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Adsorptive Behavior of a Globular Protein with a Monoglyceride 
Monolayer Spread on the Aqueous Surface 
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A b s t r a c t - T h e  dynamics of surface pressure (re) and of surflace concentration (F )o f  a 1 4 C  radiolabeled fl-lactoglo- 
bulin, a globular protein, adsorbed onto a spread monolayer of 1-monopalmitoyl-rac glycerol (named commonly as 
a monoglyceride), at the air-water intert~tce were measured. The adsorption of '4C labeled 13 lactoglobulin was en- 
hanced at short times when C-16 monoglyceride of 73.4 and 24.7/lg was spread on the aqueous surt~tce. However, 
the amounts of protein adsorbed at the steady state (after 10 h) were lowered with the values being 0.8 and 1.2 mg/ 
m 2, respectively. Spreading of such amount of monoglyceride that tbrms a dense packed monolayer onto air-water 
interface led to complete displacement of the protein from the aqueous surface after 2.5 h, possibly because of the 
surface pressure and exclusion effects. 

Key words:Lipid-Protein Interaction, Monolayer, Monoglyceride, fl-Lactoglobulin 

I N T R O D U C T I O N  

Emulsions and foams are commonly found in various appli- 
cations such as pharmaceutical, waste-treatment, oil mining and 
food processing industries. Such dispersions are thermodynam- 
ically unstable in their practical uses, but their stability may 
be enhanced by the adsorption of amphiphilic molecules to the 
surface of the dispersed phase as seen in Fig. 1 [lsraelachvili, 
1994]. These molecules generally fall in two classes, macro- 
molecules such as proteins and low molecular weight surfac- 
tants such as monoglycerides and phospholipids. Surfactants 
adsorb and orient at fluid-fluid interfaces, and thus reduce the 
interracial tension between the phases. Proteins form a con- 
densed viscoelastic film of highly self-interacting molecules at 
the interface which resist local deformation [Clark et al., 1994]. 
In contrast, surfactants form a fluid adsorbed layer in which 
adsorbed molecules can diffuse laterally toward regions of  high 
surface tension conferring stability via the Marangoni effect 
[Ewers and Sutherland, 1952]. Individually, the viscoelastic and 
Marangoni mechanisms are very effective at stabilizing foams 
and emulsions but are mutually incompatible. Low molecular 
weight surfactants, because of  their much lower molecular 
weight, pack more efficiently at the interface and thus reduce 
the interracial tension to a greater extent than proteins [Mc- 
Clemments, 1998]. On the other hand, intermolecular interac- 
tions between low molecular weight surfactant are much weal<- 
er and development of  high mechanical strength is not possi- 
ble. For these reasons, both classes of  molecules are used in 
many biological systems. This may cause a problem as com- 
petition between the above two mechanisms arises, leading to 
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Fig. I. A n  e x a m p l e  o f  emuls ion  (w ater  in oil) s tabi l ized w i t h  
stabilizers such as macro  amphiphi l ic  molecules (A) and 
smal l  molecules  w i th  po lar  heads  and  h y d r o c a r b o n  
chains  (B). 
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instability of  the system [Clark et al., 1991; Coke et al., 1990; 
Cornec et al., 1996; Courthaudon et al., 1991; Sarker et al., 
1995; Wilde and Clark, 1993]. 

