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Summary 

Adsorption of  procaine and tetracaine to the dipalmitoyl phosphatidyl- 
choline monolayers at the air/water interface is analyzed in terms of  two types 
of  interaction: (1) between the phospholipid molecules and the ligand 
molecules, and (2) among the ligand molecules themselves. 

The presence of  the phospholipid monolayer  increases the surface concentra- 
tion of  the anesthetics. The interaction energy, COAB, between the phospho- 
lipid molecules and the anesthetic molecules at the interface accounts for this 
excess adsorption. The values were --2.95 hT for procaine and --2.99 k T  for 
tetracaine where k is the Boltzmann constant  and T = 298 K. 

The adsorption of  the local anesthetics to the interface was cooperative. The 
interaction energy, COAA, between the anesthetics molecules on the surface 
determines the cooperativity. The values were --0.056 k T  for procaine and 
--0.397 k T  for tetracaine, where T = 298 K. This parameter determines the 
slope of  the curve plot ted relating the surface concentrat ion (F) and the 
logarithm of  the bulk concentration (log C). When I COAA/hTI >1 1, the adsorp- 
tion follows the phase-transition. 

A parameter KA, which is related to the difference of  the free energy of 
anesthetics between the surface and the bulk molecules, locates the take-off 
point  of  the adsorption curve at the log C axis. The values were 2.15 • 103 for 
procaine and 7.00 • 103 for tetracaine. 

* To whom correspondence should be addressed. 
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In spite of  the general assumption that the difference in the clinical potency 
among local anesthetics are attributable to their lipid solubility, the present 
results showed that the phospholipid-anesthetic interaction energies for pro- 
caine and tetracaine were similar. The larger surface concentrat ion of  tetracaine 
than procaine at t h e  same bulk concentrat ion was due to the combined effect 
of  KA and C0AA. KA represents the tendency of  the anesthetic molecules to 
escape from the hydrogen-bonded water phase, and ¢OAA determines the 
cooperativity factor causing these molecules to aggregate at the interface. 

It was also observed that  the charged forms of  the anesthetics have non- 
zero surface activities. 

Introduct ion 

Phospholipid or lipid surface monolayers have been used for the s tudy of 
anesthetic interaction with model  membranes [1--12].  The penetration into 
surface monolayers by  ligand molecules has usually been analyzed by  the 
Gibbs surface excess or the adsorption isotherm to the empty  space available 
at the surface unoccupied by  the monolayer  molecules. The interaction 
between the phospholipid molecules and the ligand molecules is generally not  
considered. 

The present s tudy compares the equilibrium surface adsorption of  the local 
anesthetics, procaine and tetracaine, at the air/water interface in the presence 
and absence of  the dipalmitoyl phosphatidylcholine monolayer.  The presence 
of  the phospholipid monolayer  increased the surface concentration of  the local 
anesthetics, which indicated that  the penetration into the monolayer  is not  a 
simple adsorption on the vacant area of  the water surface. 

A statistical mechanical method was used to separate the interaction energy 
between the phospholipid molecules and the anesthetic molecules from that 
among the anesthetic molecules. The adsorption is analyzed according to these 
two interaction energies and a parameter, KA, which is related to the free 
energy difference between the local anesthetics in the bulk phase and those in 
the surface phase. 

Materials and Methods 

Synthetic 1,2~lipalmitoyl~n-glycerophosphorylcholine was purchased from 
Sigma and its purity was checked by  thin-layer chromatography which was 
found to show a single spot. Crystalline tetracaine and procaine were generous 
gifts from The Sterling Winthrop Institute. All other chemicals were the highest 
grade available. 

Water was purified by distillation followed by  passing through columns of 
activated charcoal and mixed-bed ion-exchange resins and then by  ultrafiltra- 
t ion in a Millipore water purifying system. The specific resistance was main- 
tained above 18 M$2 • cm -1 and the absence of  surface active impurities was 
checked by  dynamic surface tension measurements as previously described 
[101. 

Surface tension was measured by the platinum hanging plate method with 
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a Cahn Electrobalance with a surface tension accessory and recorded with a 
Hewlett-Packard X-Y recorder. The surface of  the platinum plate was 
roughened by  scrubbing with scouring powder  to ensure wettabili ty.  The 
sample trough was Kel-F lined and had dimensions of  11.5 X 6.0 × 1.2 cm. The 
platinum plate and the trough were washed with running tap water, rinsed 
with distilled water followed by  ethanol and acetone. The platinum plate was 
further brought to white heat with a Bunsen burner before use. 

