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The exchange behavior between proteins and surfactants at the water-air interface has been studied 
using optical second harmonic generation and ellipsometry. At low surfactant concentrations the proteins 
force the adsorbed surfactants to  dissolve, whereas at higher concentrations a double layer is formed with 
the surfactants on top of the proteins. 

Introduction 
The properties of proteins at  a water surface have 

acquired a lot of attention due to their important role in 
understanding certain biological One of the 
most interesting topics in this field is concerned with the 
exchange behavior of proteins and other, usually small, 
 molecule^.^ In this way the permeability of protein layers 
and other basic problems concerning the adsorption 
competition between different kinds of molecules can be 
studied. Further, knowledge of exchange processes of 
proteins is important for industrial applications, for 
example in understanding the effect when detergents or 
soaps for cleaning procedures are ~upp l i ed .~  

Therefore, research in this area has been numerous. 
However, the experimental techniques most commonly 
used, like surface tension or surface potential measure- 
ments, each have their limitations. Surface tension or 
surface potential is not directly related to the density of 
the molecules present at the surface, and they require a 
specific knowledge of pressure-area  characteristic^.^ 

In this article, we used optical second harmonic 
generation (SHG), a now well-established technique on 
studies of adsorbates and  interface^.^,' Further, ellip- 
sometry is used as a complementary tool, as it also has 
monolayer sensitivity.8 SHG is a nondestructive in situ 
probe, capable of determining adsorbate surface densities 
and (average) molecular orientation, without requiring 
knowledge of surface pressure p or temperature T. Its 
sensitivity is based on the symmetry breaking at  inter- 
faces. Further, SHG is capable of covering a wide range 
of  concentration^.^ As it turns out, the SHG signal is 
dominated by the surfactant response, whereas the 
proteins are mostly responsible for the ellipsometry 
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signals. We will show that by combining both techniques 
the adsorption kinetics and energetics and the dynamics 
of the exchange interactions of the mixed protein- 
surfactant system can be studied quantitatively in this 
way. The results show that the final equilibrium positions 
depend on the concentrations of the molecules involved. 
They also show the power of these combined optical 
techniques for the study of interfacial phenomena, which 
is of interest not only for biological systems but also for 
polymer exchange dynamics a t  interfaces. 

The SHG response of an adsorbate-surface system can 
schematically be written as 

with x:2) the nonlinear susceptibility of the surface and 
x:) the monolayer response (a possible interaction term 
between the monolayer and the surface has been ignored 
here). The latter can be written as 

with N, the molecular density, q2 the transformation 
between the molecular and laboratory coordinates, and 
a& the molecular nonlinearity. The brackets indicate 
an average over the molecular orientations. Equations 1 
and 2 show how SHG can be used to probe the molecular 
density and orientation at the surface. Therefore SHG 
can be used as an in situ probe to monitor the dynamics 
of surface active molecules.6 Another advantage is its 
spectroscopic ability to discriminate between different 
kinds of molecules, though generally for this, sum 
frequency generation offers better possibi1ities.l0 

The system investigated here was the exchange of 
proteins and surfactants at  the water-air interface. 
Discrimination between the two kinds of molecules was 
based upon the detectable nonlinear optical response of 
the surfactants, in contrast to the very low SHG response 
of the proteins. 

Contrary, the data obtained by ellipsometry reflected 
to a large extent the behavior of the proteins. Two 
parameters, A and Y, are determined by this technique 
from the intensity and polarization of the incident and 
reflected fundamental beamsll following 
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pipette or tube were calibrated with the intensity ofthe integrated 
absorption peak in the interval 265-285 nm. Before every 
measurement, the trough and supplying equipment were thor- 
oughly cleaned in an ultrasonic bath using demiwater and rinsed 
by a 40% sulfuric acid solution. 

Results and Discussion 
First the adsorption kinetics of the surfactants was 

studied. In this experiment an Antarox monolayer 
(reaching approximately 85% of the saturation density 
using CM = 2 x M) was supplied from above by a 
pipette to the neat water solution to form a stable 
homogeneous layer, usually within a few minutes. The 
Antarox layer appeared to be stable in the detectable 
region (above approximately 0.2 of a monolayer), as judged 
by the second harmonic signal. The square root of the 
SHG signal, proportional to the surface densityNs, shows 
a nice Langmuir adsorption behavior as indicated by the 
solid line (see Figure 1). From the stability and repro- 
ducibility of the signals we can conclude that the sur- 
factants form a homogeneous layer, or in the case of island 
formation, the islands must be a lot smaller than the beam 
size (0.1 mm2), so that the experiment averages over these 
islands. 

