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ABSTRACT. The formation and characterization of nanostructured polyfunc-
tional layers (films) based on protein adsorption at different fluid interfaces, 
such as air/water or oil/water interfaces, in the absence or in the presence 
of stearic acid are investigated. For instance, kinetics and thermodynamics 
of protein adsorption at the air/aqueous solutions were studied, thereby 
evidencing the protein surface active properties. The investigated protein 
was a globulin extracted and purified from aleurone cells of barley. The 
conjugated effect of protein and stearic acid simultaneous adsorption was 
also investigated, at the benzene/aqueous solutions interface. A stable 
mixed lipid and protein film has been formed by the co-adsorption of these 
biomolecules at liquid-liquid interface showing that the interaction between 
stearic acid and the protein is significant.  
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INTRODUCTION 

 A great number of problems in interface science deal with the 
adsorption [1-15] and relaxation [5, 16-20] of surface active compounds (in 
short, surfactants) at fluid interfaces. In fact, the modern soft-matter physical 
chemistry has opened a great number of questions dealing with the dynamics 
of soft surfaces, particularly with protein or lipid dynamics at interfaces. Among 
these systems, adsorbed protein films are frequently considered as model 
systems to explore the surface behavior of proteins or their interaction with 
lipids at fluid interfaces. In vivo, the control over protein functional behavior 
is often mediated by the formation of supramolecular assemblies with lipids 
that frequently play a crucial role in the molecular organization of biological 
systems.  
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Protein adsorption at interfaces is also an important subject of 
investigations, in many artificial systems encountered in industrial applications, 
particularly because many alimentary emulsions are stabilized by proteins. The 
understanding of protein behavior and its interactions with other biomolecules 
might bring strong information for a desired performance. 

Usually protein adsorption at fluid interfaces is studied by measurements 
of the interfacial tension between the two phases (e.g., oil and water) [21-23]. 
By protein adsorption, the interfacial tension is reduced in time, for a particular 
concentration in protein, and as a function of protein concentration. From 
interfacial tension isotherms, information is gained upon the processes 
taking place in the early stage of adsorption [24]. Generally, the interfacial 
phenomena and adsorption kinetics are essential in determining chemical 
and physical properties of such systems [25]. Thus, the adsorption kinetics 
of egg yolk was studied at the triacylglycerol / water interface and the effect 
of pH was assessed [26]. The role of the charged protein surface in the 
adsorption dynamics was studied on L-glutamic acid copolymers [27].  
 
Model for protein adsorption at interfaces 
 Experimentally, it was found that the dynamics of surface tension 
presents three regimes [24], specific for diluted solutions of different proteins 
(Fig. 1): 

• an induction regime, noted regime I, where the interfacial tension 
remains relatively constant, at the values characteristic for the pure 
liquid phase (e.g., the air/water interface) 

• the second regime, noted regime II, is distinguished by a sudden 
drop of interfacial tension from its initial value 

• the last regime, named regime III, corresponds to a quasi-linear 
decrease of interfacial tension, with a less abrupt slope than for the 
second regime. 

 
Figure 1. Plot in semilogarithmic coordinates corresponding to  

the three adsorption regimes of proteins at fluid interfaces. 
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An induction time, as in the first regime, is frequently observed in 
protein solutions at low concentrations, at the air/water interface [28, 29]. 
Protein molecules are present at the interface, but they do not reduce 
considerably the interfacial tension. In this period, the diffusion of protein 
molecules to the surface is important in controlling the adsorption, and is 
followed by modifications of the protein configuration (denaturation). An 
induction period is observed only for much diluted protein solutions. In more 
concentrated solutions, regime III is directly attained.  

In the regime II, there is already a saturated protein monolayer at 
the interface, but the relaxation in the conformation of proteins makes 
possible both the adsorption of more inner segments, of the protein 
molecules at the interface, and the diffusion of more protein molecules from 
the bulk to the interface. Both effects contribute to the decrease of 
interfacial tension in time. Conformational modifications and denaturation of 
proteins are therefore more important in reducing interfacial tension than 
the initial diffusion and adsorption of protein molecules. It is recognized that 
the protein adsorption corresponding to the regime II can give indications 
on the protein conformational stability of adsorbed proteins.   