The temperature of  the sample was monitored by a thermistor immersed in 
the solution and was maintained at 25 -+ 0.1°C by circulating water from a 
constant-temperature water bath. 

The phospholipid was dissolved in a 9 : 1  (v/v) mixture of  hexane and 
ethanol in appropriate concentrations. An aliquot of  20 pl was spread on the 
surface of  subphase water with a Hamilton microsyringe. 

The local anesthetics were dissolved in water. Both local anesthetics were 
supplied as HC1 salt and dissociate into charged (LH ÷) and uncharged (L)species 
according to the pKa of the compound and the pH of  the solution. 

pH -- pK a = log( [L] / [Ln÷])  (1) 

The uncharged forms were prepared by adding 0.1 M NaOH. The local 
anesthetic solutions were prepared just prior to use to avoid alkaline hydrolysis. 
For the s tudy of  the pH dependency of  the local anesthetic adsorption, 0.1 M 
phosphate buffer was used. The presence of  phosphate buffer  did not  show 
any measurable effect on the surface pressure. A Beckman model  3500 Digital 
pH meter  with a glass electrode was used for the pH measurements.  

The obtained data were interpretated according to the theory presented 
below. The best fit for the experimental data to the theory was obtained by  
the non-linear, least-square method with a Hewlett-Packard 9810-A calculator 
and an X-Y plotter. 

Theory 

O n e - c o m p o n e n t  sys tem 
Thermodynamically,  surface free energy, F, is related to temperature,  T, 

surface area, a, and the number  of  surface molecules of  composi t ion i, Ni, by  
the Eqn. [13] : 

d F  = - - S d T  + 7da + ~ laidN i (2) 
i 

where S is surface entropy,  7 is surface tension and Pi is the chemical potential  
o f  component  i. The decrease of  the surface energy is defined at constant  
temperature and constant  N~ as 

- -dF = --Tda -- (--7oda) = (70 -- 7)da (3) 

o r  

- -dF = ~da (4) 

where the area covered by  the film molecules increases by  da and the clean or 
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uncovered area decreases by da. ~r is the surface pressure and 

~r = % -- ~, (5) 

where ~o is the surface tension of the clean solution. Eqn. 2 can be rearranged 
a s  

dF = - - S d T -  ~da + ~ pidNi (6) 
i 

Hence 

~i = (~F/~Ni)T,a (7) 

and 

~r = "--(aF/~a)T, Ni " (8) 

For a one-component system and by the Bragg-Williams approximation, Fowler 
and Guggenheim [ 13] gave the relation 

F = k T { _ N A l n q ( T ) +  C0AANA2+NAlnNA+ (N s --NA) ln Ns --NA} 
kT  Ns Ns ~ (9) 

and from Eqn. 7, 

= - -  I n  q(T)  + ( 1 0 )  PA k T  In Ns A k T  

where N~ is the total number of sites on the surface, NA is the number of sites 
occupied by the A molecules, and (N~ --NA) is the number of unoccupied sites. 
The interaction energy between pairs of nearest neighbors of A molecules is 
denoted by co and ¢OAA = (Z/2)OJ with z being the coordination number of an 
adsorbed molecule on the surface and 1/2 being the factor included to prevent 
counting bonds twice. The parameter q(T) is the partition function for the 
internal de~rees of freedom of an adsorbed molecule, and it is temperature 
dependent .We define 

a =aoN~ (11) 

where ao is the area per unit site, assuming every site occupies the same area. 
Thus, from Eqn. 8: 

7r = - -  ( 1 2 )  
Clo T,N A 

o r  

7r . . . .  ( 1 3 )  
ao k T  NB 2 

Now let 

Xi = NI/Ns (14) 

so that Eqns. 10 and 13 become 

XA 2~OAA XA I ~ A = k T ( l n ( ~ ) - - l n q ( T ) +  k T  } (15) 



and 

k T  {--COAA'x 2 + ln(1 --XA)} 
ao k T  q A 

Since bo th  #A and ~r are functions of XA, we have 

= k r  1 +I_/__ + 
\aXA]T,q(T) X A 1 --  X A k T  } 
and 

T,a(T) a---o [ ~  + (1 -- XA)X A XA 

55 

(16) 