Despite a considerable amount of  work, little is known, in a 
quantitative sense, about the molecular mechanisms of protein- 
surfactant interactions at the surface. Surface properties (struc- 
ture, stability, mechanical and dynamic properties) of  protein- 
lipid complexes depend on the mechanisms of protein-lipid in- 
teractions at the surface. Reported mechanisms for protein-sur- 
factant interactions involved either electrostatic interactions be- 
tween ionic surfactant head group and the charged macromol- 
ecules [Nylander, 1998; Comell and Patterson, 1989; Kozorac 
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et al., 1988; Qninn and Dawson, 1969; Cornell et al., 1990; 
Brewkink et al., 1992; Cainlard et al., 1993] szld/or hydropho- 
bic interactions [Bos and Nylander, 1996; D u e t  al., 1996]. 
Electrostatic interactions were studied by Cornell et al. [Cor- 
nell and Patterson, 1989; ComeU and Carroll, 1985]. Using tile 
film balance technique, they investigated the adsorption of vari- 
ous wiley proteins fi-om solution into a spread monolayer of  
phospholipids. They observed that the amount of protein bound 
to the lipid was more important when both molecules carry 
opposite net charges and tiffs amount was decreased with an 
increase of the ionic strength of the solution. They also found 
that penetration of protein into mixed monolayer of phospho- 
lipids can occur at higher surface pressure than the equilibri- 
um surface pressure obtained for the adsorption of the proteins 
and they concluded that tile fonnation of pure protein patches 
was unlikely and that portions of the protein were intercalated 
in the lipid monolayer. On the other hand, Duet  al. [1996] show- 
ed that tile penetration of an enzyme, tile glucooxydase, into a 
glycolipid monolayer was easier for longer aliphatic chain of  
tile glycolipid. Their results suggest that tile hy&ophobic inter- 
action is the predominant force in the interactions. Formation 
of protein-lipid complexes may result in a structural change of 
tile fonner component [Comell, 1982; MacRitdlie, 1978] which 
can affect the structure of the adsorbed layer as well as the film 
formation capacity and thus, such formation led to the forma- 
tion and stability of enlulsions and foanls. In acktition, tile phys- 
ical state of the lipid phase has been shown to be important 
for film formation. It was observed that protein adsorbs to a 
greater extent to expanded lipid monolayers than to condensed 
ones [Ibdah and Phillips, 1988]. In addition, it was observed 
that lipids which fonn condensed films at tile air-water inter- 
face do not form homogeneous films with proteins. On the other 
hand, those exhibiting liquid-expanded monolayer behavior tend 
to produce well-mixed monolayers with proteins [Rodriguez et 
al., 1998]. 

Most of tile previous work on mixed lipid-protein mono- 
layer has focussed on the interactions between protein and 
polar phospholipids. Less attention has been directed towards 
mLxed monolaym-s formed with protein and monoglycerides 
[Rahman and Sherman, 1982; Rodriguez and Rodriguez, 1998] 
despite tile fact that they are typical emulsifiers or stabilizers 
in most biological systems. 

In this study, a mixed system of ~lactoglobulin and 1-mon- 
olmhnitoyl-rac glycerol was studied. Ctkauges in surface concen- 
tration of the proteins were probed by using 14C mdiolabelled 
proteins. 

E X P E R I M E N T A L  

1. Materials and Apparatus 
fl-Lactoglobulin and 1 monopalmitoyl-rac glycerol (C16: 0) 

were purchased fi-oln Sigma Chemical Inc. (St. Louis, MO). 
Reagent grade n-hexane and ethanol were purcho~sed fi-om Al- 
drich Chemical. Monoglyceride solutions were made in hex- 
ane-eti~lol (v/v 9 : 1) and were used witilin two days. Isotopes 
of [14C]formaldehyde (37.3 %) and [14C]sodium stearate were 
purchased fioln Sigma Chemical Inc. Sodium cyanoborohydfide 

(NaC2XJBH3) was purchased from Aldrich Chemical Inc. All the 
exlseninents were carried out at pH 7.4 using a 10 II1M conuner- 
cial sodium phosphate buffer containing 0.9 % NaC1. Though- 
out the experiments, ultrapure deionized water was used. 

A Langmuir nlinitrough (with dinlensions of 330•215 into) 
from KSV (Helsinki, Finland) was used for both surface pres- 
sure and surface concentration nleasurements. A gas propor- 
tional detector (Ludlum model 120, with a 2•  in Mylar win- 
dow) with a digital scaler/counter (Ludlum model 520) was used 
for detecting radioactivity, in count, s per minute (CPM), fi-om 
the adsorbed monolayer at the air-water interface. Radioactivity 
was measured under P-10 gas (10% methane in argon) flowing 
at 55 ml/min through the detector chamber. 
2. Methods 
2-1. Radiolabelling of  Proteins 