In the regime III, there is only a slight decrease of interfacial tension, 
ascribed to conformational modifications in the adsorption layer with the 
formation of multilayers and consequently building of o continuous protein 
gel lattice at the interface.  

In many cases, the time dependence of interfacial tension is a 
logarithmic one, tkt log~)(σ ,  for the protein adsorption at the air/water 
interface.  
 Among proteins, the plant proteins are particularly important because 
they are largely used as ingredients in human alimentation and in other 
fields, such as cosmetics or drugs delivery systems. Adsorption properties 
of plant proteins (such as α-gliadins or pea protein) were investigated at the 
oil / water interface [30] and compared with the corresponding properties of 
gelatin. 
 Recently, we studied the adsorption of a plant protein, namely the 
major globular protein extracted from aleurone cells of barley [31], on 
various surfaces, such as glass or mica [32, 33], the surface of citrate 
anions capped gold nanoparticles in colloidal aqueous solutions [34, 35], 
and on gold nanoparticles auto-assembled as an interfacial film on a solid 
surface [36], using UV-Vis spectroscopy, TEM and AFM observations.  

In the present paper we investigate the adsorption of the same 
globular protein at fluid interfaces, such as the air/water and oil/water 
interfaces, as well as the simultaneous adsorption of the protein and stearic 
acid at the interface between the aqueous and benzene solutions.    
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RESULTS AND DISCUSSION 
 

Protein adsorption at the air/water interface 
Table 1.  

Interfacial tension, σ, at the air/aqueous 0.5 M NaCl solution interface, at 20 oC,           
for different bulk protein concentrations, Cp, in the aqueous phase, at different 

times, t, of adsorption 

Cp = 5 mg/L Cp = 4 mg/L Cp = 3 mg/L Cp = 2 mg/L Cp = 1 mg/L Cp = 0.5 mg/L 
t, min σ, 

mN/m 
t,  
min 

σ, 
mN/m 

t, min σ, 
mN/m 

t, min σ, 
mN/m 

t, min σ, 
mN/m 

t, min σ, 
mN/m 

0 67.77 0 72.3 0 72.25 0 72.07 0 72.19 0 72.13 
5 66.51 5 71.85 5 72.08 5 72.02 5 72.11 5 72.10 
10 65.8 10 71.01 10 71.99 10 71.87 10 72.08 10 72.08 
15 65.3 15 70.52 15 71.91 15 71.73 15 72.02 15 72.05 
20 64.93 20 70.01 20 71.65 20 71.62 20 71.99 20 72.02 
25 64.73 25 69.32 25 71.59 25 71.50 25 71.93 25 72.02 
30 64.44 30 69.09 30 71.42 30 71.39 30 71.88 30 71.99 
40 64.16 40 68.45 40 70.98 40 71.10 40 71.82 40 71.96 
50 63.59 50 67.99 50 70.69 50 70.87 50 71.73 50 71.93 
60 63.33 60 67.48 60 70.06 60 70.55 60 71.59 60 71.90 
80 62.84 80 66.84 80 69.25 80 69.92 80 71.36 80 71.87 
100 62.66 100 65.98 100 68.74 100 69.32 100 71.16 100 71.85 
120 62.56 120 65.35 120 67.99 120 69.11 120 70.93 120 71.79 
150 62.44 150 64.31 150 67.12 150 68.34 150 70.44 150 71.73 
180 62.32 180 63.85 180 66.31 180 67.76 180 70.06 180 71.64 
210 62.26 210 63.39 210 65.97 210 67.30 210 69.69 210 71.50 
240 62.26 240 63.28 240 65.45 240 66.96 240 69.49 240 71.39 
  270 63.05 270 65.03 270 66.44 270 69.28 270 71.30 
  300 62.97 300 64.93 300 66.27 300 68.94 300 71.13 
  330 62.87 330 64.73 330 66.12 330 68.77 330 70.93 
  360 62.83 360 64.56 360 65.81 360 68.54 360 70.75 
  410 62.79 390 64.38 390 65.64 390 68.48 390 70.70 
  450 62.8 420 64.15 420 65.26 480 68.23 420 70.61 
  480 62.65 450 64.01 450 65.06 570 68.06 450 70.58 
  510 62.56 480 63.81 480 65.06 600 68.02 480 70.55 
  540 62.56 510 63.69 510 65.03   510 70.52 
  570 62.64 540 63.60 540 64.97   540 70.52 
    570 63.43 570 64.78     
      600 64.60     
      630 64.51     
 
 The values of the interfacial tension measured at different times of 
protein adsorption, for each of the investigated protein concentrations, at 
the air/aqueous (0.5 M NaCl) solution interface, are given in Table 1. 