(17) 

(18) 

kT  ( RI/(~AA n 2 2 } 7r = /~-~-~ tA a0 -- ln(1 -- a0FA) 
ao 

(24) 

Experimental ly,  one obtains FA from the slope of the  curve relating ~ vs. 

where 

g = e x p ( # ° A / k T ) T q ( T )  

and  

This leads to 

~ ~___~._~ ~ = ( ~ / ~ X A ) T , q  XA 

~A! T,q(T) (~]IA/~XA)T,q ao 

- N A / N "  - N A  - FA (19) 
a 0 a 

where FA is the  surface density of  A, and has the  dimension of  molecules per 
.~:. At equilibrium, 

pkurface = pbulk  = pO + k T  In 7C (20) 

where 7 is the  activity coefficient based on concentrat ion,  and as C-* 0, then  
7-* 1 [14];  N ° is the chemical potential  of  the corresponding standard state, 
which is a hypothet ica l  state of the solute A in the solut ion at a concentra t ion 
of 1 mol/l .  We have, at constant  temperature ,  

dpk urface = k T  d In 7 + k T  d In C (21) 

In low concentra t ion range, 10 -2 M or less, the change of ln7 is smaller than 
tha t  of lnC so tha t  dln7 is neglected. 

Eqn. 19 becomes 

( 87r ) =1-, A (22) 
k T  a In C T,a 

which is the Gibbs equation of  surface excess. Eqns. 15 and 16 can be further  
rearranged as follows. 

( 0PA ) +2¢OAAa0FA (23) In C = --ln K + In 1/a FA k T  
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log C for each concentrat ion by using Eqn. 22. When there are enough points 
of  (log C, FA) and (Tr, FA), the parameters K, a0 and WAA can be obtained 
from Eqn. 23 and checked with Eqn. 24. 

When eOAA is very small as in the ideal case, Eqn. 16 reduces to 

k T  
Ir = - - - -  In(1 -- XA) (25) 

6/0 

In a dilute system, X A << 1 and 

--In(l - -  XA) = X A = N A / N  s (26) 

thus 

7raoNs = N A k T  = 7ra (27) 

which is the ideal gas equation of state for the surface. 

Two-component  system 
The surface free energy is related to the surface canonical partition function, 

Q(NA, NB, T), by 

F = - - kT  In Q(NA, N m T) (28) 

and 

Q(NA, NB, T) = [q(A, T)]NA[q(B, T)]NBQc(NA, N B, T) (29) 

where Qc(NA, Ns, T) is the configurational canonical partition function which 
is defined as 

Qc(NA, N m T )  = ~ ~ ~ g ( N A ,  N m N A A ,  NAB, NBB) exp(--Eint /kT)  (30) 
NAA NAB NBB 

with g(NA, N m NAA , NAB , Nss ) being the degeneracy and Eint being the inter- 
action energy. The quantity Eint is defined as 

E i n t  = N A A e A A  + NsBeBB + NABeAB + NAVeAV + NBVeBV + N v v e v v  (31) 

where N u denotes the number  of  nearest neighbor pairs having the interaction 
energy e u. The subscript V denotes the quanti ty of  vacant sites. Only inter- 
action between the nearest neighbors is considered in Eqn. 31. Notice that  
[13] 

NAy = ZNA -- 2NAA -- NAB (32) 

NBV = zNB - -  2Nss  -- NAB (33) 

and 

2 N v y  = z N v  -- NAy  -- N s y  (34) 

where z is the coordination number  of  an adsorbed molecule. Eqn. 31 can be 
rearranged as: 

Z i n t  = NAA(EAA - -  2eAv + eyy)  

+ N B B ( e B ~  - -  2 e B V  + eVV) 
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+ NAB(eAB-- eAV -- eBV + evv ) 

+ NA(ZeAv --Zevv/2) + NB(ZeBv --Zevv/2) 

+ Nv(zevv/2)  

Thus the canonical ensemble partition function, Q(NA, 
becomes 

Q(NA, NB, T)= [q(A, T)] NA exp(--NA(ZeAv--Zevv/2)/kT) 

