figure  4 I n t e r c e p t  ( K )  versus f requency.  
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F i g u r e  6 Excess f requency- f ree  a b s o r p t i o n  versus 
frequency, 10 gm/IOOcc concent ra t ion .  

F i g u r e  J V e l o c i t y  versus BSA concent ra t ion ,  
8.02 MHz, 20 C .  

Figure  5 Comparison of c a l c u l a t e d  and measured 
c o n c e n t r a t i o n  dependence bn  excess f requency- f ree  
absorp t ion .  
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