The surface density in this model is related to the bulk 
free surfactant concentration by the f~llowing:~ 

'S 
(3) 

where rp and r, are the linear Fresnel coefficients for p- 
and s-polarized light, respectively. For a thin interface 
layer model (n;dsd A) the change in these parameters 
dA and dY are related to the real and imaginary parts of 
the dielectric constant of this layer: 

6 A  = An,d (4) 

6Y = n,d ( 5 )  

where An1 = n;ds - nwakr and n2 = nXds. The dielectric 
properties of the thin adsorbed layer are given by nads = 
n;ds + inid'. In order to calculate Anld and nzd from the 
measured parameters, a three-phase model is used.12 

Experiment 

The protein used is a lipase from the thermophilic fungus 
Humicola lanuginosa. The natural substrate for lipases are 
triglycerides. Fatty acyl ester bonds are cleaved from the glycerol 
backbone by this fat-degrading enzyme. This rather small protein 
(M, = 30 000 &/mol) was selected, expecting to cover a relatively 
small area per molecule at  the surface compared to other usually 
larger proteins. The proteins themselves appeared to have a 
very small SHG response. This can be understood, because per 
protein molecule there are only four tryptophane side groups 
that can be expected to  give an appreciable nonlinear response. 

The surfactant molecule used is Antarox CO 630 (%he  
Poulenc) 03-nonylbenzene nonaethylene oxide). This molecule 
belongs to a well-studied group of detergents, the POEs (poly- 
(oxyethylenated) alkylphen~ls).~ Its molar weight is 580 g/mol. 
For the SHG experiments, the benzene ring is expected to give 
the major contribution to the nonlinear signd.l3J4 Its adsorption 
behavior as detected by SHG therefore can be directly compared 
to surface tension measurements performed on similar mol- 
ecules.lsJ6 

The excitation light source was a copper vapor laser at  511 
nm. Typical peak power levels on the water surface were 6.5 
MW/cm2 in 12 ns pulses at a repetition frequency of 6.5 kHz. The 
beam was focused to a diameter of about 0.36 mm. The weak 
SHG beam was separated from the strong fundamental reflection 
by color filters. 
As only intensity information was important, unpolarized input 

beams and SHG beams were used in the exchange experiments. 
The intensity was measured using a gated photon counting 
detection scheme. 

For the ellipsometry measurements a Gaertner L117C manual 
ellipsometry setup was used, with the light beam of a HeNe laser 
at  632.8 nm in near Brewster angle geometry (angle of incidence 
@i = 55"). The beam diameter was lmm2. 

In each of the experiments the same amount of proteins, 2 x 
lo1? molecules, was supplied to a 59 mL distilled water filled 
glass trough, with an area of 69 cm2. It should be noted that the 
protein samples were stored at  room temperature. The distilled 
water solutions used in the experiment where freshly prepared 
in each case. However, this approach might result in a 
denaturation of the proteins. Since in this experiment the main 
point of interest is the study of the interaction between surfactants 
and proteins at  an interface, eventually occurring (reproducable) 
changes in the protein shape are not relevant. The Antarox 
concentrations in aqueous solution as used in the supplying 
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where N,  and Nsat are the surface molecular densities 
present at  bulk concentration c b u k  and saturation, 
respectively. The adsorption constant K is related to the 
adsorption free energy AG byk755.3 = ~ x ~ ( A G / R T ) . ~  From 
Figure 1 AG is estimated to be -46.1 f 0.3 kJ/mol, in good 
agreement with free energies obtained by surface tension 
measurements on similar m~lecules. '~J~ At variance with 
this is the observation that the monolayer coverage is 
obtained for a bulk concentration of M, i.e. an order 
of magnitude below the cmc value of 3 x lo-* M, as 
obtained from surface tension measurements. The reason 
for this observation is so far unclear to us. At the 
monolayer coverage (as observed from SHG), the area per 
molecule is 54 f 7 Az. 

Because a pure protein monolayer showed no effect on 
the SHG response of the water surface, the results of 
Figure 1 can be used as a calibration of the Antarox surface 
density for the mixed systems. 