× [q(B, T)] NB exp(--NB(ZeBV -- Zevv/2)/kT) 

(35) 

NB, T) of  Eqn. 29 

× exp(--Nvzevv/2kT) 

× ~ ~ ~ {g(NAA, NAB, NBB, NA, NB) exp(--E(NAA, NAB, NBB)/kT )} (36) 
NAA NAB NBB 

where 

E(NAA, NAB, NBB) = N A A ( e A A  - -  2eAV + evv ) 

+ NBB(eBB -- 2eBv + evv) + NAB(eAB -- eAV -- eBV + evv) (37) 

Since ZNA A ZNA s Y~NBB g exp(--E/kT) is difficult to evaluate, we shall use the 
averaged values of  NAA, NAB and NBB according to the Bragg-WiUiams approxi- 
mation. The 0-th-order random approximation then gives [13] 

NA2 (38) NAA = I z Ns 

N B  B _- I NB2 ~z Ns (39) 

and 

NANB 
NAB = Z ~ . (40) 

Using Eqns. 37--40, Eqn. 36 can be rearranged to give 

Q(NA, Ns, T ) -  "------NA-z'-NB [__[WAA NA 2 
-- t/A t/B " exp t \ k T  N s 

× g(NA, NB, NAA, NAB, NBB) 
NAA NAB NBB 

where for g we have used the relation 

COBs NB 2 + COAB NANs]I 
k kT  .1j 

= 

~ ~ g(NA, NB, NAA, NA.,NBB ) NA!NB!(N s - -NA--NB)!  NAA NAB NBB 

(41) 

(42) 

q-~ = q(A, T) exp(--z(eAv -- evv)/kT) 

and 

qB = q(B, T) exp(--z(eBy - - e v v ) / k T )  

(43) 

(44) 
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The energy origin of Q(NA, NB, T) in Eqn. 41 has been shifted. In Eqn. 41, 
COAA, COBB and COAS are defined by 

¢OAA = Z(eAA -- 2 e A y  + e y v ) / 2  (45) 

COBB = z (eaB - -  2 e n v  + e v v ) / 2  (46) 

and  

COA~ = Z(eAB -- e A Y - -  eBV + e y y )  (47) 

respectively. 
From Eqn. 28, we now have 

N ~  + N A N___BB + leT 
F = - - k T  Alnq--A+NBlnq-B - COAA-~-~s COAB Ns 

A Ns (48) 

Thus, f rom Eqn. 12, 

k T  /COAA ('DAB LOBB } 
7tAB = a--o- ( k T  X2A + ~ X A X B  + ~ -  XB 2 - -  In(1 --XA --XB) (49) 

where X~ is the fraction of  sites occupied by composition i. From Eqn. 7, we 
have the chemical potential for 

= - - k T  In ~ + 2COAA Ns  + COAB - -  k T  In PA 

From Eqn. 20, we have 

#A = POa + k T  ln(~/ACA) 

Eqns. 50 and 51 are combined as 

2(-DAA 
In C A = --ln K A + ~ X A 

where 

K i = exp (p° / kT )v iqF ,  

+ ¢OAB V - -  I n  { 1  - -  XA --- XBI 
k T  " 'B \ X A  / 

(51) 

(52) 

(53) 

A similar expression for In CB can be obtained. Here it is found that  1tAB, 
lnCA and lnCB are all functions of XA and XB. 

If XB is kept  fixed, 7tAB , lnCA and lnCB will depend only on XA, and we 
have 

1 {~ lnTB] {0 In CB~ - LOAB + (54) 
\ ~ X  A /XB,  T k T  1 - -  X A - -  X B \ O X  A /XB,  T 

Assuming component  B forms an insoluble monolayer  such that  CB does not  
depend on XA, we find 

(a In CB/aXA)xB ,  T = 0 , (55) 
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=-+i-xA-xB+K- kT 

and 

Substituting Eqn. 54 into Eqn. 57, we obtain 

canABiaxA) = anAB 

(3 lnCA/aXA) ( ) a In cA XB.T 

=%,=kTr, 
aO 

or 

asAB 

kTa INCA 
=rA 

XB.T 

59 

(56) 

(57) 

(58) 

