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S U M M A R Y  

Using the pendant-drop method, the interracial tension between n-octadecane and 
aqueous solutions of bovine serum albumin reached co,:sta,_', va lu~  after about 
3o rain, and became independent of protein concentration above about o.oz5 °,o. At 
low ionic strength there is a minimum in the interfacial tension in the isoelectric region 
whereas at higher iomc strengths there is a tendency for a maximum to occur in this 
pH region. The addition of octadecylamine to thc n-octadecane decreases considerably 
the interfacial tension against water both in the presence and absence of bovine serum 
albumin. The entropy change per unit area of interface goes through a sharp 
maximum with increasing concentration of bovine serum albumin. The compressi- 
bilities of the interracial bovine serum albumin films as obtained from decreasing the 
size of the drop increases sharply at a film pressure of about 22 dynes/cm. 

I~~TRODUCTIGN 

There have been man~, studies of various kinds on protein films adsorbed at surfaces 
and interfaces. Several of these have dealt with the surface tension of protein solutions. 
The outstanding conclusion of such investigations is that  the surface tension of a 
protein solution is a marked function of time, and equilibrium values are not attained. 
This ambiguity has discouraged research in this potentially interesting area. 

The present work describes measurements of the surface tension at the a~r- 
BSA solution surface as well as the interfacial tensior~s between the BSA-solutions 
and n-octadecane using the pendant-drop method. Several experiments were done 
with egg albumin under similar conditions for the sake of comparison. 

E.v~ERIMENTAL 

BSA was from Armour Phaxmaceutical Co. (lot No. V688o2) and was pasr~t through 
mixed resin column before use. Egg albumin was prepared by the method of KEKWICK 
AND CA.~SA.Xz and dialyzed exhaustively against ~aater. The concentrations of both 
proteips were determined by dry. weight at zo5 ~ for 24 h..C~dium acetate buffers were 

Abbreviation: BSA. b o ~ e  s~rum albumin. 



TENSIONS OF BSA-SOLUTIONS XSI 

used unless otherwise stated. The n-octadecane was olefin-free and supplied by  
Humphrey Wilkinson, Inc. I t  was furthec purified by shaking with hot concentrated 
alkali and washing with hot water ,,~til alkali-free. 

I t  iswell known :hat surface tension of protein solutions changes fora long period 
of time. Considerable attention was given, therefore, to the choice of a proper method 
for the measurement of equilibrium tensions. Preliminary experiments employing the 
drop-weight method showed that  even at a very slow rate of drop formation (3o-4 ° 
rain/drop) a constant vahle of surface tension was not reached. 

The pendant-drop method 2 was found to be the most suitabl~ for the measurement 
of the surface and interracial tensions of protein solutions, there being little or no 
disturbance of surface dunng the course of the measurement. A drop of the protein 
solution was formed on the ground tip of a burette, ~?,~ drop hanging in air or in 
n-octadecane, maintained at 3 °0 in a water bath. The optical system of a Perkin- 
Elmer Model 38 electrophoresis apparatus was used to cast a sharp image of the drop 

T A E L E  ! 

INTERFACIAL TENSIONS DETERMINED B'~" ~ENDA~,~-DROP .METI~OD 

l~face 
Tension* in dyaes per cattimet,'r 

Pendant dr@ (otw t~dues) From tl~ litemtu, te 

XVa'~er-air 71.53, 7L86 (25 °) 71.97 (25 °) (ref. 4) 
Benzen,~ air 28.I2 (25 °) 28.23 (25 °) (ref. 5) 
~-Octadecane-buffer  43-97, 43-93 (3 o°) 

on a photographic plate; the drop was formed where the electrophoresis cell is usually 
placed. The dimensions of the image of the drop were measured with a traveling 
microscope and the interracial tension obtained from FORDHAM'S tables 3. The calcu- 
lated tens:ons were accurate and reproducible to less than one dyne/cm which is 
sufficior "t for our present purposes. Values obtained by the method are shown in 
Table I. 

Photographs were taken of a drop at varying intervals and the change of the 
interracial tension followed with t ime  The pressure-  area relation of adsorbcxt fiL-I~ of 
BSA at the solution n-octadecane interface was investigated. After 45 min - i  h a 
photograph of the drop was made. The drop size was decreased by  withdrawing 
solution through the burette tip in a series of discrete steps with 2-min intervals 
between each step ~nd pictures taken at the end of each interval. The differences in 
t ~ . s k ,  oetween that  of the interface in the absence of protein and that  with the 
protcii~ present gave the film pressure of the adsorbed protein. The pictures of the 
drops were projected on a s~'r~n and the enlarged contour of the drop drawn and 
the area measured with a planimeter. The area of the drop is expressed as 4 times the 
area of the projected cross-section, c~,~ ected for magnification. From this area, the 
area of the tip of the capillary was subtra,4ed to obtain the area of the interface. 