From this table, it can be observed that the interfacial tension varies 
strongly with time, the adsorption equilibrium being reached in more than 
10 hours for some protein concentrations. The equilibrium is indicated by 
the almost constant value of the interfacial tension.  
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 Further, using semilogarithmic coordinates, the representation of 
interfacial tension against the logarithm of the adsorption time, σ = f(log t), 
is given in  Fig. 2. The general aspect of the plots is similar to that resulting 
from the model of the three adsorption regimes of proteins (Fig.1). While 
regime I (induction period) and II (monolayer saturation) are clearly evidenced 
in the plots, for regime III the beginning is barely outlined for the highest 
concentration (5 mg/L). On the other hand, the induction period is clearly 
delimited only for the lower protein concentrations (below 4 mg/L).  
 

 
 

 The limiting values of the interfacial tensions, those corresponding 
to the maximum time of protein adsorption for each protein concentration 
can be considered for the establishing of thermodynamic adsorption 
equilibrium that is given by the static interfacial tension. The representation 
of these static interfacial tensions versus Cp concentration (Figure 3) shows 
the typical appearance of a surface tension isotherm, in presence of a 
surface active substance. The surface activity of the protein at the air / 
aqueous solution interface is thus confirmed. 
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Figure 2. Representation in semilogarithmic coordinates of dynamic interfacial 
tension (mN/m) against time (min) for protein adsorption from the aqueous 
phase (with various protein concentrations), at the interface with air, at a  

temperature of 20 oC. 
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The adsorption equilibrium and the final adsorption regime III occur 
upon protein adsorbed monolayer coverage, and is attributed to continued 
relaxation of the adsorbed layer and possible build-up of protein multilayers, 
as depicted in Figure 4. 

 

  

Protein and stearic acid co-adsorption at the oil/water interface 
 Furthermore, we studied the lipid and protein layers at the benzene/ 
aqueous (0.5 M NaCl) solutions interface. To explore the interaction between 
lipid and protein, we have chosen a fatty acid (stearic acid) as a simple 

 
Figure 4. Schematic representation of protein adsorption at interface 
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Figure 3. Variation of the static interfacial tension at the interface with air,          

for protein adsorption from the aqueous phase, against the protein 
concentration at 20 oC temperature. 
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model for lipids. For the beginning we studied the adsorption of protein and 
separately the adsorption of stearic acid at the same interface oil/water for 
two distinct temperatures, 20 and 36 OC.    
  The dynamics of protein adsorption at benzene/water (0.5 M NaCl) 
interface is examined over the time scales ranging from seconds to several 
hours by measuring the interfacial tension at the benzene/aqueous 
solutions interface for the chosen constant temperature. The adsorption of 
protein at the benzene/aqueous solution interface leads to an interfacial 
tension versus time profile that presents common characteristics with the 
adsorption of bovine serum album at the benzene/water interface [40, 41]. 
For oil/water interface the induction period for protein adsorption was not 
detected. The adsorption equilibrium of protein appears to be established in 
about 60 min at the oil/water interface. The equilibrium data for pure protein 
adsorbed at the benzene/aqueous interface are given in Tables 2 and 3 at 
20 and 36 OC, respectively. 
 The protein diffusion and protein interfacial affinity determine the 
duration of early stages of adsorption period at fluid interfaces. Continued 
protein rearrangement leads to the final interfacial tension reduction 
resulting in various interfacial contacts per protein molecule.  
 Independently, the adsorption of stearic acid at the benzene/aqueous 
(0.5 M NaCl, pH 5.5) solution interface was investigated. The adsorption 
behavior of stearic acid is similar with its adsorption at the interface benzene/ 
water (pH 2) interface. At pH 2, stearic acid (pKa = 5.63 [42] is neutral and 
at pH 5.5 it is almost 50% ionized. The static adsorption is reached at about 
100 min depending on the stearic acid bulk concentration in substantial 
agreement with data published by us earlier [39]. The equilibrium data for 
the adsorption of stearic acid at benzene/water interface are given in Table 2 
(for 20 oC) and in Table 3 (for 36 oC). 
 For co-adsorption of stearic acid and protein at benzene/water 
interface it was observed that the adsorption equilibrium is apparently reached 
in about 60 min. Therefore, for mixed layers of protein and stearic acid, the 
equilibrium (static) interfacial intension is recorded at an adsorption time of 
60 min. It is to be mentioned that for very long adsorption times (several 
hours) some aging effects are noticed.   
 For comparison, the co-adsorption of protein and stearic acid at the 
oil/water interface was recorded by interfacial tension measurements executed 
at 60 min after the oil/water interface was formed, for both temperatures 
investigated, 20 and 36oC. The results are also given in Tables 2 and 3. 
 To avoid the superposition of a strongly time dependent effect, due to 
the protein adsorption over the one generated by the adsorption of stearic 
acid from the benzene phase, we have chosen the 2.9 mg/L concentration 
of protein in the aqueous solutions. The concentration of stearic acid was 
varied in the range of 0.025 to 0.4 M stearic acid in benzene. 