~Lactoglobulin (30 mg) was dissolved in 0.05 M phosphate 
buffer (pH 7) and mixed with 0.1 M sodium cyanoborohy- 
dride and [14C]-fonnaldehyde (102 yCi) and allowed to react 
for 2 hours at room temperature [Hunter et al., 1991]. After 
die reaction, die mL,~ture was dialyzed against a 0.05 M phos- 
phate buffer for 30 hours at 4 ~ for complete removal of un- 
reacted species, fl-Lactoglobulin was found to have one amide 
group labeled per molecule on tile average (2.52 ]~Ci/lllg of 
protein, respectively) as analyzed with a scintillation counter 
(Model Tri-carb 4000, from Packard Instruments Inc.). Since 
die degree of nlodification clue to radiolabellmg is small, it was 
assumed that the surface properties of  the protein were not 
affected significantly. Comparison of tile spread nlonolayer iso- 
therm of native and radiolabelled bovine serum albumin as 
reported by Cho et al. [1997] indicated no significant differ- 
ences in tile surface activity between tile two because of radio- 
labelling. 
2-2. Surface Pressure-Molecular Area (mA) Isotherms 

The Laugmnir trough was first filled with phosphate buffer. 
Then, the surface was cleaned by sweeping it with the Teflon 
barrier, and any surface-active contanlinants were removed by 
suction (aspiration) of the interface. The lipid (lecithin or mon- 
oglyceride) was spread over the clean-air water interface by 
applying tile solution dropwise fi-om a Hamilton syringe. Pro- 
tein spread monolayers were prepared using the Tmmit5 mon- 
olayer spreadhg metilOC[ Aliquots of 50 nil of a 0.0247 wt% 
protein solution were dripped from the top of a glass rod (5 
mm diameter and 5 cm long) positioned across the air-water 
intelface. Tile solution was spread uniformly on tile interface. 

For mixed monolayers, first fl-lactoglobulin monolayer was 
formed with Tmmit's method and allowed to rest for 10 min- 
utes. Then, various aliquots of  lipid solution in hexane-etha- 
nol were spread at several spots on the surface. The mono- 
layers were allowed to equilibrate for another 10 minutes. Then, 
the surface areas was compressed by moving Teflon barriers 
at a constant speed of 4 cm2/min and the surface pressure was 
continuously recorded. Immediately after tile end of tile con> 
pression stage, tile area was expanded at tile same rate. 
2-3. Adsorption from Solution 

The trough was filled with tile buffer solution without any 
protein (surface tension=%) and the surface was carefully as- 
pirated to remove any surface inlpurities before tile surface 
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pressure was adjusted to zero (re ~(,-~). Then, the protein solu- 30 
tion was gently poured into the trough. After that a lipid mon- 
olayer was spread using a Hamilton syringe and the surface 2s 
pressure and surface concentration (via radioactivity measure- 
ments) were monitored up to 10 hours. In another set of  ex- ~ z0 
periments, the lipid was spread on top of  adsorbed protein ~ 
monolayers prepared by allowing the protein to adsorb for 150 

15 

min. 
10 

2-4. Calibration of  Ludlum Gas Proportional Detector 
The CPMs were converted to surface concentrations by cal- s 

ibrating the Ludlum gas proportional detector with radioactive 
samples of known surface or bulk concentrations. The bulk ra- 
dioactivity calibration procedure was referred to that of  Hunter's 
[Hunter et al., 1991]. [HC] ~lactoglobulin itself, rather than [HC] 
stearic acid, was used for calibration of  the surface radioactiv- 60 
ity, since the use of [HC] stearic acid tends to underestimate the so 
surface concentration due to its much smaller molecular size 
compared to the proteins [Cho et al., 1997; Xu and Damoda- ~ 40 
ran, 1993]. A total of  175 ml of  0.01 M phosphate buffer (pH 
7, containing 0.9 % NaC1) was poured into the Langmuir mini- ~ 30 
trough and a spread monolayer of [HC] protein was formed using 
Trumit's method. The detector was placed at a distance of  3 ~ 20 
mm above the air-water interface and the steady state CPM was 10 
measured. The area of  the air-water interface was compress- 
ed in stages to provide several surface radioactivities, which 0 
were used, for the detector calibration. 

R E S U L T S  

0 

0 6000 

A 

1000 2000 3000 4000 5000 

Area/molecule (A2/moleeule) 

I 
B 

40 60 80 100 

Area/molecule (A2/moleeule) 

Fig. 2. ~-A, (Area per molecule) isotherm of (a) ~-Iactoglobulin 
(b) 1 monopalmitoyl-rac glycerol (C16: 0). 