The amount of BSA adsorbed at the .-octadecane-water interface was obtained 
by determining the adsorption of BSA on m-octadecane emuls/ons in water prepared 
with ~t ~I,_;c..,m~/.llator. The surface L, zas o(the emulsions were estimated from turbidity 
measurements using a Kle t t -Summet~n  photoelectric colorimeter. The turbidities 
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had  been previously  ca l ibra ted  agahnst the  surface area  of emulsions as measured with 
a Coulter Counter ;  the  par t ic le  size d is t r ibu t ion  was determined with the Coult(:r 
Counter  and  the  interfacial  a rea  of the  emulsion ca lcula ted  there f rom 

RESULTS 

Fig. I shows some typical data on the change of the surface and 1 ...... a~m* ten~Ioqs of 

protein  solutions wi th  t ime. I t  will be noted tha t  whereas the  a i r -solu t ion  surface 
tension is not  ¢oiiziait~. t, ven ,XLtWA Oil¢ iloLtr, '.]'.e ;~r~rfa~ ' ia i  tensions at  the n-octa- 
decane-solut ion interfaces are ver  b" near ly  if . . . . . . . . . . . . .  . ,,,,~ . , ~ . , . . y  constant  between 3 ° min 

Fig. t. Change  of tens ions  with t i m e  Curve z, 
0 . 0 6 %  egg a l b u m i n  in air  (pH 5.85): Carve  2, 
o.o6 o//o egg a l b u m i n  in air (pH 4-9); Curve 3, 
o . o 6 %  BSA in air  (pH 4.9); C u r v e 4 .  o-o*~o 
egg  a l b u m i n  aga ins t  n -oc tadecane  (pH 4.2): 
Cu rve  5, o . o o i 8 %  BSA aga ins t  n-octadex:ane 
(pH 4.x7), Curve  6, o.o5 % BSA aga ins t  n-octa-  
decane  (pH 4.9o)- Sodium ace ta te  buffers a t  3 o°. 
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Ftg. z. Influence of B~GA concentra t ion  
on l -h  tensions.  Curve x, s o l u t i o n - a i r  
(pH 5-9) a t  25=; Curve 2, n-octadecane-  
solut ion interface (pH 5.9) a t  3o°; 
Curve  3, n-octadecane-soiut ion inter-  
face lpH 4.34) a t  3o~; Curve 4, n-octa-  
decane-solut ion interface ~pH 4.20) 

a t  30 ° . 

and  I h. At  lower protein  concentrat ions ,  for example  2.5" Io-S% BSA, however,  
there  was a decrease in the  interracial  tension dur ing the 3o-min- I -h  interval .  The 
change of the  interracial  tension with t ime appears  to be independent  of the  pH and 
the  ionic s trength,  however,  the  tensions fell more rapid ly  at  4 °o than  a t  3 o°. 

Fig. 2 shows the influence of the  BSA concenh a t ion  on the I -h  v a ! u ~  for the 
surface ",rod interracial  tensions a t  3 o°. The tensions, it  w-~ll be observed, have reached 
cons tan t  values at  a concentra t ion  as low as  I -  IO-a% BSA for the  a i r -wa te r  surfaces 
as wel l  as for the  l~ r a f fm-wa te r  interfaces. 

T A B L E  11 

INTV-,v~CIAL TENSIONS BETWEEN O.O~°~ B S A  

IN O . O ~  M SODIUM ACETATE BUFFELS AND N-C~TADECANE AT 3 0  

p H  2.o 3.85 4 .:o 4-95 5.9o 6.3 
Tension 2 t . z  co-4 2o.4 18.z .,3.1 19.4 
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The I-h interracial tensions between 0.06% BSA and n-octadecane at several pH 
values in 0.025 M sodium acetate buffers at 3o ° are shown in Table II .  Only a small 
increase in the interracial tensions wag'noticed on eitber sid~ of *ho i~oelectrie point. 
The influence of pH on the tensions was further investigated by  determining the 
tension for egg albumin and BSA solutions in air and of BSA solutions against 
n-octadecane using very dilute HCI or NaOH to adjust the pH and NaCI to yield the 
desired ionic strength. The results of these studies are shown in Fig. 3. I t  is to be 
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Fig. 3. Surface air-solution and interracial ten- 
sions BSA solut ions-n-octadecane as functions 
of pH, 0.o6 % BSA. Curve L a i r -solut ion,  no 
salt; Curve 2, a i r -solut ion,  0.025 M NaCi; 
Curve 3, a i r -solut ion,  o.so M NaCl; Curve 4, 
n-octadecane-solut ion,  no salt; Curve 5, n- 
octadecane-solut ioa,  o.o25 M NaCI; Curve 6, 