M. TOMOAIA-COTISEL, O. HOROVITZ, O. BOROSTEAN, L.-D. BOBOS, G. TOMOAIA, A. MOCANU, T. YUPSANIS 
 
 

 150 

Table 2. 
Interfacial tensions (σ) and interfacial pressures (Π) for the simultaneous 
adsorption of stearic acid (SA) and protein (P) at the benzene/aqueous  

solution interface, at a constant temperature of  20 oC. 

σ (mN/m) Π  (mN/m) 

CSA (mol/L) Cp = 0 
Cp = 2.9 

mg/L SA P 

1 2 3 4 5 

0.000 34.70 24.90 0.00 9.80 

0.030 29.25 24.40 5.45 4.85 

0.039 28.43 23.64 6.27 4.79 

0.050 27.24 22.58 7.46 4.66 

0.064 25.25 21.82 9.45 3.43 

0.082 23.82 21.23 10.88 2.59 

0.105 22.13 20.14 12.57 1.99 

0.136 20.49 19.32 14.21 1.17 

0.174 19.15 18.20 15.55 0.95 

0.223 17.57 17.15 17.13 0.42 

0.287 16.60 16.28 18.10 0.32 

0.368 15.81 15.51 18.89 0.30 
 

Table 3.  
Interfacial tensions (σ ) and interfacial pressures (Π) for the simultaneous 
adsorption of stearic acid (SA) and protein (P) at the benzene/aqueous  

solution interface, at constant temperature of 36 oC. 

σ (mN/m) Π  (mN/m) 
CSA (mol/L) Cp = 0 Cp = 2.9 mg/L SA P 

1 2 3 4 5 

0.000 35.10 25.17 0.00 9.93 

0.025 31.22 22.31 3.88 8.91 

0.034 30.05 21.91 5.05 8.14 

0.040 29.80 21.63 5.30 8.17 

0.050 29.47 21.47 5.63 8.00 

0.065 28.78 20.93 6.32 7.85 

0.083 28.20 20.44 6.90 7.76 

0.109 26.88 19.58 8.22 7.30 

0.135 25.84 18.88 9.26 6.96 

0.176 24.74 18.59 10.36 6.15 

0.225 23.92 17.78 11.18 6.14 

0.287 22.60 17.14 12.50 5.46 
0.368 20.98 16.13 14.12 4.85 
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Figure 5. Equilibrium interfacial tension, σ, against the logarithm of stearic acid   
molar concentration, cSA, in the organic phase, for the interface aqueous 0.5 M 

NaCl solution / benzene, in absence and presence of protein in  
the aqueous phase at 20 oC 
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Figure 6. Equilibrium interfacial tension, σ, against the logarithm of stearic acid   
molar concentration, cSA, in the organic phase, for the interface aqueous 0.5 M 