(59) 

where PA is the surface density of composition A, and the dependence of 
yi on XA has been ignored. Hence the slope of the curve of TAB vs. 1nCA in 
the two-component system relates to the surface density of composition A. 
Eqn. 52 can be rewritten as 

2oAA OAB lnC,=-lnK,+- __ 
RT aOrA+ kT aorB+ In 

( 

l-A 

l/co - rA - rB 
(60) 

From Eqn. 49, when the second component, say A, is absent, n reduces to a 
one-component system, or, 

xB'-h(l (61) 

which is the same as Eqn. 16. 
Comparing Eqn. 49 for 7~Aa for a two-component system and Eqn. 61 for 

rg for a one-component system, one may eliminate oBB by using AT = xAs - 

TB, 

(62) 

Eqns. 59, 60 and 62 are used to obtain the interaction energy terms Wij 
between molecules of different components. 

Results 

Fig. 1 shows the pHdependent depression of the surface tension of the 
tetracaine solution at varying concentrations in the absence of phospholipid 
monolayer. Tetracaine lowered the surface tension of the solution at all pH 
values studied. According to Eqn. 22, tetracaine has non-zero surface density 
even at the low pH region where most of the molecules are protonated. In 
order to estimate the contribution of charged [LH’] and uncharged [L] forms 
toward the surface excess, the concentrations of each form were estimated 
according to Eqn. 1. Fig. 2 shows the surface tension of the tetracaine solution 
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Fig. 1. The  effects  of  subphase  p H  to  the  surface  tens ion  of  the  t e t r aca ine  so lu t ion  in the absence  of  the  
m o n o l a y e r .  Abscissa is the  bu lk  te txacalne c o n c e n t r a t i o n s  and  the  p H  values  are s h o w n  in the  figure.  

Fig. 2. The  values of  the  surface  tens ion  of  the  t e t r aca ine  so lu t ion  of  Fig. 1 are  r e p l o t t e d  against  the  
c o n c e n t r a t i o n s  of  u n c h a r g e d  mo lecu le s  of  t e t raca lne .  I f  only  u n c h a r g e d  molecu les  were  surface  act ive ,  all 
lines should  fall in a single curve .  

plotted against the calculated concentration of  the uncharged forms. If the 
surface-adsorbed molecules were solely composed of  the uncharged species, 
all curves at different pH should fall on the same line. The deviation from this 
assumption shown in Fig. 2 indicates that the surface adsorbed molecules 
include the charged species as well as uncharged species. 

Because uncharged species showed much larger surface activities, further 
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ver t ical  bar .  

Fig. 4. Surface  tens ions  of  p roca ine  so lu t ions  at  pH 11.0 wi th  ( e l  and  w i t h o u t  (o) d ipa lmi toy l  phos-  
pha t idy l cho l ine  m o n o l a y e r .  The  surface  dens i ty  of  the  phospho l ip id  was  1 . 1 8 3 . 1 0  -2 m o l e c u l e s / A  2. 
Each  po in t s  are  the  m e a n  of  at  least  four  separa te  s tudies  a nd  the  s t anda rd  e r ror  is ind ica ted  b y  the  ver t ical  
bar .  
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Fig. 6. Rela t ions  of  the  bu lk  c o n c e n t r a t i o n  of  p roca ine  a nd  its sur face  dens i ty  at  the  a i r /wa t e r  in t e r face  
at p H  11.0 ,  in the  Presence  (e )  and  absence  (o) of  the  m o n o l a y e r .  The  curves  are  d r a w n  accord ing  to  
Eqns .  23 and  60.  

studies were performed with uncharged species of the local anesthetics. 
The surface tensions at various concentrations of  tetracaine and procaine 

solutions at pH values two units above their PKa values (8.5 and 8.95, respec- 
tively) with and without dipalmitoyl phosphatidylcholine monolayer are 
shown in Figs. 3 and 4, respectively. The surface concentrations of the phos- 
pholipid were 1 . 7 9 6 . 1 0  -2 molecules/.~ 2 for the tetracaine study and 
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' those  wi th  the  m o n o l a y e r  ( e )  are p lo t t e d  against  the  surface  densi t ies  of  t e t r aca ine .  The  curves  are 
d r a w n  acco rd ing  to  Eqns.  24 a nd  62. 