n-octadecane-solut ion,  o.so M NaCI. 
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Fig. 4- Pressures of BSA films adsorbed at  the 
solut ion-n-octadecane interface, pH 4.2, ionic 
s t rength o.o 5 at  3 o°. Curves upper  to lower: 
L8" lo-a°/o BSA; 9 . o ' x o - * %  BSA; 9.0" IO--4~O 

BSA (pH 5.9o); 2.7. Io-4%,. BSA. 

noted that  in the absence of salt, the value of the tensions are significantly higher 
in the acid and alkaline range than they are in the pH range closer to the isoeiectric 
point of BSA. The addition of salt, however, produces a considerable lowering of the 
tensions both in the acid and alkaline regions. Essentially, the same effect of ionic 
strength was ~se  observed for ~he surface ion of the egg albumin solutions. 

Interfacial tensions between solutions of BSA against n-octadecane were measured 
at  3 °0 and at 4 °o and the results are sho~m in Table I I I  at pH 5.9, and ionic strength 
0.05. 

The interracial tension between solutions of 0.06% BSA at pH 5.9 o, with an ionic 
strength of o.o25 and n-octadecane containing varying amounts of octadecylamine 
wa~ mea-ared at 3 °0 and these results are recorded in Table IV. Also shown are the film 

TABLE III  
EFFECT OF TE~IPERATU.~ ~ ON THE INTI~RFACIAL TENSION 

OF BSA SOLUTIONS ,AINST ~'OCTADECANE 

Interracial tensions expressed in d y n e s / c m ,  p H  5.9, ionic s t rength o.o 5 . 

P~r.ma 
cow~wDlt~ ~A o l..~ "Zo -i 1.8 .lO -s 8 "r~ 4 

Tenskm at 30 ° 43.9 30.5 ~o. i x 7-3 
Tension at 4 °o 42.9 27.9 J9.5 78.7 
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pressures produced by the octadecylamine as well as bv the 0.o6% BSA. It  will be 
observed from Table IV that  the interfacial tension of the buffer witb or without BSA 
against the paraffin decreases considerably as the concentratio~ ~ ,L . . . . .  a , ~ - v i ~ ; ~  
in the paraff~ is increased; BSA increases the film pressure even at the highest 
concentrations of the octadecylamine. However, the pressure due to BSA decreases 
with increasing concentrations of octadecylamine. 

TABLE iV 
E F F E C T  OF O C T A D E C Y I  A M I N E  ON T H E  I N T E R F A C I A L  T E N S I O N S  A N D  F R E S S U R E S  B E T W E E N  O . G O ° o  

BSA S O L U T I O N S  A N D  72-~3~ t A D E : . ' A . * E  

Temperature 3o;, pH .5,90, ionic strength o.o25 ~ODA, octadecvlamine). 

mw.olCs 01).4 ; g 

w-octad¢can.¢ t4"tlkou.l B S A  t! ' l tk  B S A  O D A  B S A  

o 4 3 . 9  z 2 . 2  o 21. 7 
o . o o o  25 4 0 . 3  t 7- I 3 . o  23 .2  
o . o o o  5 ° 3 I . o  t5 .1  12 .9  i5 .  9 
o . o o l o  2 3 . 0  12 7 2 0 . 9  t o . 2  
0 . 0 0 2 0  I8 .  4 9 . 6  25.  5 ~,~, 
0 - 0 ° 4 0  tO-5 5 . 7  3 3 . 4  4 .8 

The pressure-area relationships of the film of BSA adsorbed at the solution- 
n-octadecane interface at various protein concentrations at pH 4.2, ionic strength o.o5 
and at 3 °0 are shown in Fig. 4- The areas are expressed as areas relative to that  of the 
original area of the drops. The decrease in drop area has been produced by sucking the 
solution back into the burette in discrete steps. I t  will be noticed that even t,t the 
lowest concentration of BSA studied (2.5.Io-S°:o) the equilibrium value of the 
pressure was already about 9 dynes/cm and the compression curves, therefore, give 
the pressure-area relations above such pr~osures. 