The SHG response of the surfactant-water system 
appears to be much smaller when the surfactants are 
supplied from below the interface, that is directly into the 
water using a tube. The observed intensity in this case 
is depicted in Figure 1 by the open circles. There was no 
indication of kinetical limitations, as these signals re- 
mained stable in time. For low concentrations the signal 
level decreases to even below 20% of the expected value. 
This effect is related to the known formation of micelles 
of the surfactants above a certain critical concentration, 
the cmc value. In supplying the surfactants, concentra- 
tions of the order of M were used in aqueous solutions. 
Therefore, when the surfactants are supplied smoothly to 
the solution by means of a tube, initially micelles will be 
present in the solution. The effective free surfactant bulk 
concentration is diminished, and correspondingly, ac- 
cording to eq 6, the surface density is lower. When the 
surfactants are deposited from above, as in the first case 
using a pipet, the micelles seem to break up as indicated 
by the filled circles in Figure 1. This indicates the presence 
of an energy barrier against the breaking up of the micelles. 
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Figure 1. Square root of the second harmonic intensity versus the bulk concentration of an aqueous Antarox solution at 20 "C. 
The solid line is a theoretical curve representing the best fit according to a Langmuir adsorption behavior. It is characterized by 
the bulk concentration K = (0.36 f 0.05) x 10-6 M. The open circles are measured when the surfactants are delivered underneath 
the interface. 

Ellipsometry appeared to be more sensitive to the 
protein layer than to the surfactant layer. For the two 
cases we found 

dAprotein = (11.0 f 0.2)"; Gyprotein = (0.0 f 0.2)' and 

dA,,, = (2.0 f 0.2)"; dY,, = (0.0 f 0.2)' 

The values for dA correspond in the three-layer model to 

Anl,proteindprotein = (6.1 f 0.2) and 

Anl.surfdsurf = (1.0 f 0.2) 

Because accurate values of the indices of refraction are 
not known for the given situation, an absolute value of 
the thickness cannot be determined and vice versa. 
However, from the combination of SHG and ellipsometry 
measurements, realistic estimations of n and d can be 
obtained. From polarized SHG measurements, the aver- 
age tilt angle of the adsorbed surfactants was determined 
to be ( y j )  GZ 44'. For this measurement the input 
polarization of the light was varied while the analyzer 
was in a fured position, following the method of Heinz et 
a1.l' Together with the known value of the stretched 
hydrophobic surfactant tail (d PZ 14 A), this allows an 
estimation for the effective layer thickness: d,tr PZ 9 A. 
Here, the whole molecule is assumed to be linear. The 
index ofrefraction ofthe surfactants at 632.8 nm can thus 
be estimated to be nsurf = (1.44 f 0.09, a very realistic 
value for this kind of molecule. When for the protein layer 
a refractive index between n = 1.5 and n = 1.7 is assumed, 
a value for the protein layer thickness between 17 and 37 
A is obtained, which is quite reasonable for a completed 
protein coverage. 

For the mixed system, four possible configurations were 
studied in order to obtain an as complete as possible 
impression of the interaction behavior. A 2-fold division 
is made in the manner of approaching the monolayer from 
above or below the interface and by starting from a protein 
or surfactant monolayer on the clean water surface. 

In the first two configurations, a stable surfactant 
monolayer was formed (Cbdk = 2 x M), after which 
the lipase was supplied from above by a pipette at a 
concentration Cpi@ = 2.2 x M or from below by means 

(17) Heinz, T. F.; Tom, H. W. K.; Shen, Y. R. Phys. Rev. A 1983,28, 
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Figure 2. (a) Variation of the SHG signal after the lipase 
molecules are supplied from above on the Antarox monolayer 
system, showing the removal of the surfactant molecules from 
the surface for two experimental runs (A and 0). (b) The 
Antarox monolayer is removed smoothly as the protein mol- 
ecules are supplied from below. 
of a tube (Cub" = 3.3 x M). In both cases the SHG 
signal level decreases from the Antarox level to the water 
signal level (Figure 2a,b). Therefore the proteins seem to 
be able to remove the surfactants from the interfacial 
region. The effect of the proteins in the interfacial region 
can thus clearly be seen by the SHG probe, though in an 
indirect manner. However, as we are only detecting the 
presence of surfactants in the SHG experiment, an 
alternative explanation ofthese observations is the binding 
or adsorption of the free surfactant at  the protein in the 
bulk phase, which effectively will reduce the surfactant 
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Figure 3. (a) Subsequent doses of surfactant of 5.5 K (tl and 
t2) and 16.4 K ( t 3 )  supplied from above upon the lipase layer. 
Only after the submission of the last dose does the Antarox 
reach full monolayer coverage. (b) The Antarox molecules 
instantaneously form a monolayer within the detection limit 
(30 s) as the surfactants are injected underneath the lipase 
layer at Cbu& = 20 K. 

bulk concentration. This will also lead to a lower surface 
concentration. The question remains: What is the real 
composition of the interface? 

Therefore we did ellipsometry measurements on the 
system studied in Figure 2a. The first 30 min dA showed 
fluctuations between the two values dA = (5.0 f 0.2)" and 
dA = (10.0 f 0.2)". Both surfactant and protein islands 
are thus present in this initial period. Thereafter the 
signal appeared to stabilize at  dA = (10.0 f 0.2)", that is, 
almost equal to that of a full protein monolayer. This 
confirms that the surfactant layer is completely removed 
by the forming of a protein layer. 