NaCl solution / benzene, in absence and presence of protein in  
the aqueous phase at 36 oC.  
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 In Figs 5 and 6 the static interfacial tension isotherms versus stearic 
acid concentration (CSA) are given for the situation without and with protein 
(2.9 mg/L concentration) in aqueous solutions.  From the adsorption 
isotherm, it is to be noted that the stearic acid is surface active at the 
benzene/water interfaces.   
 The processing of the isotherms according to Gibbs equation:  

Γ−=








∂
∂

T
c

TSA

R
ln

σ
 

allows for the determination of the SA surface concentration ( Γ ) for a 

certain interfacial tension and the corresponding molecular area: 
AN

A
Γ

= 1
, 

NA being the Avogadro’s constant; R and T having their usual meanings. 
For the saturation of the interface with adsorbed SA, the limiting molecular 
areas are determined for stearic acid adsorbed at the oil/water interface 
with or without protein at two temperatures, 20 and 36 oC, see Table 4. 
 

Table 4.  
Limiting molecular areas, A0, and the correlation coefficients, r, for adsorbed  

stearic acid film at the benzene/water interfaces, in the absence  
and the presence of protein, for two temperatures. 

20 oC 36 oC Adsorbed layers 
A0,  

Å2/molecule 
Standard 

error 
A0,  

Å2/molecule 
Standard error 

SA 79.6 ±4.9 87.0 ±4.7 
SA and protein 111.5 ±1.8 124 ±7 

  
 The comparison of the limiting molecular areas for stearic acid in 
the absence of protein leads us to the conclusion that the SA film at the 
benzene/water interface is more expanded than the pure SA film at the 
air/water interface, Ao = 20 Å2 [39]. The area increase in adsorbed SA as 
compared to spread film is due to the benzene molecules which penetrate 
between the hydrocarbon chains of the SA interfacial film, tending to 
reduce the attraction among the SA chains.  
 Also, the limiting molecular areas, A0, for stearic acid in the presence 
of protein is much greater than the area of pure SA oriented at one and the 
same interface at constant temperature. The protein effect is related with 
the penetration of protein among the hydrocarbon chains of SA film adsorbed 
at the oil/water interfaces. The increase in temperature brings also an 
expanding effect upon SA adsorbed film at benzene/water interface.  
 The equilibrium interfacial tensions are apparently established in 
about 60 min in contrast with 100 min for pure stearic acid adsorbed film at 
the oil/water interfaces. The more rapid attainment of the adsorption equilibrium 
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of SA at the benzene/water interface in the presence of protein is probably 
due to the interaction between SA and protein in the interfacial adsorbed 
mixed film. 
 In order to get a better image of the possible interactions in the 
mixed SA and P film, data regarding the variation of the equilibrium interfacial 
tension with SA concentration in the absence (column 2) and in the presence 
of protein (column 3) in Tables 3 and 4, for 20 and 36 oC, respectively were 
compared. It is evident that the presence of protein leads to an additional 
decrease of interfacial tension, respectively to an increase of the pressure 
in the adsorbed SA film for all concentrations of SA. Column 4 lists the 
interfacial pressures of pure SA. The last column shows the contribution of 
protein to the interfacial pressure of the mixed SA and P film, the contributions 
of SA (column 4) being assumed as constant. The contribution of protein 
was evaluated from the difference of the values in columns 2 and 3 for 
each individual concentration of SA. It is noted that the interfacial pressure 
due to the protein decreases with the increasing of SA concentration. In 
other words, the contribution of each component to the interfacial pressure 
of the mixed adsorbed film is not independent. This fact also suggests the 
interaction between SA and protein.  
 Similar cases are reported in the literature on mixed lipid and protein 
films obtained by penetration of lipid monolayers spread at the air/water 
interface by an injected protein in the aqueous phase under the lipid monolayer. 
The penetration of the protein in the lipid layer leads to an increase of its 
surface pressure at constant area, and the pressure increment was considered 
a measure of the lipid and protein interaction [43]. This situation corresponds 
to a sequentially adsorbed lipid and protein mixed film.   
 In our case, in the complex process of adsorption and penetration of 
SA and protein at the oil/water interface, the interaction between the stearic 
acid and the protein is revealed by the decrease of interfacial tension, 
respectively the increase of the interfacial pressure at the benzene/water 
interfaces.  The increment of interfacial pressure is attributed to the mutual 
penetration of the two adsorbed films. The interaction between carboxyl 
groups or the negatively charged carboxylate of SA molecules and the 
peptide bridges of protein or with protein positively charged regions may be 
suggested, as well as the interaction among their hydrocarbon chains, 
which is not to be completely neglected even at the oil/water interface.   
 Moreover, in our case, the simultaneously adsorbed stearic acid  
and protein mixed films are formed where the molecular associations can 
be generated at the interfaces, such as negatively charged complexes when 
stearate molecules (negatively charged at pH 5.5) are involved in associations 
and neutral complexes when stearic acid not charged is involved in the 
interaction within mixed adsorbed layers at oil/water interfaces, as recently 
emphasized for β-lactoglobulin and pectin in adsorbed layers at fluid 
interfaces [2]. 
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CONCLUSIONS 