1. Surface Isotherms 
lr-A isotherms of  ~lactoglobulin and 1 monopalmitoyl-rac 

glycerol are shown onFig. 2 (a-b). ~Lactoglobulin monolayer 
behaved like gas for A greater than 4,000 •2/molecule, like 
liquid for A between 1,400 and 2,700 A2/molecule. At about 
22 mN/m, an inflection point is observed in the isotherm. 
Above this lr, whole protein molecules or segments of  the pro- 
tein are probably squeezed down into the subphase. The fact 
that the compressed monolayer was able to recover to its initial 
state upon decompression and that no shift in the molecular 
area occurred upon subsequent compression ruled out massive 
loss of polypeptide molecule to the subphase. However, the ob- 
served hysteresis suggests that the recovery is slow. Similarly, 
as observed for BSA, the value of  A at maximum compres- 
sion (763 A2/molecule at 27 raN/m) was close to the theoret- 
ical minimum are of ~lactoglobulin (A 1,000 A2/molecule for 
a sphere of  dimensions 3.58• nm). 

The isotherm of the C-16 monoglyceride monolayer showed 
a gradual increase in the surface pressure until a plateau oc- 
curred at between 40 and 60 A2/molecule. The plateau reveals a 
phase transition from a liquid expanded (LE) state to a liquid 
condensed (LC) state. Gehlert et al. [1995], using Brewster Angle 
Microscopy (BAM) observed in the region corresponding to 
the beginning of  the plateau some condensed phase domains 
surrounded by a homogeneous fluid phase of  low density. As 
the molecular area was decreased, the domains grew in area at 
the expense of the fluid phase. Upon further compression, the 
domains started to overlap, filling the gaps in the condensed 

phase, which was accompanied by an increase in the surface 
pressure. Above a surface pressure of  25 mN/m, the domains 
were compressed to close packing without visible gap. Hyster- 
esis was also observed for C16 monoglyceride monolayers 
with A being smaller at a certain 7c during the expansion than 
the compression cycle. 

Mixed monolayer isotherms are shown in Fig. 3 for weight 
ratios of 1 monopalmitoyl-rac glycerol to ~lactoglobulin (K:~,/~) 
from 3 to 0.33. Analysis of  the shape of  the isotherms ob- 
tained shows the effect of  the composition on the surface pres- 
sure and on the area during compression. An LE-LC transi- 
tion is visible on all isotherms at about 7-8 mN/m. The shift 
of  the transition to higher areas when the proportion of  ~lac- 
toglobulin is increased points out the presence of  the two con- 
stituents at the interface. Nevertheless, the conservation of  the 
LE-LC transition is evidence of  the great influence of  the mon- 
oglyceride on the properties of  the mixed monolayer during 
compression [Boury et al., 1995a; Boury et al., 1995b]. At 
higher surface pressures, the mixed isotherms exhibited another 
transition, which was also present in the isotherm of the pure 
~lactoglobulin. C16-monoglyceride-rich monolayers exhibited 
smoother phase transitions than ~lactoglobulin-rich monolay- 
ers. At the lowest Rc~c,/~_~, ratio, the transition was reduced to 
a kink, which may correspond to the expulsion of  the pro- 
tein molecules from the mixed film resulting in the reduction 
of  the compressibility of  the film to a level similar to that of  
pure monoglyceride. As the film was further compressed, the 
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Fig. 3. ~-~, isotherms of mixed monolayers for varied M/B 
mass ratio. 
curve 1 : M/B 3, curve 2 : M/B~, curve 3 : M/B 1, curve 
4: M/B 0.5, curve 5: M/B 0.33. The average molecular 
area of the mixture, A A/(nr+n, ~,) where A is the total 
area, nr~ and n, ~, are the total number of molecules of 
lecithin and ]3-1actoglobulin, respectively. 