The reversed situation was probed in two further 
experiments, in which the proteins are supplied first by 
a pipet ( @ p e t  = 2.2 x M) and Antarox is submitted 
to the solution from above and from below (see Figure 
3a,b, respectively). In the last configuration, a stronger 
Antarox bulk solution (20 K) is used to compensate for 
micelle formation in the bulk. 

Figure 3a shows that for the same conditions (Csdachnt 
= 5.5 K) the result is consistent with Figure 2; that is, the 
proteins form a stable layer at the interface unaffected by 
the addition of surfactants from above. Even for a double- 
surfactant concentration, the protein layer is not disturbed 
(Figure 3a, tz - t3). However, by the addition of more and 
more Antarox (at t3), the surfactants appear to remove 
the protein layer eventually, at  a final concentration of 27 
K. The situation is different for the configuration where 
Csufiadnt = 20 K is supplied in the bulk in order to 
compensate for micelle formation. In that case, the 
Antarox immediately comes to the surface (see Figure 
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Figure 4. Ellipsometry parameter Anld plotted against 
surfactant concentration delivered to a protein aqueous solution 
from above, as correspondingly studied by SHG in Figure 3a. 
Neat water corresponds to Anld = 0 A. The equilibrium values 
have been taken (t 30 min). Also indicated are the parameter 
values of the pure protein and pure Antarox solutions. 

3b), reaching in this case a final coverage of about 60%. 
A penetration of the protein layer by the surfactant is 
likely to be responsible for this rapid response. 

The experiment of Figure 3a was repeated by ellip- 
sometry. Now, subsequent small doses of surfactants are 
supplied. Figure 4 shows the steady state variation of 
Anld as the concentration of surfactants is increased. The 
data shown are the final equilibrium values, obtained after 
the original fluctuating signal had stabilized. Anld is 
seen to diminish only substantially after a deposition of 
over 15 K, in agreement with the SHG data. However, 
the ellipsometry signal appears to saturate intermediate 
of the surfactant monolayer value and the protein mono- 
layer value, indicating an effectively mixed layer. 

From Figure 3a, the SHG results indicate the presence 
of a full surfactant monolayer. Therefore a kind of double 
layer is formed here, in which the surfactants form a 
monolayer on top of a layer of proteins. The intermediate 
value for dA observed in ellipsometry can be the result of 
one of the following mechanisms. First, part of the proteins 
can be dissolved as a result of the increased surfactant 
concentration at  the surface; second, the sign of the 
contributions to dA from the surfactant and the protein 
layer may be different. The latter is the case if nprotein > 
nsurfadant. 

In addition to the SHG data, the ellipsometry measure- 
ments also show a shift toward higher concentrations 
before a surfactant monolayer is formed. This suggests 
that the proteins force the surfactants to dissolve at  low 
surfactant concentrations due to the micellization of the 
surfactants. 

Also in this case (Figure 4), fluctuations are observed 
for low surfactant concentrations (Cbuk I 20 K). The 
fluctuations observed for Cbuk = 5.0 K are between the 
two values dA = (4.0 f 0.2)" and dA = (11.0 f 0.2)". This 
is roughly equal to the fluctuations observed in case 1 
(Figure 2a and ellipsometry), where proteins are supplied 
to a surfactant monolayer using the same concentrations, 
and indicates the coexistence of protein and surfactant 
domains at  the surface. 

In conclusion, we have studied the exchange behavior 
of proteins and surfactants a t  the water-air interface 
using SHG and ellipsometry as optical probes. The 
adsorption behavior of the surfactants as characterized 
by the adsorption free energy is consistent with surface 



4502 Langmuir, Vol. 10, No. 12, 1994 

tension measurements, though a saturated monolayer is 
obtained for a bulk concentration that is more than an 
order ofmagnitude lower than the cmc value. The proteins 
show strong surface activity. At low concentrations the 
surfactants dissolve and form micelles due to the presence 
of the proteins. A n  energy barrier against breaking of 
the surfactant micelles is observed. At sufficiently high 
concentrations the surfactants are able to form a mono- 
layer on top of the proteins in the interfacial layer, despite 
the micellization processes. Further, in the formation of 
equilibrium states, surfactant and protein islands are 
present. This island formation is seen both in the case 
where the surfactant is supplied on top of a protein 
monolayer and in the case where proteins are delivered 

E ~ t  et al. 

on top of an Antarox monolayer. Thus, combined SHG 
and ellipsometry application can give detailed information 
on the exchange processes between proteins and surfac- 
tants a t  the water-air interface, and about the structure 
of the interface thus formed. 
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