Fig. 8. Surface  pressures  of  the  proca ine  so lu t ion  w i t h o u t  the  m o n o l a y e r  (o) an d  the i r  d i f f e rence  f r o m  
those  wi th  the  m o n o l a y e r  (o)  are  p lo t t e d  against  the  surface  densi t ies  of  p roca ine .  Th e  curves  are  d r a w n  
acco rd ing  to  Eqns .  24 a nd  62. 
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TABLE I 

THE INTERFACIAL PARAMETERS OF PROCAINE OR TETRACAINE SOLUTION WITH OR WITH- 

OUT DIPALMITOYL PHOSPHATIDYLCHOLINE MONOLAYER 

Proca ine  Te traca ine  

PK a 8 .95  8 .50  
a 0 in A 2 / s i t e  3 2 . 6 5  3 2 . 6 5  

K A 2 1 5 0  7 0 0 0  

¢OAA - - 0 . 0 5 6 k T  * - - -0 .379kT * 

OJAB - - 2 . 9 5 k T  * - - 2 . 9 9 k T  * 

* T = 2 9 8 K  

1.183 • 10-:  molecules/.~ 2 for the procaine study. The values of  the surface 
density of  the local anesthetics, FA, were obtained according to Eqns. 22 and 
59 for the absence and presence of  the monolayer,  respectively, and are shown 
in Figs. 5 and 6. 

Figs. 7 and 8 show the relation between the surface pressures and the surface 
densities of  these anesthetics. The solid lines in these figures are the theoretical 
curves obtained according to Eqns. 24 and 62 for the surface pressures in the 
absence of  the monolayer and for the difference of  the surface pressures 
between the presence and absence of  the monolayer,  respectively. 

The parameters, a0, ¢OAA, KA and G ) A B  are listed in Table I. 
The calculated and experimental values of  surface tension of  the local 

anesthetics at varying bulk concentrations are shown in Figs. 9 and 10. 
The agreements between the experimental values and the theoretical values 

are excellent except for the high concentration range of  tetracaine in the 
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Fig.  9. C o m p a r i s o n  o f  the  e x p e r i m e n t a l  and  ca l cu l a t ed  resul ts  o f  the  surface  t e n s i o n  o f  the  t e t raca ine  so lu-  
t i o n  in the  p r e s e n c e  ( e )  a n d  a b s e n c e  ( o )  o f  t h e  m o n o l a y e r .  The  curves  are d r a w n  t h r o u g h  the  t h e o r e t i c a l  
va lues .  

Fig.  10.  C o m p a r i s o n  o f  t h e  e x p e r i m e n t a l  and  ca l cu l a t ed  resul ts  o f  the  surface  t e n s i o n  o f  the  p r o c a i n e  
s o l u t i o n  in the  p r e s e n c e  ( e )  a n d  a b s e n c e  ( o )  o f  the  m o n o l a y e r .  T h e  curves  are d r a w n  t h r o u g h  the  t h e o -  
retical  values .  
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presence of the phospholipid monolayer. The monolayer was in the solid-con- 
densed state in the tetracaine system with a molecular area of 56 /~2 while in 
the procaine system it was 85 .~2 and was in the expanded state. The better 
fit in the procaine system indicates that the random distribution approach to 
the surface adsorption in this analysis is more applicable to the liquid-expanded 
state of the phospholipid monolayer than to the solid-condensed state. 

Discussion 

For the evaluation of the numerical values obtained in the present study, 
the value of 32.65 ~2 per site for a0 is now examined. Eqn. 13 is rearranged as 

= OJAAa0 ~-2  + kT  ln( 1/ao _ ]  (63) 
ao \l/ao -- 1/~/ 

where ~ = a/NA. 
From this equation, the critical point of the phase-transition of the phos- 

pholipid monolayer can be found by taking 

(O'ff/~-a)T = 0 and (02~r/a-d2)T = 0 (64) 

This leads to 5 = 2a0 at the critical point. In the present study with the dipal- 
mitoyl phosphatidylcholine, the calculated critical area per lipid molecule 
therefore becomes about 65 /~2, which is in reasonable agreement with the 
experimental result of about 60 .~2 reported by Phillips and Chapman [15]. 