Our previous studies on the adsorption of the globular storage protein, 
extracted and purified from aleurone cells of barley, at the solid interface of 
gold nanoparticles is completed by the investigation of the adsorption of the 
same protein at gas/liquid and liquid/liquid interfaces. The evolution in time 
of the protein adsorption at the air/aqueous solution interface evidenced a 
kinetic behavior compatible with the three steps model, induction regime, 
conformational change regime and relaxation regime coupled with a possible 
build-up of multilayers, proposed for various proteins [24]. On the other hand, 
the values at thermodynamic equilibrium of interfacial tensions are situated on 
a typical adsorption isotherm, thus evidencing the surface-active character 
of the investigated protein. The same character is manifested at liquid – 
liquid interfaces, studied on the model system, such as an aqueous NaCl 
solution with protein and stearic acid solution in benzene. Here the effect of 
both surface-active substances is conjugated.   

  

EXPERIMENTAL SECTION  

Materials 
The protein solution used is that of the major globular storage 

protein from aleurone cells of barley (Hordeum vulgare L.) extracted and 
purified as shown elsewhere [31]. The protein was dissolved in ultra pure 
water and diluted to the working concentrations. The pH of the major 
aleurone protein solution was about 5.6. The protein is related to 7S 
globulins present in other cereals and to the vicilin-type 7S globulins of 
legumes and cottonseed. It contains 4 subunits of about 20, 25, 40 and 50 
kDa molecular weights [31]. The N-terminal sequence of 16 amino acids in 
the protein [14] is given as follows:  1X 2Glu 3Gln 4Gly 5Asp 6Ser 7Arg 8Arg 
9Pro 10Tyr 11Val 12Phe 13Gly 14Pro 15Arg 16(Ser or His) 17Phe, where X 
stands for the first amino acid of the N-terminal of aleurone protein which 
was not identified. The secondary structure of this protein was recently 
investigated by advanced spectroscopy [37, 38]. Deionized water of ultra 
high purity was used in all experiments and it was obtained from an 
Elgastat water purification system. Benzene, stearic acid and NaCl were of 
high purity, purchased from Merck and used without further purification.  
 
Methods 

The adsorption of the protein at the air/water interface was investigated 
by measurements of the dynamic interfacial tension of aqueous solutions 
with variable protein concentrations, in the range from 0.5 to 5 mg/L, by means 
of the ring method (Le Compte du Nouy) and the plate method (Wilhelmy 
method), described elsewhere [16-18, 39-41]. In order to maintain constant 
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the ionic strength of the aqueous phase and full solubility of globular protein, 
this aqueous phase was a 0.5 M NaCl solution [31]. The temperature was 
maintained constant at about 20 oC.   
 The influence of protein adsorption on interfacial tension at a water/ 
oil interface was studied using the following phases: 

• benzene solutions of stearic acid (SA), having different SA 
concentrations in the range from 0.4  to 0.025 M 

• an aqueous 0.5 M NaCl solution without protein and separately with 
a constant protein content of 2.9 mg/L. 
The measurements of interfacial tension were executed by the ring 

method (Le Compte du Nouy) and the plate method (Wilhelmy) at two 
different temperatures (20oC and 36oC) for the oil/water interfacial systems. 
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