isotherms of  the mixed monolayer asymptotically approached 
that of  the monoglyceride monolayer. At high enough surface 
pressure, the isotherms for different compositions of the mixed 
monolayer coincided, which indicated that/3-1actoglobulin mole- 
cule was completely squeezed out from the 1 monopalmitoyl- 
rac glycerol monolayer eventually. However, the collapse sur- 
face pressure was observed to be lower for mixed monolay- 
ers than for pure monoglycerides. Hysteresis was observed for 
C16 monoglyceride and/3-1actoglobulin mixed monolayers (re- 
sults not shown) with the average molar areas being smaller 
during compression cycle. 
2. Absorption and Exchange for Protein-Lipid Surfactant 
Mixtures 

Mutual interaction of  protein-lipid was investigated by spread- 
ing a lipid monolayer on an adsorbing protein solution. First, 
control experiments were performed in order to validate the 
methodology used in this study. Spreading of  solvent only (hex- 
ane-ethanol mixture without any lipid) on an adsorbing pro- 
tein solution resulted in a small overshoot in ;v but no signifi- 
cant change in F was noted. It was concluded that the spread- 
ing solvent did not significantly affect protein adsorption. The 
second control experiment consisted at spreading 50 /,tg of  
lipid in solvent on a clean interface. A sudden increase in ;v 
with a small overshoot was observed. Since ;v was observed to 
remain constant after spreading, it was concluded that the 
spread lipid did not experience any desorption. Therefore, no 
attempt was made to separately monitor the lipid surface con- 
centration, which was assumed to be constant. 

Spreading 12.35 ~g (110 A2/molecule) of  1 monopalmitoyl- 
rac glycerol on a nearly clean interface was observed to slightly 
enhance the adsorption of/3-1actoglobulin (F-1.82 mg/m 2 in- 
stead of 1.63 mg/m 2 when no lipid monolayer was at the inter- 
face). As observed previously, the initial rate of  adsorption 
was increased. Increasing the amount of  C16 monoglyceride 
spread at the surface caused the steady state surface concen- 
tration of/3-1actoglobulin to be decreased. Indeed, F was 1.19 
and 0.86 mg/m 2, respectively when 24.7 /,tg (27.5 ;~2/mole- 
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Fig. 4. Time dependent changes of F when a solution of [14C]~- 
lactoglobulin (c~=l ppm) was poured in the trough, fol- 
lowed by immediate spreading of 1 monopalmitoyl-rac 
glycerol (C16 : 0). 

: no monoglyceride spread, �9 : 12.35 pg (110. 2/mole- 
cule), �9 :24.7 pg (27.5 �9 2/molecule), �9 : 73.4 pg (19 �9 2/ 
molecule), �9 : 113 pg (12. 2/molecule). 

cule) and 73.4/,tg (19 A2/molecule) were spread (Fig. 4). How- 
ever, it is to be noted that the initial rate of  adsorption was 
faster as the spread amount of  monoglyceride was increased. 
Protein was excluded from the interface when a close pack 
monolayer (12 •2/molecule) of  C16 monoglyceride was pre- 
sent at the interface. 

The response to an adsorbed/3-1actoglobulin monolayer to 
the spreading of  a monoglyceride monolayer was also tested 
by spreading different amounts of  monoglycerides on an ad- 
sorbing protein solution. Results are shown on Fig. 5. As ob- 
served previously for BSA/lecithin mixtures [Cho et al., 1997], 
the effect of  the spread monoglyceride monolayer on the ad- 
sorption of/3-1actoglobulin depended on the amount of  mono- 
glyceride spread. Protein adsorption was found to be enhanced 
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Fig. 5. Time-dependent changes of F for 1 ppm ["C]~-Iacto- 
globulin (c~=l ppm) solution ( t ) .  
At t 150 min, �9 : 24.7/,tg (27.5" 2/molecule), �9 :73.4/,tg 
(19 �9 2/molecule), �9 : 113 pg (12 �9 2/molecule) of 1 mono- 
palmitoyl-rac glycerol (C16 : 0) was spread (upward arrow 
points out) at the surface. 
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when 24.7 ~ug (27.5 ~2/molecule) was spread at the surface. 
If  tiffs amount was increased to 73.4 yg (19 A2/molecule), 
the amount of protein adsorbed was first increased followed 
by a sudden desorption and F reached a steady state value 
of 1/10 n!g/n! 2. ~Lactoglobulin was found to be displaced fion! 
the interface by spreading 113/~g (12 ~Z/molecule) of mono- 
glyceride. 