Since the surface concentration of the anesthetics was higher when the 
phospholipid monolayers were present, the adsorption was not a simple pene- 
tration of anesthetics into the vacant space at the monolayer. The lipid mono- 
layer pulls up more local anesthetic molecules to the interface from the bulk. 

A parameter COAB represents the energy of this interaction. In this study, we 
found the COAB values for tetracaine and procaine were very close; --2.99 kT 
for tetracaine and --2.95 kT for procaine (T = 298 K). 

In a one-component system, the parameter KA, which locates the sigmoidal 
curve of log CA versus FA along the log CA axis, has the value 

KA = exp(#~utk/kT) • 7qsur face (T)  (65) 

It is known that the equilibrium constant, Keq, for the system A ~ B is 
expressed as 

Keq = qu exp(--Ap/kT) (66) 
qA 

where Ap = po _/~o is the standard molar free energy difference between the 
two states. It is obvious that the parameter KA relates to Keq with a specific 
activity coefficient 7. Hence besides this dependence on the activity coeffi- 
cient, K A is proportional to the equilibrium constant of local anesthetics 
between the bulk and surface phase which, in turn, is proportional to the free 
energy difference. Thus, this parameter represents the tendency of the 
anesthetic molecules to escape from the highly structured water phase. The 
larger the value of K A the more the molecules tend go to the surface. 
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For a two-component  system, Eqn. 60 can be rearranged to give 

In CA = --ln K A exp ~ + tz'l' 1/ao -- FA -- FB 

Comparing this to a one-component  system, the apparent Kap p which is defined 
as  

Kap p = K A exp -- ~ a 0 r B  

is responsible for the location of  the sigmoidal curve of  log CA vs FA along the 
log CA axis. K~pp increases with the absolute value of  ¢OAB, because the phos- 
pholipid molecules attract the anesthetic molecules. The higher this value, the 
smaller the concentration of  local anesthetics in the bulk needed to reach a 
point  where there is a sharp increase in its surface density. In cases where the 
¢OAB values are very close, such as for tetracaine and procaine, KA determines 
the point  where the condensation of  anesthetic molecules at the interface 
s t a r t s .  

The cooperative phenomenon seen in Figs. 5 and 6 depends upon the value 
of  ¢OAA, the interaction energy among surface molecules. The increase of 
surface density with bulk concentration is sharper with larger absolute values of  
W.,,A. When IwAn/hTI /> 1 the curves relating the surface and bulk concentra- 
tions behave as the phase-transition. 

The teracaine solution has a higher absolute value of  ¢OAA, 0.379 kT,  than 
the value of  0.056 hT of the procaine solution where T -- 298 K. Therefore, 
the curves with tetracaine are more nearly parallel to the abscissa, showing a 
higher degree of  cooperativity.  The physical meaning of  this cooperative effect  
is that the anesthetic molecules will not  condense at the interface until there 
are enough molecules at the interface close enough together to attract each 
other. Strong condensation then sets in. 

The phenomenon familiar to anesthesiologists that  the sensation of  pain 
returns abruptly in spinal anesthetized patients may be explained by this high 
cooperativity of  the interfacial density of  local anesthetics. 

The clinical potency of  tetracaine exceeds that  of  procaine by one order of  
magnitude [16].  This difference is often at tr ibuted to the higher lipophilicity 
of  tetracaine dissolving into the lipid region of  the membrane.  The present 
findings, however, indicate that  the lipid-anesthetic interaction is only slightly 
responsible for this difference, although the presence of  the monolayer  
increased the surface concentration of  the local anesthetics. 

The difference in the surface concentrat ion is mainly caused by the 
differences in KA and ¢OAA. The tendency of  the tetracaine molecules to escape 
from the water phase is higher than that  for procaine molecules. The take-off 
point  of  the surface concentration at the axis of  the logarithm of  the bulk 
concentration is lower with tetracaine than with procaine. After the take-off,  
the surface concentration of  tetracaine increases more rapidly than that of  
procaine because WAn determines the slope of  the curve. 

Because the pK~ of  tetracaine is closer to the physiological pH than is the 
pKa of  procaine, procaine needs to increase the bulk concentration about  one 
order of  magnitude higher than tetracaine to reach the same surface concen- 
tration at the clinical concentration range and at the pH 7.4. 
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