DISCUSSION 

The penda~ntodrop method for the surface and interracial tensions of protein solutions 
appears to be espec_ Aally suitable ; the complex protein film is disturbed less during the 
measurement than with any of the other methods available (the capillary-rise method 
has to be rejected for other reasons). Constant values for the interfacial tensions for 
the paraffin solution interface were reached in about 3o min. A slow change of the 
surface t e n , o n  with time was, however, observed at the Mr-solution surface even 
after 30 rain. This obsen, ation is similar to those of HAUSER AND SWEARINGEN 4 using 
the pendant-drop method and unbuffered solutions of egg albumin. A part  of this 
change m y  be due to evaporation and to surface contamination which are difficult 
to rule out completely at an air-solution surface. A quicker attainment o! constant 
tensions at a paraffin-water interlace is perhaps due to the reduction of the cohesion 
between ",he non-polar side chains of the protein at the oil phase thus increasing the 
rate at which the protein molecules relax. 

The rate of  change of the sudace tension of the protein solutions was dependent 
on temperature,  l ~ u s E x  AND SWEARINGEN 4 |otmd no chaffllge of the S1Lirfaoe tension 
with time for o.oox% isoionic egg albumin whereas in the present work even 

Bwtk tm.  B.~kys. Aad .  66 (~,~$) s~,o-157 
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2.5" IO-S% BSA in acetate buffer exhibited a time dependence of the surface tension, 
the rate of change being greater at 4 °o than at 3o °. The I-h values for the surface 
tension of solutions of BSA and of egg albumin obtained by us were lower than those 
reported for egg albumin by the above workers, and were very near to the infinite t ime 
values which they obtained by extrapolation. In gcncral, however, and under similar 
conditions our results are comparable with those of HAUSER AND SWEARINGEN. 

Fig. 3 shows the remarkable influence of ionic strength on the values of tensions 
both at air-solution and at paraffin-solution interfaces, at pH 3 and 8; a similar 
influence of ionic strength on the tensions of egg-albumin solutions was also observed. 
I t  will be recalled that  HAUSER AND SWEARINGEN found a pronounced minimum in 
the surface tension of egg albumin at the isoelectric point in the absence of neutral 
electrolytes. Evidently, the addition of electrolytes abolishes this miinimum~ CRUMPER 
AND ALEXANDER ~ in their work on spread films of ~globulin and of pepsin at a white 
oil-water interface report a small maximum of film pressure at the respective iso- 
electric points of these proteins at an ionic strength of 0.03. 

TABLE V 
E F F E C T  OF 0 . 0 2 5  M N a C I  C~N THI~ AD~$OI~IdlIt),N t.tp B~,~k 

O,~l E M U L S I O N S  OF n - O C T A D E C A N E  AT 3 0  "~ 

pH 
Absotce o I salt 0.025 M NaCl 

mg/M2BSA Stability em,ils;.o~, mg/M*BSA stability ,'mulsion 

2.8 3. i Unstable 4.9 Stable 
5.o 7.o Stable 6. z Stable 
9.5 2 -9 Unstable 4- 2 Stable 

The pronounced influence of the ionic strength on the tensions of protein solutions 
at pH values far removed from the isoelectric points of the protein, may be due to a 
relatively low adsorption at such pH values in the absence of .~alt. The lower adsorp- 
tion valdes may in turn be due to electrostatic repulsion be#ween the protein molecules 
which would be expected to decrease with increasing io,~ic strength. The extent of 
adsorption of BSA on n octadecane emulsions has been measured in the absence and 
presence of o.o25 M NaCI and at the indicated pH values (see Table V). 

There is an indication from Table V that  higher adsorption occurs near the 
isoelectric point with or without NaCI and also an increased adsorption and stability 
at pH 3 and 8 upon the addition of NaCI. Under all conditions, the m o u n t  of protein 
adsorbed is always more than enough to cover the interface completely. 