D I S C U S S I O N  

C O N C L U S I O N S  

This paper has determined ~-A isotherms of spread monolay- 
ers of 1 monopalmitoyl-rac glycerol, ~lactoglobulin and mix- 
tures of monoglyceride/[3-1actoglobulin at ambient temperature. 
Also, the dynamics adsorption of [~4C] ]~-lactoglobulin for dif- 
ferent spread amounts of monoglyceride and time delays after 
the initiation of protein adsorption was investigated. The con- 
clusions are as fol lows 

Spreading a lipid monolayer of  monoglyceride onto an ad- 
sorbing protein solution of ~-lactoglobulin resulted in an en- 
hancement in the adsorption of the protein soon after the lipid 
surfactant was spread. This was evidenced by the increase in 
the initial rate of the protein adsorption. However, when the 
amount of lipid spread at the interface was increased, the steady 
state surface concentration of the protein was observed to be 
lower than the one observed for protein when no surfactant 
was at the interface. 

The initial enhancement in the protein adsorption, soon after 
spreading of the lipid, may be due to the formation of a com- 
plex between the hydrophobic patches of the protein and the 
hydrophobic chains of  the lipid molecules [Due t  al., 1996]. 
Such a behavior can be explained in terms of the adsorption 
energy E,j of a protein molecule [Cho et al., 1997] which can 
be written as: 

E~d E~p+ E~:+ Ehy (1) 

where E,p is the work that needs to be done by an adsorb- 
ing protein molecule to anchor itself at the interface and acts 
against the surface pressure energy barl-ier clue to the stefic 
interactions of the molecules already present at the interface. 
E~ is the electrostatic energy due to the formation of a electric 
double layer subsequent to the adsolption of protein mole- 
cules at the interface. Ea is the hydrophobic energy due to 
the exposure of the hydrophobic patches of the protein into 
air [Narsimhan and Uraizee, 1992]. 

E,p and E~ are expected to be positive and will oppose the 
protein adsorption, whereas E~ is negative and will promote 
adsorption. Protein may form a complex with lipid molecule 
if Ea is greater than the sum E,p+E~i. With the presence of a 
close-packed lipid monolayer at the interface, protein may be 
expelled from the interface because the contribution of  E,p is 
dominant. 

Based on the average surface hydrophobicity and molecu- 
lar dimensions of  the protein molecules, the estimated value 
of Ea is of  the order of  250 kJ/mol for/~-lactoglobulin. And 
the estimated values of Ed were found to be negligible at any 
protein surface concentration (5.8 kJ/mol at the highest value 
of F~  2.18 mg/m2). E,p was estimated to be on the order of  
105 and 275 kJ/mol when ~z was 18 and 47.5 mN/m, respec- 
tively (corresponding to a spread monolayer of monoglycer- 
ide of 27 and 12 A,2/molecule, respectively). Consequently, E,p 
is much higher than Ea. when a close-packed monolayer of  
monoglyceride is spread at the surface and therefore/~-lacto- 
globulin molecules are expelled from the interface. 

1. All mixed 1 monopalmitoyl-rac glycerol/~lactoglobulin 
isotherms exhibited a phase transition between a liquid expand- 
ed state to a liquid condensed state, which indicates that the 
monoglyceride has a strong influence on the propemes of the 
mixed monolayer during compression. 

2. The isotherm of the mixed monolayer approached asymptoti- 
cally that of the lipid monolayer thus indicating that the pro- 
rein is squeezed out fi-om the monolayer at very small areas 
of the monolayer. 

3. Lipid-rich monolayeis exhibited hysteresis and smoother 
phase transition than protein-rich monolayers. 

4. Spreading a low amount of  lipid at the interface result- 
ed in an enhancement of the protein adsorption at short times 
leading to a protein surface concentration higher than the steady 
state value in absence of lipid. 

5. Spreading higher amount of lipids decreased the amount 
of protein adsorbed and spreading a close-packed lipid mono- 
layer eventually caused desoiption of  protein from the inter- 
face, maybe because of the surface pressure and steric exclu- 
sion effects produced by the spread lipid monolayer. 
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