Since the interracial tensions between n-octadecane and BSA solutions have been 
measured at two different temperatures (3o ° and 4 o°) (see Table I I I ) ,  enthalpy-and 
the entropy change per square centimc?er of surface can be calculated by  conventional 
means. In Fig. 5 is shown the entropy change expressed in ergs/degree/cm t as a 
function of the concentration of BSA. At i, .~tex concentrations of BSA ther~ is an 
increase in randomness at  the interface possibly ~ t ~  ..,M~th the s_,xt~ace denatura- 
tion of t i e  BSA. At still highex concentrations of the protein, the entropy change for 
expansion of the surface becomes negative which is probably ~ la ted  to an ¢ m t e t ~  
process in the condensed protein tth-~ b~th .~t, respect to the protein and to the water. 
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The addition of octadecyl amine to the n-octadecane even in quite small concen- 
trations has a profound effect on the interfacial tension between water and n-octa- 
decane both with and without  the addit ion of BSA (see Table IV). Evidently,  octa- 
dec2clanune Is capillaD- active at  the paraff in-water  interface and would, the~elore, 
accumulate at  the interface. Considerable interaction betwee~, the adsorbed layer of 
octadeeylamine si tuated on the paraffin side of the interface ~Sth the BSA adsorbed 
on the water  side is to be expected and probably there has bccn ce--,.p!~ L ,a~. 
between the BSA and  the amine with mutual  penetrat ion of the two adsorbed films. 
The interfacial-tension changes no doubt  reflect a complex situation which is difficult 
to analyze. I t  should be added, however, that  parallel studieg on the adsorption of 
BSA on n-octadecane emulsions containing octadecvlarnine shows that  there is no 
decrease in the amount  of BSA adsorbed as the concentration of the octadecylamine 
is increased. 

o i A 
i / !  

._ 

-o ' 4 
% SSa x'lO ~ ,~ / o ÷A 

Fig. 5- Entropy change for the inte~ace o 11 ~ . . n . . ~ . . ~ A  
between n-octa~ecane and BSA solutions 
as a function of the BSA concenh~t;,o, O.ool I 1 I l J._ 
at pH 5-9, and ionic strength 0.05 at 3 o~. lo 15 ~.o 25 30 

Film I:l¢'esscare in clyne~/crn 
Fig. 6. Compressibilities in reciprocal dynes plotted against the corresponding film pressures for 
BSA films adsorbed at the solution-n-octadecane interface at pH 4.2. ionic strength o.o5 and 3 o~ 

O, z.7" 1o-4% BSA; +, 9.o" Io-*°~ BSA tpH 5 9o): L, 9 o- xo-*° o BSA 

The pressure-area relationships shown in Fig. 4 are of interest since a direct 
determination of such relationship for an adsorbed film of protein has never been 
attenlpted before. The curves show a plateau region at about 25 dynesicm, repre- 
senting the collapse of the film. I t  is diffic~,lt to  con, pare such pressure-area curves 
with those obtained with a spread mono!aye." of !" :otein, since the amount  of the 
protein a t  the interface is not  known. However, if one determines the adsorption of 
BSA on n-octade~ane emulsions under the same condit ions 'of  pH and equilibrima 
BSA concentrat ion as specified in the legend of Fig. 4, the area occupied by the 
adsorbed protein is always found to be less than o.4o mr/rag, and in the higher film 
pan.sure region, lies between o..-o and o.z5 mS/rag. These areas are much smaller than 
tha t  occupied by  a spread monolayer of protein at  low pressares but  are comparable 
to those of films spread at  high initial pressures as in the experiments oi LaSGMUIa 
A N D  W A U G I ~ ,  H A L R O ' d g l T £  ~ al~. 0, JoLY m and especially of A U G E N S T I N E  ¢~ R]. 11,11. 

I t  is !maible  to  calculate the eoeffaci~t of compressibility ot the adsorbed 
falms ~ the results shown in Fig. 4; the coeffacient of eompre~b i l i ty  

h u  been set equal to I/A.dA/dwwhereA is the relative arex, of the interface and  ~ 
is the  film pnmmre in dynesicm. Fig. 6 shows the plot ot  the compressib/lities against 
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the film pressure. The similarity of the compressibility coefficients of the protein film 
for a given fi±~ pres_sure and i_rr._e.~tive of the concentration of the BSA solutions 
indicates the structure of the film to be a function of the film pressure only and not  
of the protein concentration. 

An inspection of Fig. 6 shows that the compressibilities of the protein ~ at the 
higher protein concentrations are comparable with the compre~ibilitie~ of the F - C 
films of trypsin n,Jted by AUGENSTINE ~,~ at/. 1~. The AUGENSTINE results also exhibit 
a considerable increase in the compressibility coefficients above a film pressure of 
about 2z dynes/cm. It seems likely that films of BSA adsorbed at a paraffin-water 
interface resemble closely the F -  C films of AUGEXSTL~E obtained by spreading 
trypsin against relatively high film pressures. 
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